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CHROMSYMP. 2490

Assessment of the biotransformation of the cardiotonic
agent piroximone by high-performance liquid
chromatography and gas chromatography—mass
spectrometry

Martine Berg-Candolfi, Jiirgen T. Borlakoglu and Bertrand Dulery

Departments of Clinical Biochemistry and Drug Metabolism, Marion Merrell Dow, 16 Rue d’Ankara, B.P. 447 R/9, 67009 Strasbourg
Cédex (France)

Frangois Jehl

Institute of Bacteriology, Faculty of Medicine, University Louis Pasteur, Strasbourg ( France)

Klaus D. Haegele*

Departments of Clinical Biochemistry and Drug Metabolism, Marion Merrell Dow, 16 Rue d’Ankara, B.P. 447 R/9, 67009 Strasbourg
Cédex (France)

ABSTRACT

'4C-labelled piroximone was administered to rats at a dose of 10 mg/kg body weight. Of the total radioactivity administered, 74.9 +
7.9% (n=4) and 87.8 + 1.7 (n=13) were recovered in the 8-h urine collection after oral and intravenous administration, respectively.
Two major metabolites, M, and M, were detected in methanol extracts and accounted for 7.1 + 1.2% (n=4) (M,) and 4.3 + 0.4%
(n=4) (M,) in response to oral administration and 5.7 + 0.8% (r=3) (M) and 6.7 £ 2.0% (n=3) (M,) in response to intravenous
administration. In addition, three minor metabolites were detected; M, and M, in the 8-h urine coliection and M; in the 12-h urine
collection. Separation of piroximone and metabolites was achieved by high-performance liquid chromatography on a C, 5 column by
gradient elution with 0.05 M ammonium acetate (pH 7) using 0-60% methanol over 20 min at a flow-rate of 1 m}/min, followed by
isocratic elution with 60% methanol for 10 min. M, and M, were isolated by fraction collection following the addition of 1 mM
tetrabutylammonium acetate in the mobile phase. Between each injection a column re-equilibration time of 45 nun was necessary to
achieve optimum collection of M, and M , fractions. Gas chromatography-mass spectrometry of M| provided evidence for a molecular
structure consistent with isonicotinic acid methyl ester. Corroborative evidence for this identification was obtained by comparison with
a synthetic standard. Isonicotinic acid is assumed to be the actual metabolite while esterification with methanol had occurred as a result

of the work-up procedure. In vitro studies carried out with rat liver microsomes resulted in a mean total metabolite formation rate of
94.3 pmol/mg microsomal protein/min. :

INTRODUCTION being developed for the treatment of congestive
heart failure [5]. The pharmacokinetics of piroxi-
Piroximone  [4-ethyl-1,3-dihydro-5(4-pyridinyl- mone in healthy volunteers and patients with con-

carbonyl)-2H-imidazol-2-one; MDL 19205] (Fig. gestive heart failure have been reported previously

1), is a cardiotonic agent with positive inotropic
properties [1-3]. It is a specific inhibitor of a high-
affinity cAMP phosphodiesterase type III [4] and is

[6]; however, its metabglism and the unequivocal
identification of metabolites remained to be eval-
uated.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved



*14C

Fig. 1. Structure of piroximone and #C-label position.

The present report presents results on the sep-
aration and tentative identification of in vivo and in
vitro biotransformation products of piroximone.

EXPERIMENTAL

Reagents and chemicals

Unlabelled piroximone was provided as am-
poules containing 1.5 mg/ml in physiological saline
(total volume 20 ml) and was packed by the Marion
Merrell Dow Research Institute (Winnersh, UK).
14C-labelled piroximone with a specific activity of
17.4 Ci/mol was synthesized by Dr. Eugene R.
Wagner (Marion Merrell Dow Research Institute,
Indianapolis, IN, USA). The position of the radio-
labelled carbon atom is shown in Fig. 1. Hydroxy-
piroximone (MDL 20770) was obtained from Ma-
rion Merrell Dow Research Institute (Cincinnati,
OH, USA), isonicotinic acid and ammonium ace-
tate were purchased from Sigma (St. Louis, MO,
USA), methanol (spectroscopic grade) from Merck
(Darmstadt, Germany) and tetrabutylammonium
acetate from Aldrich (Milwaukee, WI, USA).

In vivo metabolic study

Adult male Sprague-Dawley rats with an average
body weight of 200 g were obtained from Charles
River (Cléon, France). They were fasted and accli-
matized to metabolic cages 16 h before dosing and
subsequent collection of urine and faeces.

Each rat received a single dose of 10 mg/kg body
weight of piroximone (i.e., 46 umol/kg) containing
100 uCi of '*C-labelled piroximone in a 0.9% NaCl
isotonic saline solution. The dose solution was ad-
ministered alternatively by gastric intubation or in-
travenously into a tail vein. The volume infused did
noi eaceed 1.3 ml. Food and water were given ad
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libitum. Urine and faeces were collected over 48 h at
time intervals of 0-8, 8-12, 12-24 and 2448 h. All
samples were stored at —20°C prior to analysis.

In vitro metabolic study

Induction in vivo of drug metabolizing enzymes.
Adult female Sprague-Dawley rats (n = 3) with an
average body weight of 200 g were treated at 10
a.m. with a single intraperitoneal injection of 600
pmol/kg body weight of Aroclor 1254 dissolved in
corn oil and were killed 5 days later. Aroclor 1254 is
a mixture of polychlorinated biphenyls (PCBs). The
latter induce distinctively isoforms of cytochrome
P-450 dependent monooxygenases, as detailed pre-
viously [7].

Preparation of hepatic microsomes. Control and
treated rats were killed and the livers were weighed
and washed free of superficial blood, cooled to 4°C
and used within 1 h. All of the operations described
below were performed at 4°C.

The liver was finely chopped with scissors and
homogenized for 2 min in an MSE homogeniser
with 0.15 M KCl (3 ml/g wet weight of liver). The
homogenate was then centrifuged at 11 000 g,, for
30 min using an 8 x 50 or an 8 x 14 ml titanium
angle-head rotor in an MSE 3 Prepspin 50 or a Sor-
vall OTD 50B ultracentrifuge. The supernatant was
centrifuged at 104 000 g,, for 60 min and the micro-
somal pellet resuspended in 0.15 M KCl using a
Potter-Elvejhem glass—Teflon homogenizer. The
microsomal suspension was then washed by recen-
trifugation at 104 000 g,, for a further 30-60 min
and the pellet was resuspended in 0.25 M su-
crose—20 mM Tris buffer-5 mM EDTA (pH 7.4) at
a final concentration of ca. 20 mg protein/ml [9].

In vitro metabolic assay. Hepatic microsomes that
were isolated from control and treated rats were
incubated with 0.55 umol of piroximone containing
2.2 uCi of **C-labelled piroximone by adjusting the
microsomal protein concentration to ca. 10 mg
(equivalent to 0.5 g of liver) per flask. The incuba-
tions were carried out in a shaking water-bath at
37°C for 20 or 40 min with a buffer system contain-
ing 1.8 mmol of Tris buffer (pH 7.4), 0.6 mmol of
MgCl,, 2.2 mmol of nicotinamide and 0.2 ml of an
NADPH-generating system consisting of 21.2 pmol
of glucose-6-phosphate, 4.6 umol of NADP* and
1.6 1.U. of glucose-6-phosphate dehydrogenase
(E.C. 1.1.1.49). The enzymatic reactions were stop-
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ped by protein precipitation with 40% trichloro-
acetic acid (Merck) [8].

Sample treatment

Radioactivity was measured by liquid scintilla-
tion using an LS 5000 CE counter (Beckman, San
Ramon, CA, USA) and Aquasol-2 (Dupont de Ne-
mours, France). Urine samples and liver superna-
tant samples were added to the scintillator directly.
Radioactivity in faecal samples was measured after
treatment with Lumasolve (Lumac, Landgraaf,
Netherlands) according to the manufacturer’s rec-
ommendations.

Piroximone and metabolites were extracted from
urine samples with the addition of methanol, fol-
lowed by centrifugation at 10 500 g for about 10
min (Zentrifuge 3200, Eppendorf, Hamburg, Ger-
many); the supernatant contained >99% of radio-
activity. A similar recovery was obtained with other
biological samples.

High-performance liquid chromatography (HPLC )

The chromatograph consisted of a WISP Model
710 B automatic sample injector (Waters, Milford,
MA USA), two pumps (Waters Model 6000), a gra-
dient programmer (Waters Model 660), a Waters
Model 450 variable-wavelength UV detector and a
Flo-one HP-HS radioactivity detector (Radiomatic,
Tampa, FL, USA). Quickszint Flow 302 (Zinsser
Analytic, Maidenhead, UK) was used as the scintil-
lator at a flow-rate of 4 ml/min using a liquid cell
with a volume of 1.6 ml. Samples were separated on
an [P-Ultrasphere C,g (5-um particles size) column
(25 cm x 4.6 mm 1.D.) (Beckman, San Ramon,
CA, USA) that was connected with a Waters
uBondapack C,g guard column.

UV detection of piroximone and metabolites was
carried out at 230 mm [9]. The separation of pirox-
imone and metabolites was achieved using a combi-
natlon of gradient and isocratic elution as follows:
the two major metabolites (M and M,) were eluted
by concave gradient elution (curve type 9) using
0.05 M ammonioum acetate (pH 7) and 0-60%
methanol over a period of 20 min at a flow-rate of 1
ml/min followed by an isocratic elution of the two
minor metabolites (M3 and M) and of piroximone
with 60% methanol for a period of 10 min.

The HPLC conditions were optimized by an ad-
dition of 1 mM tetrabutylammonium acetate (TBA)
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to the mobile phase to increase the retention times
of M, and M,. They were isolated automatically
with a FOXY fraction collector (Roucaire, Lincoln,
NE, USA). TBA was removed from the fractions by
cation-exchange chromatography using a Dowex
50W-X8 resin (Bio-Rad Labs, Richmond, CA,
USA). The resin was conditioned prior to use as
described previously [10]. A 0.5-m! volume of resin
suspended in water was used to elute M; and M,
using 4.5 and 5.5 ml of 0.2 M NaCl, respectively.
The purified M; and M, fractions were lyophilized
and concentrated in methanol. Sodium chloride
was removed by sedimentation at 10 500 g for 10
min.

Gas chromatography-mass spectrometry (GC-MS )

Mass spectrometric analysis was carried out with
QMD 1000 GC-MS system (Erba Sciences, Massy,
France). The chromatographic column was a 5%
phenylmethylsilicone fused-silica capillary column
(12.5 m x 0.32 mm LD.) with a film thickness of
0.52 um (Hewlett Packard, les Ulis, France).

The column temperature was kept at 70°C for 1
min and then programmed to 280°C at 35°C/min.
The pressure of the injector head was set at 70 kPa.
Injection was carried out in the splitless mode and
the injector port was kept at 250°C. The interface of
chromatograph and mass spectrometer was main-
tained at 250°C and the ion source temperature was
set at 180°C.

Mass spectra were obtained in the positive-ion
chemical ionization (PICI) mode with an electron
energy of 70 eV and a filament current of 300 pA.
Ammonia was used as the reagent gas. The instru-

ment was scanned over the mass range 90-600
a.m.u.

RESULTS AND DISCUSSION

Of the total radioactivity administered, within 48
h after dosing, 82.4 + 8.3% (n = 4)and 92.2 £ 2.5
(n = 3) were recovered in urine samples in response
to oral and intravenous treatment, respectively. Ap-
proximately 2% of the total radioactivity was reco-
vered in faeces. These results indicate the impor-
tance of renal excretion as compared with biliary
excretion into the gut and subsequent elimination
by faeces. .
- Of the total radioactivity administered orally,
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Fig. 2. HPLC of '*C-labelled piroximone and metabolites in a urinary extract: (a) 8 h post-treatment; (b) 12 h post-treatment.

74.9 £ 7.9% (n = 4) was recovered in the first 8 h
of urine collection, which corresponds to a urinary
excretion rate of 34.5 £+ 3.6 umol/kg body weight
per 8 h. Two major (M; and M;) and two minor
(M3 and M) metabolites were detected (Fig. 2a).
M, and M, accounted for 7.1 £ 1.2% (n = 4) and

43 £ 0.4% (n = 4) (Fig. 3), thus implying urinary
excretion rates of 3.3 + 0.6 and 2.0 £+ 0.2 ymol/kg
body weight per 8 h for M; and M,, respectively.
In contrast, of the total radioactivity adminis-
tered intravenously, 87.8 + 1.7% (n = 3) was reco-
vered in the first 8 h of urine collection. This corre-
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Fig. 3. Cumulative urinary excretion of MDL 19205 and metabolites after oral administraiioi of '*C-labelled piroximone.
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Fig. 4. Cumulative urinary excretion of MDL 19205 and metabolites after intravenous administration of **C-labelled piroximone.

sponds to a urinary excretion rate of 40.4 + 0.8
pmol/kg body weight per 8 h. Two major (M; and
M) and two minor (M; and M,) metabolites were
detected (Fig. 2a). M; and M, accounted for 5.7 +
0.8% (n = 3)and 6.7 + 2.0% (n = 3) (Fig. 4), thus
implying urinary excretion rates of 2.6 + 0.4 and
© 3.1 £ 0.9 umol/kg body weight per 8 h for M, and
M., respectively.

The urine analysis shows that piroximone and its
metabolites were essentially excreted within the first
8 h following treatment. The ratio of metabolites
M, and M, was 1.7 for oral administration and 0.9
for intravenous administration. This suggests in-
creased formation of M, following intravenous ad-
ministration. The reasons for these differences due
to alternate administration routes are unknown. A
minor metabolite (Ms) was detected in the 12-h
urine collection (Fig. 2b). The cumulative urinary
excretion of piroximone and its metabolites after
oral administration is shown in Fig. 3 and after in-
travenous administration in Fig,. 4.

When TBA was added to the mobile phase the
retention times of M; and M, increased. TBA is a
lipophilic positive counter ion which increases the
retention time of the negative ions on a reversed-
phase column [11,12]. With 1 mM TBA there is a
relationship between the re-equilibration time of
the column and the retention times of M; and M,.
It was found that a column re-equilibration time of
45 min between sample injections resulted in opti-
mum purity of the M; and M, fractions for sub-

sequent mass spectrometric analysis.

CI-MS of M, yielded a molecular ion at m/z 138,
corresponding to the MH* of isonicotinic acid
methyl ester (Fig. 5a and b). In addition, the ob-
served GC retention time of M; and of a standard
sample of iscnicotinic acid micihyiésier were identi-
cal (Fig. 6a and b), suggesting that the in vivo bio-
transformation of piroximone led to the formation
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of isonicotinic acid. Moreover, isonicotinic acid is
the only degradation product of piroximone under
basic conditions [0.1 M NaOH (pH 13) at 60°C] and

TABLE 1
METABOLISM WITH RAT LIVER MICROSOMES

Microsomal Metabolite (pmol/ml
protein microsomal protein/min)®
(mg/g liver)®
M, M,
Control 229 + 1.8 72.6 £ 13.7 21.7 £ 5.0
PCB 231 £+ 1.1 744 £+ 134 149 £ 1.1

4 Mean £ S.D. (n = 4).

was found to be the major degradation product in
1% hydrogen peroxide solution [10]. Isonicotinic
acid methyl ester could, however, be the result of
non-enzymatic methylation, probably owing to the
work-up procedure with methanol.

In vitro metabolic studies of piroximone with rat
hepatic microsomes resulted in a total metabolite
formation of 94.3 pmol/mg microsomal protein/
min (Table I). This represents an approximate mean
rate of metabolism of 13.7 umol in the liver per 8 h,
which compares favourably with the above-calcu-
lated urinary excretion rate. It is noteworthy that
only M; and M, could be detected in in vitro in-
cubations using hepatic microsomal membranes.
Induction of hepatic cytochrome P-450-dependent
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Fig. 7. Structure of hydroxypiroximone.

monooxygenases by treatment with Aroclor 1254
{9] did not increase the rate of M, and M, forma-
tion (89.3 pmol/mg microsomal protein/min) (Ta-
ble ), and consequently induced isoforms of hepat-
ic cytochrome P-450-dependent monooxygenases
by PCB are not involved in the formation of M,
and M,.

CONCLUSION

Piroximone is metabolized in vivo and in vitro.
The in vivo biotransformation of piroximone result-
ed in the formation of two major metabolites (M,
and M) representing approximately 15% of the ad-
ministered dose. M, was identified as isonicotinic
acid. .

Preliminary studies in dogs (data not shown) pro-
vided evidence for a large interspecies variation in
the metabolism of piroximone. Unlike rats, M, was
found to be the major metabolite in dogs. This me-

tabolite co-chromatograms (UV detection) with the
synthetic standard hydroxypiroximone (Fig. 7),
thus providing evidence for interspecies variation in
the metabolism of piroximone.
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ABSTRACT

An on-line pre-column derivatization method for the determination of low concentrations of amphetamines using ultraviolet detec-
tion has been developed. In this work 9-fluorenylmethyl chloroformate (FMOC-CI) has been used as the derivatizing agent. The
optimum conditions for derivatization such as pH, reaction time and FMOC-Cl/amphetamine concentration ratio have been in-
vestigated. Attempts have been made to extend the sensitivity of the method by preconcentration of the derivatives on a micro-column
packed with C, ; bonded silica. Derivatization and preconcentration of the samples were carried out at low pressure on a flow injection
analysis system. Quantitative determination of amphetamines as low as 2 - 1078 mol/l can be made using this on-line method with
preconcentration. The sensitivity of this technique is about 50 times greater than the equivalent off-line method.

INTRODUCTION the International Olympic Committee because they
are considered as dopants. Ephedrine and norephe-
Quantitative analysis of drugs such as ampheta-  drine in nose sprays are used as the starting prod-

mine, methamphetamine, ephedrine, norephedrine  ucts for amphetamine and methamphetamine syn-
and other amphetamine-related compounds which thesis [1].
are used as stimulants has become important in Many analytical methods have been developed
clinical and forensic sciences. for their determination, including gas chromatogra-
Amphetamine and methamphetamine are the on- phy (GC) [2], thin-layer chromatography (TLC) [3]
ly drugs of this family which have been included in  and high-performance liquid chromatography
Swiss drug abuse legislation. However, stimulants . (HPLC) [4-6]. Biological samples often contain low
such as ephedrine and norephedrine are banned by  concentrations of these drugs. Although GC and

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. Al rights reserved
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TLC are sensitive enough for their determination,
they require time-consuming sample preparation.
HPLC has the advantage that it is simple and aque-
ous samples, especially urine, may be analysed with
a minimum of sample preparation.

The determination of amphetamines and
amphetamine-related compounds by HPLC with
UV detection has not gained much popularity due
to the low absorbances of these compounds (molar
absorptivity about 200 1 cm~* mol ~' at 257 nm in
water).

Improvements in the detection limits is possible
by using pre-column or post-column derivatization.
In fact, a number of derivatizing agents such as o-
phthalaldehyde (OPA), 4-chloro-7-nitrobenzo-2-
oxa-1,3-diazole (NBD-Cl) and sodium f-naphta-
quinone-4-sulphonate (NQS) have been used to
overcome the detection problem. These pre-column
derivatization reagents have been used for the qual-
itative and quantitative analysis of amphetamines
in urine and plasma samples [7)].

The derivatizing agent 9-fluorenylmethyl chloro-
formate (FMOC-CI) was first introduced for the de-
rivatization of amino acids by Einarsson et al. [8]. It
is suitable for the pre-column derivatization of pri-
mary and secondary amino acids [8,9] and amines
[10,11]. The products formed with FMOC-CI are
stable, as opposed to those with OPA, which forms
unstable derivatives and does not react with second-
ary amino acids.

As FMOC-Cl is a good derivatization agent for
amines, it would be expected to be a good derivatiz-
ing agent for amphetamines, which also have amine
groups. This was shown by Veuthey and Haerdi [12]
and Gao et al. [13]. FMOC-CI was therefore chosen
as a derivatizing agent for amphetamines in this
study.

The aim of this work was to develop an analytical
method with on-line pre-column derivatization with
FMOC-CI for the determination of low concentra-
tions of amphetamines using UV detection. The op-
timum conditions for derivatization such as pH,
choice of solvent, reaction time and derivatization
agent/amphetamine concentration ratio have been
investigated. Attempts have been made to extend
the sensitivity of the method by preconcentration of
the derivatives on a micro-column packed with Cys
bonded silica. Derivatization and.preconcentration
of the samples were carried out at low pressure by &
flow injection analysis (FIA) system.

G. MAEDER, M. PELLETIER, W. HAERDI
EXPERIMENTAL

Apparatus

The chromatographic system consisted of a Var-
ian 5000 high-performance liquid chromatograph.
An HP 1050 series variable-wavelength detector
coupled to an HP 3390A integrator was used. A
Gilson Minipuls-3 peristaltic pump and a Knauer
64 pump were used in the FIA system for the on-
line derivatization and preconcentration steps.
PTFE tubings (0.8 mm LD.) were used in all in-
stances. The reaction coil consisted of a glass tube
(10 m x 2mm L.D.). The FIA system was coupled
to the HPLC system via a six-way Rheodyne 7000
valve coupled to a trace enrichment cartridge (pre-
column), which is a cylindrical stainless-steel tube
(13 mm x 2 mm L.D.) (Fig. 1) packed with 40-
63-um Nucleosil C, silica (MN, Diiren, Germany).
The analytical column (200 mm x 4 mm 1.D.) was
packed with 5-um Nucleosil Cg (MN).

Chemicals

Acetonitrile (HPLC grade) was obtained from
Romil (Loughborough, UK). Distilled water was
used for the preparation of the aqueous mobile
phase. The mobile phase was filtered through a
0.45-pm Schleicher and Schuell membrane. FMOC-
Cl, sodium carbonate (reagent grade) and sodium
hydrogencarbonate (reagent grade) were obtained
from Merck (Darmstadt, Germany), (—)-Ephe-
drine and p-(+)-norephedrine from Fluka Chemie
(Buchs, Switzerland), DL-amphetamine sulphate
from Siegfried (Zofingen, Switzerland) and DL-
methamphetamine hydrochloride from the Federal
Office of Public Health (Switzerland) were used.
Stock solutions (0.01 mol/]) of each of the ampheta-
mines in 0.1 mol/l hydrochloric acid were stored at

2 3 4 _ .

Fig. 1. Enrichment cartridge. 1 = Internal volume (13 mm x 2
mm L.D.) packed with 40-63 um Nucleosil C,g silica; 2 = pre-
column; (3) PTFE O-ring; 4 = sintered stainless steel (porosity
20 um); 5 = adaptor for sealed capillary; 6 = nut “Serto™; 7 =
stainless-steel capillary.
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5°C. A stock solution (0.01 mol/l) of FMOC-Cl in
acetonitrile was prepared. Sodium hydrogencarbo-
nate-sodium carbonate (0.1 mol/l) buffer solution
(pH 9.0) was prepared for the off-line derivatiza-
tion. For the on-line derivatization the concentra-
tion of the buffer was 0.2 mol/l.

Procedure

Off-line derivatization. To 35 ml of 0.1 mol/l car-
bonate buffer (pH 9.0) placed in a 50-ml volumetric
flask, 5 ml of an aqueous solution containing the
four amphetamines (1 - 107-1 - 10~* mol/l) and 10
ml of 5 - 10™* mol/l FMOC-Cl in acetonitrile were
added and diluted to the mark with carbonate buf-
fer. After a 10-min reaction time, 200 ul of the mix-
ture were injected into the HPLC system for sep-
aration.

On-line derivatization and preconcentration. A
schematic diagram of the system used is shown in
Fig. 2. The sample solution was pumped by a peri-
staltic pump to tee 1 (6) where it was mixed with the
carbonate buffer. Switch valve 4 was used for
pumping 5 - 10~ ° mol/l FMOC-Cl in acetonitrile to
tee 2 (7). FMOC-CI and the sample solutions were
pumped simultaneously. Once the desired volume
of sample solution had been pumped, the six-port
valve 3 was switched to pump water for the clean-
up of the tubes. Valve 4 was switched 1 min after
switching valve 3 to allow the FMOC-Cl solution to
circulate back into the reservoir. Before linking the
pre-column to the analytical column for the sep-
aration of the derivatized products, using valve 5,

1 Carbonate buffer 0.2 mol/l
— 0.9 mi/min

Sample 0.8 mi/min

Water 0.9 ml/min

.| v
2 waste

1 FMOC-CI 0.5 ml/min

LI 50 pmol/i

Recycled
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the glass coil and the pre-column were flushed with
the pumping solution, the volume used being slight-
ly greater than the capacity of the coil (31.4 ml).

It is important to note that preliminary tests us-
ing a PTFE or nylon reaction coil showed that these
coils were unsuitable as a result of adsorption prob-
lems and only glass reaction coils gave satisfactory
results.

RESULTS AND DISCUSSION

Amphetamines react with FMOC-CI under alka-
line conditions to form amino derivatives. In addi-
tion, FMOC-CI undergoes hydrolysis to produce
FMOC-OH. These reactions are shown in Fig. 3.
The derivatization and hydrolysis reactions are in-
fluenced by factors such as pH, FMOC-Cl/amphet-
amine ratio and derivatization time. The effect of
these parameters was studied by the batch method
using HPLC.

The spectral characteristics of the derivatives is
important in optimizing the sensitivity of the detec-
tor. Therefore, the UV spectra of the derivatized
amphetamines and the hydrolysed FMOC-CI1
(FMOC-OH) were run. The spectra of derivatized
amphetamines and FMOC-OH show absorption
maxima at 208 and 265 nm (Fig. 4). Although the
absorbance at 208 nm is much higher than at 265
nm, 265 nm was chosen for these measurements as
at 208 nm the absorbances due to the eluent (aceto-
nitrile-water) and interfering substances in the test
solution were fairly high.

HPLC column

trace enrichment
cartridge (TEC)

HPLC pump

Fig. 2. Schematic diagram of the system used for on-line preconcentration and derivatization. 1,2 = Pumps; 3, 4, 5 =-switch valves; 6

= tee 1; 7 = tee 2; R = glass coil (capacity 31.4 ml).
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Effect of pH
The optimum pH for derivatization was between
9 and 10. For pH > 10, the hydrolysis of FMOC-CI

1]

absorbance

HWN=O
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1000 |

300 350

wavelength (nm)

Fig. 4. Spectra of the derivatized amphetamines and FMOC-
OH. 0 = FMOC-OH; 1 = methamphetamine; 2 = ephedrine; 3
= norephedrine; 4 = amphetamine.

is considerably higher than at lower pH values. In
addition, the silica degrades at this pH. For pH <9
the derivatization time for amphetamines was too
long. Thus pH 9 was chosen for derivatizatioh and
a carbonate buffer was used to maintain this con-
stant pH.

Stability of the derivatives
The derivatives remained stable for 1 week if they
were stored at 5°C.

Effect of FMOC-Cllamphetamine ratio

As the hydrolysis of FMOC-CI depends on its
concentration, measurements were made keeping
its initial concentration constant and varying the
amphetamine concentration. The derivatization of
amphetamine was independent of the FMOC-Cl/
amphetamine ratio when this ratio was between 10
and 1000.

Optimum reaction time

A preliminary study of the reaction time indicat-
ed that for reaction times greater than or egual to
10 min, peak areas were independent of time for all
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the amphetamines tested. Thus, for the on-line de-
rivatization reaction, the capacity of the reaction
coil was chosen such that the reaction time is grea-
ter than 10 min for the flow-rates used in this work.

Separation of amphetamines

Amphetamines were separated by HPLC using
the optimum conditions of flow-rate, 1.5 ml/min,
and eluent acetonitrile-water (58:42, v/v). A typical
chromatogram obtained for the separation of am-
phetamines from a solution containing four differ-
ent amphetamines is shown in Fig. 5 (off-line meth-
od). The peak at 42.13 min is probably the carbonic
acid ester of FMOC, a product resulting from the
condensation reaction between FMOC-Cl and
FMOC-OH. UV spectra do not discriminate be-
tween this compound and FMOC-CL.

Analogous chromatograms were obtained for
on-line derivatized and preconcentrated samples.

Breakthrough volume

To determine the loading capacity of the pre-col-
‘umn, a solution containing the four different am-
phetamines (1 - 10™° mol/l each) was derivatized by
the off-line method and passed through the column.
Aliquots of the mixture were collected every 5 min
at the outlet of the column and injected into the
HPLC system for separation. The volume of solu-

Detector response

359
6.48
.65
11.42
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tion passed through the column may be computed
from the flow-rate and the time of passage. The
breakthrough volume was 45 ml using this proce-
dure.

Calibration graph

Off-line method. Linear calibration graphs were
obtained over the range 1 - 107%-1 - 10~* mol/l for
cach of the amphetamines corresponding to 2 -
10712 - 10~° mol injected, the correlation coeffi-
cient being greater than 0.999.

The reproducibility of the injections was tested
by making five replicate measurements. The results
showed that the reproducibility at low concentra-
tions was 10% and that for high concentrations it
never exceeded 2%.

On-line method. Linear graphs were obtained in
the range 2 - 1078-1 - 1077 mol/l for each of the
amphetamines. Correlation coefficients (r) for
methamphetamine and norephedrine were 0.979
and 0.958, respectively, whereas for the other two
substances they were greater than 0.997. Despite the
fact that the r values for methamphetamine and no-
rephedrine are not very good, they are acceptable
for quantification considering the low levels of these
substances. A comparison of these results with
those obtained by the off-line method shows that
the sensitivity of the method is increased by a factor

Retention time {min)

Fig. 5. Typical chromatogram obtained for a mixture of four derivatized amphetamines (off-line method). The injected -amounts (2 -
107 '° mol) were the same for all the amphetamines. Retention times (min): FMOC-OH, 3.50; norephedrine, 6.40; ephedrine, 7.65;
FMOC-C], 11.42; amphetamine, 14.28; methamphetamine, 22.09; (FMOC), carbonic acid ester, 42.13.
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of about 50. The reproducibility for methamphet-
amine and norephedrine was 13.5 and 16.1%, re-
spectively, whereas for ephedrine and amphetamine
it was 4.8 and 5.0%, respectively. Better reproduc-
ibilities, particularly for methamphetamine and
norephedrine, may be achieved by making slight al-
terations to the experimental procedure.

CONCLUSION

The results of this study have shown that amphe-
tamines may be determined quantitatively using
FMOC-CI as a prederivatizing agent. Good separa-
tion of the amphetamines was observed. In contrast
to the batch method, the on-line prederivatization—
preconcentration method enhanced the sensitivity
of the analytical determination. The application of
the method to biological samples is currently under
investigation.

G. MAEDER, M. PELLETIER, W. HAERDI
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ABSTRACT

The objective was to develop confirmatory high-performance liquid chromatographic methods for penicillin residues in animal
tissues with detection limits of <10 ng/g. A previously described procedure was modified by using a larger sample size and isocratic
analysis. Tissues (15 g) were blended with 45 ml of water and 20 ml of homogenate were mixed with 40 ml acetonitrile and filtered. The
filtrate (30 ml) was mixed with 10 ml of 0.2 M H,PO, and extracted with methylene chloride. The combined methylene chloride layers
were mixed with acetonitrile and hexane, washed with two 4-mt portions of water and then extracted with four 1-ml portions of 0.01 M
phosphate buffer (pH 7). The combined buffer extracts were concentrated to | ml under reduced pressure. Analysis was isocratic during
0.01' M phosphate buffer (pH 7)-acetonitrile with proportions 85:15 (penicillin G), 82:18 (penicillin V) or 78:22 (cloxacillin). A
polystyrene-divinylbenzene copolymer column, 150 x 4.6 mm LD. (Polymer Labs. PLRP-S), was used with a flow-rate of 1 ml/min
and detection at 210 nm. The presence of penicillins was confirmed by treating a duplicate sample with penicillinase. Recoveries were
>90% in most instances. Detection limits were 5 ng/g in muscle and higher in liver and kidney. The procedure is a simple and sensitive
method for confirming the presence of penicillins in animal tissues.

INTRODUCTION

Penicillins, especially penicillin G, are widely
used in food animal production, both therapeutical-
ly and as growth promotants in feeds. Although
penicillins are relatively non-toxic, residual
amounts in foods have caused allergic reactions in
sensitive individuals [1].

Although penicillins can be detected in tissues by
microbiological assays, they cannot be distin-
guished from one another. Some progress has been
made in the development of specific chromato-
graphic methods for the determination of penicillin
G and other f-lactam antibiotics [2-7] in tissues.
However, the development of chromatographic
methods of adequate sensitivity has been difficult
and it is only recently that methods capable of de-
tecting <10 ng/g of penicillin residues in tissues
have been reported. Meetschen and Petz [7] de-

scribed a sensitive gas chromatographic method ca-
pable of determining -lactam antibiotics with neu-
tral side-chains at levels of <3 ng/g in a variety of
substrates. Their procedure requires lengthy clean-
up and derivatization. Boison et al. [2] recently de-
scribed a high-performance liquid chromatographic
(HPLC) method for penicillin G sensitive to 5 ng/g
in tissues using tungstic acid precipitation, solid-
phase extraction and derivatization.

The method described in this paper is a modifica-
tion of that described previously [3], using a simple
partitioning clean-up. By use of larger samples, a
different type of HPLC column and isocratic elu-
tion at neutral pH, the sensitivity was increased
about tenfold. The procedure is simpler than other
reported procedures in that no derivatization is re-
quired. The use of the procedure with three pen-
icillins with neutral side-chains is described.
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EXPERIMENTAL

Chemicals and materials

Acetonitrile, hexane and methylene chloride were
of Omnisolv grade (EM Science, Gibbstown, NJ,
USA) or equivalent. The penicillins were obtained
from Sigma (St. Louis, MO, USA), and used as re-
ceived. Stock solution of 1 mg/ml were prepared in
distilled water and diluted as appropriate. Stock so-
lutions of penicillin G were prepared fresh weekly
and others were prepared biweekly and stored re-
frigerated. Other chemicals were of analytical-re-
agent grade from various sources.

To prepare 0.2 M H3PO,, 13.6 ml of concentrat-
ed phosphoric acid was diluted to 1 1. To prepare
0.01 M buffer of pH 7, 1.36 gof KH,PO4,and 2.84 g
of Na,HPO, were dissolved in 3 1 of water. The
B-lactamase preparation used was Bacto penase
concentrate obtained from Difco Labs. (Detroit,
MI, USA).

Final filtration was done with 13-mm Acrodisc
LCPVDF filter cartridges, 0.45-um pore size, ob-
tained from Gelman Sciences (Ann Arbor, MI,
USA).

Sample preparation procedure

Tissue (15 g) was blended with 45 m! (60 ml for
liver and kidney) of water in 300-or 500-ml blender
jars for 2 min at half full-power (or less to reduce
foaming) as controlled by a variable-resistance
transformer. A 20-ml aliquot of the homogenate
was measured into a 125-ml conical flask and mixed
with 40 ml of acetonitrile. After 5 min, the super-
natant was decanted through a plug of glass-wool in
the stem of a funnel and 30 ml (= 2.5 g of muscle or
2.0 of liver and kidney) of filtrate were collected.
The filtrate was transferred to a separating funnel
and 10 ml of 0.2 M H;PO, and 20 ml of methylene
chloride were added with vigorous shaking. The
methylene chloride layer was drawn off into a flask
and the water layer in the separating funnel was
extracted with 10 ml methylene chloride (and 10 ml
of acetonitrile for liver and kidney) and combined
with the first extract. The water layer was discarded
and the separating funnel was rinsed with water.
The combined methylene chloride layers were re-
turned to the separating funnel and 15 ml of aceto-
nitrile and 40 ml of hexane were added. The mixture
was washed twice with 4-ml portions of water,
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which were discarded. In the partitioning steps, the
layers ordinarily separated quickly without forma-
tion of emulsions. If significant emulsion was pre-
sent, a few milliliters of acetonitrile were added and
the mixture was shaken again. The organic layer
was then extracted with four successive 1-ml por-
tions of 0.01 M buffer pH 7 and the extracts were
combined in a calibrated 15-ml centrifuge tube.

A few drops (0.1-0.2 ml) of tert.-butanol were
added to each tube to suppress foaming and they
were placed in a Buchler (Fort Lee, NJ, USA) Ro-
tary Evapomix. Vacuum was applied cautiously
without heating. After the contents had become
cold, the water-bath was warmed to a final temper-
ature of 50°C with the tubes rotating under vacuum.
The contents were concentrated to <1 ml, adjusted
to a final volume of 1 ml and filtered into auto-
sampler vials through a Gelman Acrodise
LCPVDF filter. Evaporation can also be done un-
der a stream of air or nitrogen, but this was slower
and required more heating of the sample solution.

HPLC analysis

For HPLC analysis a Varian (Sugarland, TX,
USA) Model 5000 pump and a Varian Model 9090
autosampler were used with either a Beckman (Ful-
lerton, CA, USA) System Gold diode-array detec-
tor or a Hewlett-Packard (Rockville, MD, USA)
Model 1050 UV-visible detector with a Varian
Model 650 data system. A Polymer Labs. (Ambherst,
MA, USA) PLRP-S polystyrene—divinylbenzene
copolymer HPLC column 150 mm x 4.6 IL.D., 5 um
particle size, 100 A pore diameter) was used with a
matching guard cartridge. The mobile phase was
0.01 M phosphate buffer (pH 7) (A)-acetonitrile
(B). Analysis was isocractic with the proportions
(A:B) adjusted to give a retention time of 9-11 min
for each compound; these were 85:15 for penicillin
G, 82:18 for penicillin V and 78:22 for cloxacillin.
The injection volume was 200 ul with a flow-rate of
1 ml/min and detection at 210 nm. After 12 min, a
flushing program was started to A-B (65:35) at 15-
20 min and then to the starting conditions at 21
min. After 30 min, the next sample was injected.
After use, the column was flushed for 5 min with
water and then for 10 min with water-acetonitrile
(40:60) for storage. Quantification was based on
comparison with a 1 pg/ml standard injected in the
same sample series. Peak area was more accurate
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than peak height, but either was linear with concen-
tration up to at least 2 ug injected. The blank (if
any) found after penicillinase treatment was sub-
tracted for more accurate quantification, especially
at low levels.

Spiked samples

The indicated amount of the pencillin was added
in 150 ul of solution to the tissue in a blender jar
and equilibrated for 30 min before blending with
water. An equivalent amount of 0.01 M buffer (pH
7) was added at the same time to serve as a stan-
dard. In some instances, a larger amount of tissue
was homogenized and the 20-ml aliquots were
spiked.

Penicillinase treatment

The time required to reduce or eliminate the pen-
icillin peak was determined by adding 0.2 ml of pen-
icillinase concentrate to 20 ml of spiked water and
incubating at room temperature for 15 min for pen-
icillin G, 1 h for penicillin V and 3 h for cloxacillin.
A 20-ml aliquot of sample homogenate was mixed
with 0.2 ml of penicillinase concentrate and incu-
bated for the indicated time before adding aceto-
nitrile.

RESULTS AND DISCUSSION

The approaches developed in our laboratory for

determing low levels of penicillin G [8,9] and other"

penicillins with neutral side-chains in milk were not

satisfactory with tissue. When the acetonitrile fil-
trates were evaporated directly, a precipitate, al-
most certainly phospholipid, formed when the ace-
tonitrile was driven off and recovery of the pen-
icillins in the water layer was poor, indicating that
penicillins were bound to the precipitate. When
methylene chloride and hexane were added to the
acetonitrile filtrate to separate the water layer, the
recoveries of pencillins in the water layer were also
poor. Penicillins were evidently complexed with
something in the filtrate, probably phospholipids.
The positively charged phospholipid molecules
could act as ion pairs with the anionic penicillins.
The penicillins were present in the acetonitrile fil-
trate and could be recovered by the partitioning
technique described previously [3,4] and in this pa-
per.
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The partitioning clean-up described previously
[3.4] proved adequate for isocratic analysis in pH 7
buffer. Some minor modifications in the earlier pro-
cedure together with improved detection systems
increased the sensitivity about ten-fold with detec-
tion limits lowered from 0.05 to 0.005 ppm. A larger
sample size was used. This required more acid to
overcome the buffering action of the sample extract
so that the pencillins could be converted to the acid
form for extraction into methylene chloride. Addi-
tion of 10 ml of 0.2 M buffer (pH 2.2) was not satis-
factory, pH 2 buffer gave a partial recovery and 0.2
M phosphoric acid gave essentially quantitative re-
coveries. Wiese and Martin [10] observed that pen-
icillin G deteriorated rapidly in aqueous solutions
below pH 3. However, it is probably more stable
when organic solvents are present. No noticeable
degradation occurred in 0.01 M phosphoric acid-
acetonitrile during a run time of up to 20 min for
HPLC analysis [3,4]. In the present instance, the
effective pH of the methylene chloride extract was
not known. However, there was no evidence of sig-
nificant deterioration of penicillin G during the ex-
traction procedure. The methylene chloride extracts
were partitioned back into pH 7 buffer without un-
due delay, usually within 1 h.

The solvent composition used during partitioning
usually gave rapid and clean separations of the lay-
ers. If stable emulsions were present, 5-ml portions
of acetonitrile were added with shaking until the
layers separated quickly.

Some samples, especially from liver and kidney,
were turbid after final concentration and required
filtration. Nylon 66 filters retained the penicillins
quantitatively from water and, indeed, show prom-
ise for solid-phase extraction of these compounds.
The PVDF filters specified were satisfactory. Some
very fine turbidity sometimes passed through the
filter but did not affect the chromatographic system.
Isocratic analysis in pH 7 buffer improved the sep-
aration of penicillins from interferences over that
achieved previously by gradient elution in 0.01 A/
H3PO,. Isocratic analysis had the disadvantage
that retentions of the penicillins were so different
that a different mobile phase was required for each
penicillin. It also had the disadvantage that the col-
umn was not flushed between samples and late-elut-
ing peaks were sometimes a problem, particularly
with liver and kidney. A column flush was used af-
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ter each sample to eliminate this problem.

Extraction/deproteinization with acetonitrile was
rapid and effective. However, others [3,6] have suc-
cessfully used tungstic acid. The partitioning clean-
up used is simple, effective and reproducible. Re-
producibility has sometimes been a problem when
solid-phase extraction techniques were used [3,4,8].
Derivatization using imidazole or triazole and mer-
cury (IT) chloride has been used to form a derivative
with a UV absorption maximum of 325 nm, where
fewer interferences absorb than at the lower end of
the UV range where penicillins have significant UV
absorption. Wiese and Martin [10] observed that
the molar absorptivity of penicillin G at 193 nm at
acid pH was greater (38 000/1 mol - cm) than that of
the derivative at 325 nm (20 000/1 mol - cm). Deriv-
atization is therefore neither necessary nor advanta-
geous if an adequate chromatographic separation
of the parent compound can be achieved. At pH 7,
use of absorbance at 210 nm was more satisfactory
as the baseline noise was less than at shorter wave-
lengths.

Although the sensitivity of both UV-visible and
diode-array detectors has improved considerably in
recent years, the former are still better with respect

BEEF MUSCLE
BLANK
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to sensitivity. The present procedure was used suc-
cessfully to measure incurred residues of penicillin
G at levels <0.01 ppm in muscle and spiked levels
of 0.01-0.02 ppm in muscle using a UV-visible de-
tector connected to a data system. Detection at
_ these low levels in liver and kidney and less certain
because more interferents were present. However,
residues were readily determined at 0.1 ppm in these
tissues. Quantification was based on one or more
external standards run at the same time as the sam-
ples and was generally based on peak area.
Treatment of the sample with penicillinase is a
simple and effective method of confirming that a
suspect chromatographic peak is indeed a penicillin
[8,11]. Wiese and Martin [11] used a “digital sub-
traction” technique for samples with and without
penicillinase treatment to determine low levels of
penicillin G in milk. Pencillin G was rapidly inacti-
vated by pencillinase. However, many other pen-
icillins such as cloxacillin are resistant to pencilli-
nase and require several hours for complete inacti-
vation.
The application of this method to meat samples
revealed unsuspected low levels of penicillin G res-
idues. The compound was so ubiquitous that it was

BEEF MUSCLE
BLANK
PENASE

PEN G RT

—
Col b4y 14 T T T O N G (N B |
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
TIME {min)

Fig. 1. Beef muscle, isocratic analysis: 0.01 M phosphate buffer pH 7.0-acetonitrile (85:15); flow-rate, 1 ml/min; Polymer Labs. PLRP-§
column (150 % 4.6 mm 1.D.); UV detection at 210 nm, 0.5 g equivalent injected, 0.0078 a.u.fs., Hewlett-Packard Model 1050.
UV-visible detector, Varian Model 650 data system. (Left) before and (Right) after treatment with penicillinase. The presence of
penicillin G equivalent to 0.022 ppm of peniciliin G sodium salt was confirmed. PEN G = Penicillin G; RT = retention time.
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Fig. 2. Beef kidney: Conditions as in Fig. 1; 0,4 g equivalent injected; blank treated with penicillinase and spiked with 1 ppm of sodium

penicillin G.

difficult to obtain suitable blank tissue for recovery
experiments. The levels found from subsamples of
the same tissue were variable. It was therefore nec-
essary to prepare a uniform sample homogenate
and spike subsamples of the homogenate to deter-
mine recoveries of penicillin G. The background
levels were generally below the US tolerance limit of
0.05 ppm [12]. No background levels of penicillin V
or cloxacillin were observed.

PORK MUSCLE
BLANK

0.001 a.u. 1

PEN G

PORK MUSCLE
BLANK

PENASE

PEN G AT

~

[ T T T U T NG T O T T O OO0 U G T N T S Y Y I A G M |
0 2 4 6 8 W 12 W 0 2 4 6 B8 W0 12 W

TIME {min}

Fig. 3. Pork muscle; conditions as in Fig. 1, except mobile phase,
0.01 M phosphate buffer (pH 7)-acetonitrile (86:14). (Left) be-
fore and (right) after treatment with penicillinase. The presence
of the equivalent of 0.019 ppm of sodium penicillin G was con-
firmed.

Fig. 1 shows a beef chuck sample with incurred
penicillin G residue confirmed by penicillinase
treatment. The residue is equivalent to 0.022 ppm of
sodium penicillin G. Fig. 2 shows beef kidney blank
and spiked with 1.0 ppm of penicillin G. There was
no detectable penicillin G in the blank. Fig. 3 shows
pork with an incurred pencillin G residue equiv-
alent to 0.019 ppm of sodium penicillin G, con-
firmed by penicillinase treatment. With penicillinase
treatment, penicillins can be differentiated from in-
terferences with similar retention times.

Recoveries from spiked samples are shown in Ta-
ble I. Recoveries from beef muscle were >90% for
all three compounds. Recoveries of penicillin G
were >90% except from beef kidney. Recovery of
cloxacillin was lower from pork muscle and kidney.
Cloxacillin was not recovered from beef liver.

This is a simple, specific and sensitive HPLC con-
firmatory test for penicillin G, penicillin V and clox-
acillin. It should be applicable to any penicillin with
a neutral side-chain. The use of penicillinase for
confirmation enhances the sensitivity and makes the
method suitable for regulatory confirmation of pen-
icillin residues.
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TABLE 1
RECOVERY OF PENICILLINS ADDED TO TISSUES

W. A. MOATS

Compound Tissue Amount added (ug/g) and recovery’ (%) Mean recovery + S.D. (%)
Penicillin G Beef muscle 1.5(98)", 1(86,100,92), 0.15(99)*, 0.015(96)" 95+5
Beef kidney 1(71)
Pork muscle 1(101,95)%, 0.1(92)°
Pork liver 1(102,89), 0.1(98)
Pork kidney 1(96)
Penicillin V Beef muscle 10(98), 1(97,105,98) 99+3
Beef kidney 1(67,76), 0.1(118)
Pork muscle 10(104), 1(100), 0.1(97°,93) 9+4
Cloxacillin Beef muscle 10(91), 2(89), 1(89,97,91), 0.2(92), 0.02(91) 91+2
Beef kidney 1(85), 0.1(86)
Beef liver No recovery
Pork muscle 1.5(76), 1(85)", 0.15(74)%, 0.1(77)%, 0.015(107)° 84+12

Pork kidney 10(69)

“ In parentheses.
b Spiked homogenate.
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ABSTRACT

Due to the unstable nature of rifampicin, a rapid automated hi

for the analysis of a large number of plasma samples generated
were automatically done by a sample preparation system using C

gh-performance liquid chromatographic method had to be developed
during a bicavailability trial. Extraction and injection of the samples
»» 100 mg Bond Elut extraction columns. The extracts were chromato-

graphed on a 4-um reversed-phase C, , column with a citrate buffer and acetonitrile as mobile phase. The analytes were detected a( 342
nm. Calibration curves were linear to at least 20 ug/ml and the limit of quantification was 0.16 ug/ml.

INTRODUCTION

Rifampicin,3-(4-methylpiperazin-1-yliminometh-
yD) rifamycin SV, a semisynthetic antibiotic drug, is
widely used alone or in combination with other
drugs such as isoniazid and pyrazinamide in the
treatment of tuberculosis.

Rifampicin spontaneously oxidizes to a quinone
derivative in atmospheric oxygen above pH 8. In
aqueous solutions with lower pH values, rifampicin
hydrolyses to 3-formylrifamycin SV and amino 4-
methylpiperazine [1,2]. Rifampicin is extensively
metabolized in the liver, especially during its first
passage through the hepatoportal system, mainly to
its active metabolite 25-desacetylrifampicin [3] and
3-formyl-25-desacetylrifampicin [4].

A" number of microbiological [5,6], thin-layer
chromatographic (TLC) [7] and high-performance
liquid chromatographic (HPLC) [1,8-12] methods
have been published for the determination of rifam-
picin.and its metabolites in plasma and urine. These
methods did not meet our requirements, since we
needed a fully automated method to determine
large numbers of samples generated during a bio-
availability trial. Owing to the unstable nature of
rifampicin we wanted to minimize the time between
sample generation, extraction and chromatography
of the samples.

0021-9673/92/$05.00

This article describes a fully automated proce-
dure for the quantitation of rifampicin in plasma
using sulindac as internal standard.

EXPERIMENTAL

Materials

Rifampicin was obtained from Lennon (Port
Elizabeth, South Africa) and sulindac from Ad-
cock-Ingram (Johannesburg, South Africa). Ascor-
bic acid (BDH, Poole, UK) was used to protect ri-
fampicin from oxidative degradation. All the other
reagents were of guaranteed analytical grade, and
were used as received. Water was purified by pass-
ing through a Millipore Milli-Q filtration system
(18 mQ cm resistivity) (Waters Assoc., Milford,
MA, USA).

Analytical systems

A modular HPLC system was used which con-
sisted of a pump (Shimadzu LC-6A, Shimadzu,
Kyoto, Japan), a Waters Radial pak, Nova Pak
Cis, 4 um particle size, 100 x 8 mm cartridge, held
inan RCM 8 x 10 compression unit (Waters) pro-
tected by a Waters Guard Pak with a uBondapak
C,s RCSS precolumn insert. A Shimadzu SPD-6A
UV detector was used to measure the absorbance of
the eluate. The chromatograms were recorded on a

© 1992 Elsevier Science Publishers B.V. All rights reserved
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Spectra-Physics SP4290 integrator (Spectra-Phys-
ics, San Jose, CA, USA) and the data sent via a
LABNET network to a Spectra-Physics ChromSta-
tion for automated data manipulation.

Sample processing and injections were done by
an ASPEC system (automated sample preparation
with extraction columns) from Gilson (Villiers Le
Bel, France) utilizing Bond Elut (100 mg, C;) ex-
traction columns (Analytichem International).

Chromatography

The mobile phase consisted of acetonitrile—0.05
M sodium citrate buffer adjusted to pH 4.3 with
0.05 M hydrochloric acid (42:58) and pumped at a
flow-rate of 2.3 ml/min at ambient temperature.
The analytes were detected by a UV detector at 342
nm. Retention times for rifampicin and the internal
standard sulindac were 4.65 and 3.07 min, respec-
tively. A peak was found at 2.52 min, which was
probably the 25-desacetylrifampicin metabolite.

Sample preparation

Plasma  standards. An accurately weighed
amount of rifampicin was dissolved in methanol
and an aliquot immediately spiked into drug-free
plasma to obtain a stock solution containing. ap-
proximately 22 pug of rifampicin per millilitre of
plasma. Subsequent dilutions with plasma were
made to obtain adequate standards covering the ex-
pected range. All plasma samples contained 200 ug
of ascorbic acid per millilitre as an antioxidant.
Plasma standards were prepared freshly each week,
divided into aliquots and stored in polypropylene
tubes at —80°C.

The internal standard sulindac was prepared
freshly each week in methanol to obtain an approxi-
mate concentration of 19 pg/ml.

Samples from trial subjects. Blood (10 ml) was
sampled at predetermined intervals in heparinized
Venoject tubes from twenty healthy male volunteers
after receiving 450 mg of rifampicin in a double-
blind, randomized, crossover design in a compara-
tive bioavailability study. The samples were imme-
diately centrifuged for 5 min at 4°C, and 2-ml plas-
ma aliquots, to which 400 ug of ascorbic acid were
added, were immediately frozen in solid carbon
dioxide. The samples were stored at —80°C until
analysed. All the samples were analysed within 4
days after sampling.

K. J. SWART, M. PAPGIS

Procedure. Plasma samples (0.5 ml) were trans-
ferred to 5-ml glass tubes and mixed with 0.5 ml of
0.1 M hydrochloric acid to which 50 ul of the in-
ternal standard solution were added. The samples
were briefly vortexed to obtain thorough mixing
and placed in the ASPEC system.

The apparatus was programmed to condition
each Bond Elut extraction column with 1 ml of
methanol, followed by 1 ml of 0.1 M hydrochloric
acid just before use. The plasma mixture was loaded
onto the column and the column washed afterwards
with 1 ml of 0.1 M hydrochloric acid to get rid of
excess protein and plasma components. The ana-
lytes were eluted with 400 pl of methanol-acetoni-
trile (3:2) into a clean tube, mixed by repeatedly
aspirating/dispensing the fraction, and a 20-ul ali-
quot automatically injected onto the HPLC col-
umn.

RESULTS AND DISCUSSION

Fig. 1 shows representative chromatograms ob-
tained from plasma determinations and demon-
strates the lack of interfering endogenous com-
pounds in the blank plasmas.

Quantifications was achieved using the peak-
height ratio of rifampicin to the internal standard.
All calibration curves were shown to be linear over
a wide concentration range with the curves almost
passing through the origin. Calibration curves were
linear to at least 20 ug/ml and had good correlation
coefficients with eight different standard concentra-
tions. The mean recovery for rifampicin was 98%
and for sulindac 73%.

The precision and accuracy of the method are
indicated in Table I and are expressed as the relative
standard deviation (%) and bias (%) for replicates
of eight different concentrations covering the ex-
pected range. These results were obtained during
the analysis of the trial samples. Although good re-
sults were obtained at 0.08 ug/ml with a signal-to-
noise ratio of 9 during the validation of the method,
the limit of quantification was set after the trial to
0.16 pg/ml (fifteen times base value) owing to the
larger than expected coefficient of variation experi-
enced in the day-to-day analysis of the low concen-
trations.

The extraction and chromatography procedures
are fully automated and take only 9.5 min from in-
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Fig. 1. Chromatograms: (A) blank plasma containing internal standard; (B) plasma standard of 5.2 ug/ml; (C) trial plasma sample equal
to 7.2 ug/ml. Peaks: 1 = sulindac (internal standard); 2 = rifampicin; 3 = rifampicin metabolite. For HPLC conditions, see text.

jection of a sample to extraction and injection of a
second sample. Minimum sample handling is re-
quired, and determinations can be done 24 h a day,
as was done during the determination of the plasma

TABLE I

RELATIVE STANDARD DEVIATIONS (R.S.D.) AND BI-
AS OF QUALITY CONTROLS OBTAINED DURING THE
TRIAL TO INDICATE THE PRECISION AND ACCURA-
CY OF THE METHOD

n Rifampicin Accuracy Precision
concentration (bias, %) (RS.D., %)
(ug/ml)

6 22.19 3.1 3.6

7 12.06 3.6 4.0

6 5.80 2.4 2.5

7 2.93 -3.2 4.7

5 1.40 -54 33

7 0.69 =50 38

6 0.32 -89 59

6 0.17 -2.5 5.0

samples during the trial. Fig. 2 represents a concen-
tration-time profile of the mean plasma rifampicin
values of twenty healthy volunteers after receiving
an oral dose of 450 mg of rifampicin.

6

1
i) w (}Jg/m : a

Concentration

-~

0 a 8 12 16 20 24
Time (hours)

Fig. 2. Concentration-time profile of the mean rifampicin plas-
ma values of twenty volunteers after each receiving a 450-mg
rifampicin dose.
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Since this method was used only during a study
of comparative bioavailability, other substances
were not tested for interference with rifampicin.
However, no interference from plasma substances
was found during chromatography.

Since we were perturbed about the stability of
rifampicin when stored in plasma for some time, we
checked the stability of rifampicin when plasma
samples were stored at —80°C for 1 month. To
these samples were added 200 ug of ascorbic acid
per millilitre of plasma, and weekly determinations
were carried out. No decrease in the rifampicin con-
tent was observed over this time. Degradation of
rifampicin in organic solvents such as methanol oc-
curs quite rapidly, so that these solutions should be
kept for the shortest time possible.

The data from the integrators were sent to a
ChromStation via a LABNET communication sys-
tem. Calibration curves were automatically con-
structed from the eight standards processed with
each batch using software developed in our labora-
tory. These standards and seven quality controls
were scattered between the 64 samples of each batch
to exclude possible variations due to degradation of
rifampicin. No degradation peaks could be found in
the standards or quality controls over this period.
Calculations of the quality controls and trial sam-
ples were done from a linear calibration curve.
Wherever deviations from linearity occurred, which
is not unusual at low concentrations, a calibration
curve including only the four lowest standards was
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constructed using the appropriate regression equa-
tion (usually a second order or power curve).

CONCLUSION

The procedure provided us with a method that
was sensitive enough to determine concentrations
of rifampicin in low plasma volumes for 24 h after a
single 450-mg oral dose. Determinations could be
done 24 h a day since the extraction, injection, chro-
matography and data manipulation steps were
completely automated.
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ABSTRACT

The cytochrome P-450-dependent aromatase enzyme plays an important role in hormone-dependent diseases. Many products that
inhibit this type of enzyme were obtained: FCE 24304 (I) and FCE 24928 (II) proved to possess remarkable activity and are presently
under development: Compounds I and II and their synthetic intermediates are analyzed by means of a high-performance liquid
chromatographic method, affording rapid and efficient separation, good resolution and identification of all the examined compounds.
The linearity, specificity, sensitivity, precision and accuracy for the method are also provided.

INTRODUCTION

Aromatase, a cytochrome P-450-dependent en-
zyme, catalyzes the conversion of androgens to es-
trogens [1]. This enzyme affects the rate-limiting
step in estrogen production and therefore it is sup-
posed to play a key role in the pathogenesis of estro-
gen-dependent diseases.

The conversion of androgens to estrogens by aro-
matase has been demonstrated [1-4], the mecha-
nism of aromatization reported [5], and the enzyme
purified from human placental microsomes [5-9].

A series of steroid compounds were synthesized
and tested for their aromatase inhibitory activity.
Among them FCE 24304 (I, 6-methylenandros-
ta-1,4-diene-3,17-dione) and FCE 24928 (11, 4-ami-
noandrosta-1, 4, 6-triene-3,17-dione) (Fig. 1) exhib-
ited good activity and remarkable stability {10,11].

In this paper a high-performance liquid chro-
matographic (HPLC) method for quantitation of
FCE 24304 (I) and FCE 24928 (IT) and separation
of related synthetic intermediates is reported, and
the experimental parameters for separation of artifi-
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CHZ NHo

FCE 24928 (II)

FCE 24304 (D)

Fig. 1. Chemical structures of FCE 24304 (I) and FCE 24928
an.

cial mixtures of I, II, and related substances are de-
scribed (Figs. 2 and 3).

EXPERIMENTAL
HPLC-grade acetonitrile and other chemicals of

analytical grade were obtained from Carlo Erba
(Milan, Italy). Buffer solutions were filtered before

. use through a Millipore 0.45-um filter.

The HPLC system consisted of a Hewlett-Pack-
ard (HP) 1090 LUSI chromatograph equipped with

@© 1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 2. Synthesis of FCE 24304 (I).
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CHy

an HP 79847B temperature-controlled autosam-
pler, and HP 1040A variable-wavelength detector
(with a DPU multichannel integrator and an HP 85
B computer), an HP 2225 think-jet printer and an
HP 7470A plotter.

Phosphate buffer (eluent A) was prepared by dis-
solving dibasic ammonium phosphate (6.60 g, 0.05
mol) in deionized water (1000 ml) filtered with a
Milli-Q3 system (Waters), and adjusting to pH 6.0
with concentrated phosphoric acid; eluent B con-
sisted of a mixture of eluent A and acetonitrile
(30:70, v/v).

Isocratic elution with 45% B for 3 min followed
by a linear gradient to 96% B in 20 min was used.

A Partisphere 5C;g cartridge (Whatman, 110 x

57 25
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Fig. 3. Synthesis of FCE 24928 (II).
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4.7 mm 1.D., 5 um particle size), at 40°C with flow-
rate of 1 ml/min was used.

UV detection was at 245 and 220 nm. The sam-
ples were dissolved in eluent A—acetonitrile (90:10,
v/v) immediately before use.

RESULTS AND DISCUSSION

The described gradient elution, with increasing
acetonitrile content, is necessary for selective elu-
tion of the synthetic intermediates.

The reproducibility of the chromatographic sys-
tem is high: the resolution of the compounds of in-
terest does not change whereas, as expected, the rel-
ative retention times decrease with increasing col-
umn lifetime. The retention times of the compounds
change by no more than approximately 1% during
an 8-h run; however, it is possible to use the column
for several months of continuous use.

Two chromatograms of an artificial mixture of
compounds I and ITI-V and compounds II and V-
IX are shown in Fig. 4; all the products were dis-
solved in eluent A (ammonium phosphate 0.05 M,
pH 6.0) containing a small amount of acetonitrile
(about 10%).

Note that the by-product (V) in the synthesis of
FCE 24304 (1) is also the starting material for the
synthesis of FCE 24928 (IT) (see Figs. 2 and 3).

The elution patterns, with increasing retention
times, are in the order: III, V, IV, I and II, VIL, V,
VI, VIII, IX. Other impurities are also well separat-
ed. The chromatographic method provides good
resolution of all peaks and allows separation, iden-
tification and quantitative determination of these
compounds, if present.

Satisfactory results for FCE 24304 (I) and FCE
24928 (I1), in terms of both linearity and of sensitiv-
ity [quantitation limits are better than 0.5 ug/ml (I)
and 0.75 ug/ml (ID)] were obtained; linear relation-
ships between peak areas and amounts of products
injected are observed in the ranges 10-90 pg/ml (I)
and 60—490 pg/ml (II).

Regression equations
Area = slope X concentration + intercept.

(I) Area counts = 109.4 x (concentration in ug/
ml) + 15.6

(IT) Area counts = 33.1 x (concentration in ug/
ml) + 227.7
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From calibration plots, the relative correlation
coefficients are: FCE 24304 (I), r = 0.99968; FCE
24928 (II), r = 0.99753.

The chromatographic method provides also sat-
isfactory specificity, precision and accuracy for I
and IT analyses.

Specificity

No interferences of sample solvent [0.05 M am-
monium phosphate, pH 6.0-acetronitrile (90:10,
v/v)] and synthetic impurites (see Figs. 2 and 3)
could be observed at the detection wavelength (245
nm), as shown in Fig. 5.

From the chromatograms, only product (V) is
recognized as an impurity in FCE 24304 (I), but it
was not determined quantitatively. However, the
separation of very low amounts of unknown impu-
rities is also observed.

Precision

The following results were obtained from seven
replicate injections of the same solutions. FCE
24304 (I): concentration = 105.6 ug/ml; S.D. = &+
0.389; precision = + 0.95%. FCE 24928 (1I): con-
centration = 220.2 ug/ml; S.D. = % 0.248; preci-
sion = * 0.60%.

Accuracy

From three replicate injections of every solution
at five different concentrations the accuracy was for
FCE 24304 (I), S.D. = + 0.761; for FCE 24928
DN, S.D. = £ 0.540.

Stability

The stabilities of I and IT in the injection solution
were-also studies with the present chromatographic
system. The solutions (at concentrations of about
100 and 200 ug/ml, respectively) were stored at
room temperature (about 25°C) and the area counts
of the relative peaks with respect to the initial time
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were measured as function of the time.

Under these conditions FCE 24304 (I) proved to
be stable, whereas FCE 24928 (II) slowly decom-
posed with formation of one degradation product
(with a shorter retention time than that of FCE
24928), at present unidentified.

CONCLUSIONS

The use of the described HPLC method allows a
selective and quantitatively accurate analysis of ste-
roid aromatase inhibitor compounds and the deter-
mination of possible impurities in the active drug
substance. The chromatographic method is suffi-
ciently specific, accurate, precise and sensitive for
the purpose of analytical characterization.
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ABSTRACT

A novel high-performance liquid chromatographic method was developed for the determination of monohydroxy compounds using
the combined approach of pre-column derivatization and post-column reaction with fluorescence detection. Monohydroxy-containing
drugs were modified by pre-column derivatization with propyl isocyanate (in pyridine, 50°C, 1 h) to form the corresponding n-propyl
carbamate esters. Excess of reagent, reagent impurities and solvent were then removed by evaporation. Following chromatographic
separation on a reversed-phase octadecylsilica column, the n-propyl carbamate ester derivative was subjected to post-column reaction
and detection using alkaline hydrolysis to generate free propylamine, which was subsequently derivatized in-line using o-phthalalde-
hyde and 3-mercaptopropionic acid to form a fluorescent isoindole. The fluorescence emission of the isoindole product was measured at
455 nm following excitation at 340 nm. As propy! isocyanate is highly volatile and physico-chemically different to many drug molecules,
problems associated with reagent impurities and reaction by-products were substantially minimized. The method was highly sensitive,
allowing detection of sub-nanogram amounts of monohydroxy-containing drugs, hydroxy steroids and hydroxamic acids. The utility of
this derivatization scheme was demonstrated by the highly sensitive measurement in human plasma of oxiracetam (4-hydroxy-2-oxo-~1-

pyrrolidineacetamide), an investigational drug intended for use in dementia and other memory disorders.

INTRODUCTION

The chemical modification of hydroxyl groups to
improve the detectability of certain analyte mole-
cules for high-performance liquid chromatographic
(HPLC) applications typically involves pre-column
derivatization with relatively large non-volatile
chromophoric [1] or fluorescent reagents [2-7].
However, the use of such an approach to develop
highly sensitive methodology for the determination
of hydroxy-containing drugs at trace levels in bi-
ological fluids is complicated by several difficulties.
The large excess of reagent concentration necessary
to ensure complete and reproducible reaction with
the analyte and the physico-chemical similarity be-
tween many chromophoric and fluorescent reagents
and drug molecules necessitate extensive sample
clean-up following reaction to remove excess of re-
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agent and reagent impurities, in addition to deriv-
atized interferences resulting from endogenous
compounds. In most instances, clean-up approach-
es following derivatization are only partly success-
ful, and interferences from reagent impurities limit
the ultimate sensitivity that can be achieved.

In our approach, hydroxy-containing drugs were
modified by pre-column derivatization with propyl
isocyanate to form the corresponding n-propyl car-
bamate esters. Excess of reagent, reagent impurities
and solvent were then removed by evaporation.
Following chromatographic separation on a re-
versed-phase column, the n-propyl carbamate ester
derivatives were subjected to post-column alkaline
hydrolysis to generate free propylamine, which was
subsequently derivatized in-line using o-phthalalde-
hyde and 3-mercaptopropionic acid to form a fluo-
rescent isoindole. As propyl isocyanate is highly
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volatile and physico-chemically different to many
drug molecules, problems associated with reagent
impurities and reaction by-products were substan-
tially minimized. The utility of this derivatization
scheme was demonstrated by the sensitive measure-
ment in human plasma of an investigational drug,
oxiracetam (4-hydroxy-2-oxo-1-pyrrolidineaceta-
mide), intended for use in dementia and other mem-
ory disorders.

EXPERIMENTAL

Materials

Oxiracetam (SK&F 107823, 1, Fig. 1) and the in-
ternal standard (ISF 2839, 1.S.) were obtained from
ISF Laboratories (Milan, Italy). HPLC-grade wa-
ter (Milli-Q water purification system; Millipore,
Bedford, MA, USA) was used in the preparation of
standard solutions, buffers and mobile phase. Ana-
lytical-reagent grade glacial acetic acid and sodium
hydroxide were purchased from Mallinckrodt (Pa-
ris, KY, USA), HPLC-grade methanol and aceto-
nitrile from J. T. Baker (Phillipsburg, NJ, USA),
silylation-grade pyridine and o-phthalaldehyde
(OPA) from Pierce (Rockford, IL, USA), propyl
isocyanate (99%), phenyl isocyanate and benzohy-
droxamic acid from Aldrich (Milwaukee, WI, USA)
and 3-mercaptopropionic acid and all steroid com-
pounds from Sigma (St. Louis, MO, USA). All oth-
er chemicals were analytical-reagent grade. Phenyl-
boronic acid (PBA) solid-phase extraction columns
(100 mg/ml) were purchased from Analytichem In-
ternational (Harbor City, CA, USA).

o-Phthalaldehyde reagent solution

Sodium hydroxide (2 g) was first dissolved in 1 1
of degassed HPLC-grade water and then 2 ml of
freshly prepared methanolic solution of o-phthalal-
dehyde (2 mg/ml) and 80 ul of 3-mercaptopropionic
acid were added. The solution was filtered through

HO HO.

N
| |
CH,-CONH, CH, CH,-CONH,
4 (]

Fig. 1. Structures of oxiracetam (I) and the internal standard
1.8).
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a 0.45-um nylon 66 filter. The reagent was stable for
48 h at room temperature.

Standard solutions

The stock (1 mg/ml) and working standard solu-
tions (100, 10, 1 and 0.1 ug/ml) of oxiracetam and
the internal standard were prepared in water. The
solutions were stable for 1 month. The stock and
standard solutions of steroids and hydroxamic
acids were prepared in pyridine.

Pre-column derivatization of monohydroxy com-
pounds

To the tubes containing oxiracetam or monohy-
droxy-containing analytes, anhydrous pyridine (200
ul) and propyl isocyanate (50 ul) were added and
the solution was vortex mixed. The tube was sealed
with Parafilm and placed in a water-bath main-
tained at 50°C for 1 h. The sovlents were evaporated
at 50°C under nitrogen and the residue was dis-
solved in the mobile phase.

Mass spectrometric (MS) analysis of n-propyl car-
bamate derivatives

LC-MS was performed using an HP 1090A
HPLC system (Hewlett-Packard, Waldbronn, Ger-
many) interfaced to a Finnigan MAT (San Jose,
CA, USA) TSQ 70 triple quadrupole mass spec-
trometer via a Finnigan MAT thermospray ioniza-
tion (TSP) interface. Chromatographic separations
were carried out on a Hypersil ODS column (10 cm
x 4.6 mm [.D.) (Hewlett-Packard) using a mobile
phase of ammonium formate (0.1 M, pH 3.8)-ace-
tonitrile at a flow-rate of 1 ml/min. Subsequent to
injection (3.5 min), the concentration of acetonitrile
was increased linearly from 0 to 35% over a period
of 25 min, held at that level for 2 min and then
cycled back to the initial conditions. Mobile phase
components were filtered through a 0.2-um nylon
66 filter and degassed before use. The TSP vaporiz-
er temperature was 108°C and the jet temperature
was 260°C.

LC-MS with continuous-flow fast atom bom-
bardment (CF-FAB) ionization was performed us-
ing the same HPLC system as above interfaced to
the Finnigan MAT TSQ 70 via a Finnigan MAT
BIO Probe ion source. Ionization was accomplished
using xenon as the bombarding gas and a VCR
Group (San Francisco, CA, USA) saddie-field gun
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operated at 6 kB and 2 mA. Isocratic chromato-
graphic separations were carried out on Zorbax Rx
octyl column (15 cm x 2.1 mm I.D.) (Mac Mod
Analytical, Chadds Ford, PA, USA) using a mobile
phase consisting of 60% water and 40% organic
modifier [acetonitrile-methanol (50:7, v/v)]. The
mobile phase contained 5% glycerol and 0.1% tri-
fluoroacetic acid. The flow-rate of the mobile phase
was 250 ul/min. A flow splitter was placed before
the UV flow cell, which reduced the flow of mobile
phase into the mass spectrometer to 2 ul/min. The
probe tip temperature was held at 26°C to prevent
freezing. For all analyses, the mass spectrometer
was operated in alternating positive-negative ion
full-scan modes.

High-performance liquid chromatography

The HPLC system (Fig. 2) consisted of a Hitachi
665A-12 high-pressure gradient semi-micro solvent
delivery system (EM Science), a post-column reac-
tor module (PCRS Model 520; ABI Analytical,
Ramsey, NJ, USA) and a Hitachi F-1000 fluores-
cence detector (EM Science). Chromatographic
separations were carried out on a 25¢cm x 2.0 mm
LD., octadecylsilica (5 ym) column (Ultrasphere)
(Beckman Instruments, Palo Alto, CA, USA),
maintained at 50°C, at a flow-rate of 300 ul/min.
The initial mobile phase composition was 0.05 M
acetate buffer (pH 6.0)-methanol (90:10, v/v). Fol-
lowing injection, the methanol concentration was
held at 10% for 5 min, then raised to 20% over a

period of 4 min, held for 1 min, then increased to
50% in 1 min, held at 50% for 5 min and cycled
back to the initial conditions in 1 min. The system
was equilibrated at the initial mobile phase compo-
sition for 14 min before injecting the next sample.
Mobile phase components were filtered through a
0.2-um nylon 66 filter and degassed before use.
Samples were injected using an HPLC autosampler
(WISP, Model 710B; Waters Assoc., Milford, MA,
USA). The post-column reactor module contains
two independently heated zones which are used, in
this instance, as a column heating chamber and a
reaction coil heating block. One additional pump
(Model 114, Beckman Instruments) was utilized to
deliver the OPA reagent solution at a flow-rate of
200 ul/min to the post-column reactor where they
were mixed with the column effluent utilizing a low-
dead-volume mixer. Following formation of the flu-
orescent reaction product, detection was accom-
plished utilizing excitation at 340 nm while mon-
itoring the fluorescence emission at 455 nm. The
chromatographic data were collected with a com-
puterized automated laboratory system (Ac-
cessxChrom; PE-Nelson, Cupertino, CA, USA).

RESULTS AND DISCUSSION

Initial attempts to derivatize monohydroxy-con-
taining drugs with various commercially available
fluorogenic reagents, such as 9-anthroylnitrile [3],
7-methoxycoumarin-3-(and 4-)-carbonyl azides [4]
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Fig. 3. Schematic representation of reactions showing the pre-
column conversion of hydroxy compounds to n-propyl carba-
mate compounds and post-column conversion of the latter into
fluorescent isoindole structures.

and 7-[(chlorocarbonyl)methoxyl]-4-methylcouma-
rin [6], were problematic owing to the difficulties
associated with the stability of these reagents. Vari-
ous environmental factors, such as moisture, tem-
perature and light, affect the stability during storage
and lead to very short shelf lives for these reagents.
These problems often require either custom synthe-
sis or repurification of reagents. Moreover, the large
excess of reagent concentration employed to ensure
the complete and reproducible reaction with the
analyte and the physico-chemical similarity be-
tween the derivatized products and the reagent typ-
ically necessitate extensive sample purification fol-
lowing reaction to remove excess of reagent and nu-
merous reagent impurities, in addition to deriva-
tized interferences due to endogenous compounds.
In our approach, hydroxy-containing drugs were
first modified by pre-column derivatization with
propyl isocyanate to form the corresponding n-pro-
pyl carbamate esters. Following removal of the ex-
cess or reagent and solvent by evaporation, the car-
bamate esters were separated by reversed-phase
HPLC and then subjected to simultaneous post-col-
umn base hydrolysis and derivatization of the liber-
ated propylamine with OPA—thiol (Fig. 3).

- Several aliphatic and aromatic isocyanates were
examined for pre-column derivatization of mono-
hydroxy compounds to form carbamate esters.

V. K. BOPPANA et al.

Based on the use of oxiracetam as a model com-
pound, propyl isocyanate was chosen owing to its
superior physico-chemical properties, such as ease
of handling, safety, reactivity and ease of removal
from the reaction medium. Propyl isocyanate is a
liquid which is less volatile than its lower homo-
logues, and can be handled safely. In comparison
with phenyl isocyanate, however, the volatility and
ease of hydrolysis of carbamate esters favored pro-
pyl isocyanate for pre-column derivatization of
monohydroxy compounds.

The formation of the n-propyl carbamate ester of
oxiracetam was confirmed by both post-column re-
action detection via fluorescence response and mass
spectral evidence. The n-propyl carbamate ester of
oxiracetam was subjected to LC-TSP-MS analysis,
and the positive ion mass spectrum is shown in Fig.
4A. The protonated molecular ion (M+H]*, m/z
= 244) was observed as the base peak of the spec-
trum. The corresponding ammonium, sodium and
potassium adduct ions were observed at m/z 261,
266 and 282, respectively. Loss of propyl isocyanate
(C3H,N=C=0) from the [M+H]" ion yielded the
ion at m/z 159. The ion at m/z 141 indicated loss of
the elements of n-propyl carbamate. The negative
ion mass spectrum is shown in fig. 4B. It shows a
base peak ion at m/z 288, which corresponds to the
formate molecular anion adduct (M + HCOO) ) of
the n-propyl carbamate derivative of oxiracetam.,
Loss of n-propyl ketene from the ion at m/z 288
yielded the ion at m/z 203.

The pre-column formation of n-propyl carba-
mate esters of hydroxy compounds was optimized
by using oxiracetam as a model compound. As ox-
iracetam was highly hydrophilic in nature, pyridine
was chosen to conduct the reaction. The reaction
was carried out at different temperatures for vari-
ous times and the HPLC with post-column hydroly-
sis and fluorescence detecion was used to obtain
peak heights. Derivatized oxiracetam was separated
by gradient elution HPLC using the mobile phase
conditions described under Experimental. By var-
ing the pre-column reaction temperature between
30 and 80°C, it was observed that the reaction rate
was optimum when the temperature of the reaction
was maintained between 50 and 60°C. The effect of

pre-column reaction time was also examined by al-

lowing the reaction to proceed from 30 to 240 min
at 50°C. The results from this experiment indicated
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Fig. 4. LC-TSP-MS of oxiracetam n-propyl carbamate: (A) positive ion mass spectrum; (B) negative ion mass spectrum.

that a reaction time of 60 min was necessary to ob-
tain optimum yields of the carbamate derivative.
Using *H-labelled oxiracetam, and following the
disappearance of oxiracetam and the formation of
the carbamate ester in the reaction mixture by iso-
cratic HPLC with radiometric detection (Beck-
man), it was determined that the conversion of ox-
iracetam to the n-propyl carbamate derivative was
quantitative.

Post-column fluorescence detection of carba-
mates typically involves a two-stage (two-pump) re-
action system [8]. The carbamate esters were first
hydrolyzed to release a primary amine, which was
subsequently derivatized on-line with o-phthalalde-
hyde and a thiol to form highly a fluorescent sub-
stituted isoindole. Of the several approaches avail-
able for post-column hydrolysis of carbamate es-
ters, we selected base hydrolysis owing to its ease
and simplicity. Moreover, it has been shown that
o-phthalaldehyde and 3-mercaptopropionic acid

can both be added to the hydrolytic reagent solu-
tion [9], eliminating the need for a second post-col-
umn pump. This allows for the simultaneous hydro-
lysis and fluorescence detection of carbamates with-
out compromising the sensitivity and offers the
same advantages as offered by solid-phase reactors
(10,11} and photolytic hydrolysis methods [12].

In order to optimize the reaction conditions for
the 2.0 mm L.D. reversed-phase columns used here,
certain post-column reaction parameters were ex-
amined using the n-propyl carbamate ester of ox-
iracetam as a model substrate. In these experiments,
the post-column flow-rate and concentration of
OPA and thiol reagent solution were maintained as
described under Experimental. The post-column re-
action conditions for the concentration of sodium
hydroxide, temperature and reaction time were then
optimized by injecting 10 ng of derivatized oxirace-
tam on to the column and monitoring the intensity
of the fluorescence signal obtained.
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The effect of base concentration was examined by
varying the sodium hydroxide concentration from
0.01 to 0.3 M. The results indicated that a base con-
centration of 0.05 M provided the optimum fluo-
rescence signal for derivatized oxiracetam. The ef-
fect of temperature on the post-column reaction
was then examined by varying the reaction coil tem-
perature from 40 to 110°C. A reaction temperature
of 90°C was found to be optimum for the post-col-
umn derivatization. The effect of reaction coil vol-
ume (0.5-2.0 mi) on the post-column reaction was
also examined. The 1.0-ml reaction coil provided
the optimum chromatographic peak height without
a significant change in peak broadening. These con-
ditions were utilized in subsequent work.

In order to establish the applicability of this ap-
proach for the routine determination of monohy-
droxy compounds, the linearity and precision of the
combined pre- and post-column reaction detection
system were examined. The linearity was evaluated
by analysis of a series of standard solutions of ox-
iracetam, and a linear response over the range 2-
2000 ng injected on-column was obtained. The
curves were highly reproducible and correlation
coefficients were typically >0.999. The precision of
the method was determined by repetitive pre-col-
umn derivatization of a standard solution of ox-
iracetam followed by post-column reaction detec-
tion and measurement of the resulting chromato-
graphic peak heights. The method displayed excel-
lent precision, yielding relative standard deviations
(R.S.D) of <3% (n=©6). The limit of detection (sig-
nal-to-noise ratio = 3) for oxiracetam was 0.5 ng.

The application of the method to the determina-
tion of monohydroxy-containing compounds was
exemplified by the HPLC assay developed to deter-
mine the concentration of oxiracetam in human
plasma. The assay involved precipitation of plasma
protein with acetonitrile followed by application of
the supernatant to a phenylboronic acid column
and collection and evaporation of the breakthrough
liquid containing the analyte. Other endogenous
polyhydroxy compound interferences remained on
the column. The residue obtained was then subject-
ed to the pre-column derivatization and post-col-
umn reaction detection scheme described above.
Typical chromatograms from extracts of a drug-
fice plasma sample and a plasma sample spiked
with 1 pg/ml of oxiracetam are shown in Fig, 5. The

V. K. BOPPANA et al.
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Fig. 5. Chromatograms of extracts of (A) drug-free plasma and
(B) plasma sample spiked with 1 pg/ml of oxiracetam.

retention times for oxiracetam and the internal
standard were 10.1 and 12 min, respectively. The
chromatograms displayed no endogenous interfer-
ing peaks in the region of oxiracetam or the internal
standard. Under the conditions utilized in this as-
say, the lowest concentration of oxiracetam that
could be determined in 0.2 ml of plasma was 40
ng/ml, which corresponds to an injected amount of
ca. 2 ng. The correlation coefficients for plasma cali-
bration graphs were typically >0.99.

The method reported here may have general util-
ity. This approach has also been applied to the
HPLC detection of other classes of monohydroxy
compounds such as steroids and hydroxamic acids.
Of the various hydroxy steroids subjected to this
carbamate derivatization procedure, aromatic ste-
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roids, such as estrone, and steroids with a primary
hydroxy group, such as cortisone, readily yielded
the corresponding n-propyl carbamates, which were
subsequently measured by HPLC with post-column
reaction detection. The formation of estrone n-pro-
pyl carbamate was also confirmed by the positive
ion CF-FAB mass spectrum (Fig. 6). The protonat-
ed molecular ion (M+H]*, m/z = 356) was ob-
served as the base peak in the mass spectrum. The
corresponding glycerol adduct ions were observed
at m/z 448 and 540. A protonated dimer of the mo-
lecular ion (2M +H]™) was also observed at mj/z
711. The ion at m/z 253 indicated loss of
C3H,=N=C=0. Steroids such as progresterone,
cholic acid and testosterone did not form the corre-
sponding n-propyl carbamates under these condi-
tions, presumably owing to steric hindrance effects
[13]. Benzohydroxamic acid also readily yielded the
n-propyl carbamate derivative, which was detecta-
ble by post-column reaction and fluorescence detec-
tion. The results of these studies suggest that certain

hydroxy compounds with complex structures may
require additional optimization of the reaction con-
ditions used to form the corresponding n-propyl
carbamate derivatives. To achieve this, one may
have to use different solvents, adjust the basicity of
the reaction medium or employ various catalysts.
As with many pre-column derivatization approach-
es, the potential reactivity of other functional
groups with n-propyl isocyanate may lead to the
formation of other by-products, thus complicating
the analysis. In this instance, reaction of primary
and secondary amine groups with n-propyl isocya-
nate has been observed, leading to the formation of
substituted urea products.

The combined pre- and post-column reaction de-
tection system described here provided a highly sen-
sitive method for the fluorescence detection of cer-
tain monohydroxy compounds such as oxiracetam.
The sensitivity of the method allowed its successful
application to the determination of oxiracetam in
human plasma samples. In addition, the method
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may have some general utility as highly sensitive
detection was also achieved with certain steroid
compounds and hydroxamic acids.
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ABSTRACT

Enantiomers of 3,4-dihydro-2-{5-methoxy-2—[3-(N-methyl-N-{Z-[(3,4-methylenedioxy)phenoxy]ethyl}amino)propoxy]phenyl}-4-me-
thyl-3-0x0-2H-1,4-benzothiazine hydrogen fumarate (I), a novel and potent Ca?* antagonist, and its synthetic precursors, phenol (II)
and bromide (III), were directly resolved by high-performance liquid chromatography on a chiral column, with a stationary phase of
cellulose carbamate-coated silica gel. Further, the resolution of some 2-(substituted-phenyl)benzothiazines (IVa-1VI) was investigated
to study the effects of 2-phenyl ring substituents on chiral recognition. As an index of the characteristics of substituents, substituent
constants for quantitative structure-activity relationship studies were used. The correlations between the resolution efficiency (R and
the substituent constants for these benzothiazines were investigated by regression analysis. As a result, for 2-(4-substituted-phenyl)-
benzothiazines, R, showed good correlation with E,, Taft’s steric parameter fcorrelation coefficient (r) = 0.99]. It was also shown that
R correlated with R, an electronic constant for the resonance effect, for 2~(2-hydr0xy-5-substituted-phenyl)benzothiazines (r=0.92).
These findings suggest that the 2-phenyl ring plays an important role in chiral recognition in the resolution of these benzothiazines.

INTRODUCTION on a commercially available chiral column (Chiral-

cel OG) was investigated. The stationary phase of

In the course of our recent studies on sulphur-
containing heterocyclic compounds [1-4], we found
a novel 2-aryl-3-oxo0-2H-1,4-benzothiazine deriva-
tive I (Fig. 1) with a potent Ca?* antagonistic activ-
ity [5]. Ca®* antagonists are useful in the treatment
of hypertension, angina pectoris and certain cardiac
arrhythmias [6-8]. Compound I has an asymmetric
carbon on the C-2 position of the benzothiazine
ring. In an in vitro study, the Ca* antagonistic ac-
tivity of the (R)-enantiomer was about seven times
more than that of the (S)-enantiomer. The (R)-
enantiomer (SD-3211) is now undergoing clinical
trials.

During the progress of this research, an analyt-
ical method for the determination of optical purity
was required for I and its synthetic precursors II
and III (Fig. 1). In the present study, the direct reso-
lution of enantiomers of these compounds with
high-performance liquid chromatography (HPLC)

0021-9673/92/$05.00

this chiral column is cellulose carbamate-coated sil-
ica gel [9]. Further, we became interested in the chi-
ral recognition mechanism for these benzothiazine
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Fig. 1. Structures of benzothiazine derivatives L II, IIT and IV.
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derivatives. Since we had already developed a con-
venient method of synthesizing 2-(substituted-
phenyl)benzothiazines [3], it was intended to study
the effects of 2-phenyl ring substituents on chiral
recognition by using these benzothiazines. In the
present study, the correlations between the resolu-
tion efficiency and physicochemical properties of
the substituents on the 2-phenyl ring for benzothia-
zines IVa-IV1 (Fig. 1) were studied by applying the
quantitative structure-activity relationship (QSAR)
procedure.

EXPERIMENTAL

Materials

The benzothiazine derivatives I-III [5] and IVa-
V1 [3], except 1Vj, were prepared as reported previ-
ously. Compound IVj was synthesized from a man-
delic acid derivative, which was prepared from m-
anisaldehyde and 2-methylaminobenzenethiol in
accordance with the preparation of IVL

A. OTA, S. ITO, Y. KAWASHIMA

Liquid chromatography
Chiralcel OG (250 mm X 4.6 mm 1.D.) was pur-
chased from Daicel Chemical Industries. The chro-
matographic system was from Shimadzu (Kyoto,
Japan) and consisted of a solvent-delivery pump
(Model LC-6A) equipped with a UV detector
(Model SPD-6A). The column was maintained at
30°C by a column oven (Model CTO-2A). The flow-
rate was adjusted to 1.5 ml/min, and the detector
was set to 238 nm. Chromatograms were recorded
on a recorder (Model C-R2AX Chromatopac). Eth-
anol (1 ml) solutions of the samples (10 umol) were
diluted with mobile phase to give a 1 mM solution.
Aliquots of 20 ul of the solutions were injected. The
dead time (#o) of the column was estimated to be 2.2
min with 1,3,5-tri-zert.-butylbenzene as a non-re-
tained compound [10]. Capacity factors (k', k%)
were estimated as (£, — fo)/fo and (¢, — to)/to, respec-
tively. The separation factor () was calculated as
,/k. Resolution (R;) was conveniently calculated
as 2(t, — 1,)/(Wy+ W), where ¢, and 1, are elution

A238
a b c
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F A238 A238
1.0+ 101 10
S
S
R
R
0.5} 05F 0.5
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Fig. 2. Chroiiistograms of benzothiazine derivatives I (a), II (b) and III (c). In each chromatogram, R and S are (R)- and (S)-
enantiomers, respectively. In the chromaiogram of I (a), F is fumaric acid.
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times and W, and W, are band widths. Subscripts 1 -

and 2 represent the first- and the second-eluting
enantiomers, respectively.

RESULTS AND DISCUSSION

Resolution of enantiomers of I and its synthetic pre-
cursors, 1l and 11T

In the investigation of resolution, n-hexane and
alcohol (methanol and/or ethanol and/or 2-propa-
nol) mixtures were examined as eluents. Of these, a
n-hexane—ethanol (85:15) mixture gave the best re-
sults for II and IIl. Under this condition,
enantiomers of IT and III were completely resolved.
k'y and k% were estimated as 3.63 and 5.69, respec-
tively for II, and as 3.63 and 9.29, respectively for
IIT; « was found to be 1.57 and 2.56, respectively. R,
values were 2.63 and 6.28, respectively. In the case
of I, addition of a small amount of diethylamine to
the eluent was required. Without diethylamine, 1
could not be eluted. Enantiomers of I were com-
pletely resolved by using a n-hexane—ethanol-dieth-
ylamine (50:450:1) mixture as the eluent, with k| =
1.64, k', = 439, o = 2.67 and R, = 4.31. Chro-
matograms of I-IIT are shown in Fig. 2. In all cases,
the (S)-enantiomer was the first-eluting isomer.

TABLE I
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Resolution of enantiomers of 2-(substituted-phenyl)-
benzothiazines IVa-IV1 ,

The resolution of the enantiomers of 2-(substitut-
ed-phenyl)benzothiazines IVa~IVI was investigated
under the same condition as that for IT and III. The
results are summarized in Table I. For most of the
compounds, the enantiomers were partially or com-
pletely resolved.

In order to study the effects of 2-phenyl ring sub-
stituents on chiral recognition, the QSAR proce-
dure was applied. Of the QSAR procedures, the
Hansch-Fujita approach has been most widely used
[11]. It assumes that the potency of a certain biolog-
ical activity is expressible in terms of a function of
the substituent constants [12], which represent the
various physicochemical characteristics. Thus, cor-
relations between the resolution efficiency, which
was used instead of biological activity, and several
substituent constants were investigated for these 2-
(substituted-phenyl)benzothiazines by regression
analysis. As a result, the following correlations were
found. First, as shown in Fig. 3a, R, showed good
correlation with E;, Taft’s steric parameter, for 2-
(4-substituted-phenyl)benzothiazines IVa—IVe [cor-
relation coefficient (r) = 0.99]. The compounds
whose para-substituent on the 2-phenyl ring had an
E; value close to 0 gave better resolution. It seems

RESOLUTION OF ENANTIOMERS (COMPOUNDS II AND IVa-IVI)

Compound R, R, k', K, o R,

IVa H H 1.51 1.94 1.28 1.33
Vb 4-OH H 3.66 4.34 1.18 0.99
Ve 4-OCH, H 2.33 2.69 116" 0.86
1vd 4-Cl H 1.26 1.45 115 0.60
Ve 4-CH, H 1.31 143 1.10 ,0.30
vf 2-OH H 1.90 2.25 1.18 0.83
n 2-0OH 5-OCH, 3.63 5.69 1.57 2.63
Vg 2-OH 5-Cl 1.48 1.69 1.14 0.50
IVh 2-OH 5-CH, 1.56 1.81 1.16 0.62
Vi 2-OH 5-NO, 2.85 2.95 1.04 ~0
IVj H 3-OCH, 2.24 3.03 135 1.86

‘ (5-0OCH,) v

IVk 2-OCH, 5-OCH, 3.20 5.93 1.85 3.76
i 2-OBz* 5-OCH, 3.39 5.46 1.61 2.76

4 Bz = benzyl group.
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Fig. 3. Plots of resolution factor (R,)-against substituent constant. (a) Correlation between R, and Taft’s steric parameter (E,) for
4-(substituted-phenyl)benzothiazines (IVa-IVe). (b) Correlation between R, and Swain-Lupton’s constant for resonance effect (R) for

2-(2-hydroxy-S5-substituted-phenyl)benzothiazines (I and IV-IVi).

that a smaller para-substituent is better for resolu-
tion. Second, as shown in Fig. 3b, R, showed a cor-
relation with R, an electronic constant for the reso-
nance effect, for 2-(2-hydroxy-5-substituted-
phenyl)benzothiazines I and IVf-IVi (r = 0.92).
The compounds in which the substituent on the 5-
position of 2-phenyl ring had a smaller R were re-
solved more efficiently. This suggested that substi-
tuents donating their electrons to the 2-phenyl ring
by the resonance effect are favourable for good res-
olution. The fact that IVj gave better resolution
than IVa might be also explained by this correla-
tion. These findings suggest that the electron-rich
2-phenyl ring is desirable for resolution. This could
be supported by the fact that 2-(2-substituted-5-
methoxyphenyl)benzothiazines with a hydroxy or
alkoxy group as a substituent, i.e. II, IVk and IV],
showed significant resolution.

Okamoto et al. [9] showed the importance of hy-
drogen bonding between the carbamate group of
the stationary phase and the solute for chiral recog-
nition. Since the benzothiazine derivatives examin-
ed in this study have an amido carbonyl group, such
hydrogen bonding is likely to occur. This interac-
tion might play an important role in chiral recog-
nition. In addition, Okamoto et al. [9] also pointed
out the participation of n—n interaction of phenyl
groups on the stationary phase with aromatic
groups of the solute. The data shown in Fig. 3b, in
which the electronic character is correlated with res-
olution efficiency, show the possibility that the 2-
phenyl ring of these benzothiazines could be in-
volved in 7—m interaction,

The present data suggest that the 2-phenyl ring of
these benzothiazines is an important recognition
site for resolution.
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ABSTRACT

An isocratic reversed-phase high-performance liquid chromatographic method for the analysis of 13-cis-retinoic acid in serum is
developed. Sample preparation includes deproteination with acetonitrile—perchloric acid-acetic acid followed by centrifugation.
9-Methylanthracene is used as the internal standard. Chromatographic separation is achieved on a C,; column (Zorbax) using an
acetonitrile-aqueous 0.5% acetic acid (85:15, v/v) eluent containing 0.05% (w/v) sodium hexanesulfonate. The limit of detection is 12
ng/ml in serum, using 0.5 ml samples. Quantitative recoveries and excellent intra-day and inter-day precision are reported.

INTRODUCTION

13-cis-Retinoic acid (CRA) (Fig. 1) is a very ef-
fective drug in the treatment of severe, recalcitrant
cystic acne [1]. It is also under study for the treat-
ment of several keratinizing disorders (psoriasis,
ichthyosis, etc.) and epithelial cancers. The pharma-
cology, clinical pharmacokinetics and therapeutic
efficacy of CRA have been reviewed [1-3]. It has
been extensively studied in animals and humans to
evaluate the safety and efficacy of this drug. Differ-
ent chromatographic methods used to monitor the
retinoids, including CRA, in biological fluids and
tissues have been discussed in a recent review [4].

CRA, like most retinoids, is very sensitive to light
and oxidation [4-8]. Multiple degradation prod-
ucts, isomers as well as oxidation products, were
reported [9,10]. Extreme precautions to protect
CRA from white light to minimize exposure to ox-
ygen by inert gas purge, and to maintain storage of
samples at low temperatures (—17°C to —70°C) are
recommended in handling CRA and its solutions
[4-8,11]. The assay method for biological fluids
analysis should therefore be simple with few sample
handling manipulations, yet specific to resolve
CRA from its metabolite, degradation products
and matrix components. However, most of the pub-

lished methods are cumbersome and complex for
routine use.

Lengthy sample preparation schemes including
extractions with an organic solvent, evaporation of
solvent and reconstitution prior to high-perform-
ance liquid chromatographic (HPLC) analysis were
used in several published procedures [11-14]. Lyo-
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Fig. 1. Structural configurations. a = All-trans-retinoic acid, b
= 13-cis-retinoic acid, ¢ = 4-oxo-13-cis-retinoic acid and d =
9-methylanthracene.
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philization of the sample before extraction is re-
quired in other methods [15,16]. Solvent gradient
programming is required in some methods
[7,13,14,17,18]. Both column switching and gra-
dient elution were used in one fully automated
method [19,20]. The present report describes an iso-
cratic reversed-phase HPLC method for CRA in
human serum which is precise, accurate and sensi-
tive and requires only minimal sample preparation.

EXPERIMENTAL

Apparatus

A Waters Assoc. (Milford, MA, USA) Model
204 liquid chromatograph was used. It was
equipped with Model 6000A low-volume displace-
ment pump, a Model U6K universal injector, Mod-
el 710A intelligent sample processor (WISP), Model
440 absorbance detector (365 nm) and Zorbax 5 um
ODS column (25 cm X 4.6 mm 1.D., DuPont, Wil-
mington, DE, USA). The chromatograms were rec-
orded using an OmniScribe B5117-1 recorder
(Houston Instruments, Austin, TX, USA). A Hew-
lett-Packard Model 3352D Laboratory Data Sys-
tem was used for peak height determination and
data analysis.

The HPLC mobile phase used was acetonitrile-
aqueous 0.5% acetic acid (85:15, v/v) containing
0.05% (w/v) sodium hexanesulfonate. The flow-rate
was 2 ml/min. The injection volume for samples and
standards was 50 ul. The detection wavelength was
365 nm.

Reagents and chemicals

CRA was obtained from BASF Wyandotte
(Wyandotte, M1, USA). 4-Oxo-13-cis-retinoic acid
(OCRA) was provided by Midwest Research Insti-
tute (Kansas City, MO, USA). All-trans-retinoic
acid (TRA) and sodium hexanesulfonate were ac-
quired from Eastman Kodak (Rochester, NY,
USA). ACS grade methanol and glacial acetic acid,
HPLC grade acetonitrile and also certified reagent
perchloric acid solution (0.1 M in acetic acid) were
purchased from Fisher Scientific (Rochester, NY,
USA). Dimethyldichlorosilane was obtained from
Pierce (Rockford, IL, USA), 9-méthylanthracene
from Aldrich (Milwaukee, WI, USA) and human
serum from Interstate Blood Bank (Philadelphia,
PA, USA). Reagent grade water from a Milli-Q wa-
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ter purification system (Millipore, Bedford, MA,
USA) was used in making the HPLC mobile phase.

General procedures

All solvents, serum and mobile phase were deaer-
ated before use by sonication under vacuum. The
headspace over the solutions was flushed with ar-
gon. All CRA solutions were also protected from
UV light by using low actinic glassware and pe-
forming the solution transfers in yellow light only.
The 4-ml vials (Sun Brokers, Wilmington, NC,
USA) used for sample preparation and also as vials
for automatic injector (WISP) are silanized before
use, with dimethyldichlorosilane.

Preparation of standards

A CRA stock standard solution (0.5 mg/ml) was
prepared in methanol and standardized periodically
using a combination of spectrophotometric and
liquid chromatographic methods described earlier
[S]. When not in use, it was stored in a refrigerator
(5°C). Dilute CRA solution (25 pg/ml) in methanol
for use in preparing calibration standards were pre-
pared fresh by diluting the stock solution. The stock
solution of internal standard 9-methylanthracene
(50 pg/ml nominal concentration) was also pre-
pared in methanol and diluted further as needed.

Six different spiking standard solutions were pre-
pared from the above dilute CRA solution and the
methyl anthracene solution, to contain 25-1000 ng/
ml of CRA and 6 ug/ml of 9-methylanthracene. Se-
rum CRA standards were prepared by pipeting 0.5
ml of pooled serum, 100 ul of the spiking standard
solution, 1.5 ml of acetonitrile and 100 ul of 0.1 M
perchloric acid solution. The head space in vials was
flushed with argon, and the vials were capped with
self-seal septa and mixed over a vortex mixer. The
vials were then centrifuged at 10°C until the solu-
tion was clear (approximately 5 min, 300 g) and
transferred to an automatic injector for HPLC
analysis.

The spiked serum standards prepared as above
represent CRA concentrations in the range of 50—
2000 ng CRA/ml in serum. These standards were
used in the routine analysis of serum and plasma
samples. Standards out of this concentration range
were prepared and used as needed in evaluating the
method.
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Preparation of samples

A 0.5-ml aliquot of plasma or serum sample in a
4-ml vial was spiked with 100 ul of dilute internal
standard solution (6 ug/ml) and then treated with
1.5 ml of acetonitrile and 100 ul of 0.1 M perchloric
acid solution. The headspace over the mixture was
then flushed with argon, and the vial was capped,
vortexed, centrifuged and loaded into an HPLC au-
tomatic injector for analysis.

RESULTS AND DISCUSSION

Chromatography

For the analysis of CRA and its metabolite in
biological fluids and tissues, reversed-phase HPLC
methods using octadecylsilane columns have been
the methods of choice. Different sample prepara-
tion procedures, eluent systems and also octadecyl-
stlane columns from different manufacturers have
been used to advantage. Most of these methods re-
viewed recently [4] have either used lengthy sample
preparation schemes (lyophilization, solid phase or
liquid-liquid extractions), gradient elution systems
or both. Our efforts were focussed on simplifying
the sample preparation process and developing a

ABSORBANCE

P T
o 8
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Fig. 2. Chromatogram of spiked serum sample showing separa-
tion of OCRA (1), 9-methylanthracene (2), CRA (3), TRA @)
and endogenous retinol (5). Detection wavelength 365 nm. See
text for sample preparation procedure and HPLC conditions.
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sensitive and specific method for CRA and its me-
tabolites. )

Our early trials with the uBondapak C,s (Wa-
ters) column showed that although symmetrical
peaks were obtained for CRA and TRA using the
most commonly employed acetonitrile-aqueous
ammonium acetate eluents, their resolution was not
satisfactory. While the acetonitrile-aqueous acetic
acid systems allowed good separation of CRA and
TRA, both peaks showed tailing. Noticeable im-
provement in resolution and tailing was obtained
using an acetonitrile-aqueous 0.5% acetic acid
(60:40, v/v) eluent when modified with 0.05% (w/v)
sodium hexanesulfonate. However, this system
could not resolve TRA from retinol, which is endo-
genous in serum. Good baseline separation of
TRA, retinol, CRA and the metabolite 4-oxo-13-
cis-retinoic acid (OCRA) was obtained using Zor-
bax C;5 column (DuPont) and acetonitrile-aque-
ous 0.5% acetic acid (85:15, v/v) eluent containing
0.05% (w/v) sodium hexanesulfonate (Fig. 2). The
major metabolite in human plasma after oral ad-
ministration of CRA is OCRA [2,4];: TRA and its
4-oxo metabolite are present only at very low con-
centrations. Hence the above HPLC system per-
forms well for the assay of CRA plasma and serum
if the sample preparation adequately removes the
matrix components.

Sample and standard preparation

The deproteination of plasma and serum by sim-
ple treatment with solvents (acetonitrile, methanol)
with or without buffer modifiers have been used in
the analysis of CRA and metabolites [7,12,21]. In
our experience, the use of acetonitrile alone, while
appearing satisfactory for deproteination, led to
high variability in CRA assays of plasma. Improved
precision in assay results as well as quick and very
effective deproteination was achieved by a mixture
of acetonitrile—perchloric acid-acetic acid. The ad-
dition of this mixture to both standards and sam-
ples appears to have stabilizing influence on CRA
which improved both precision and linearity of re-
sponse.

Full details of samples and standards preparation
are given in the experimental section. Typical chro-
matograms of CRA spiked serum samples are
shown in Fig. 3. A peak due to endogenous retinol
was observed in all samples. CRA and internal
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Fig. 3. Chromatograms of serum CRA standards (A, B, C) and
clinical samples (D). CRA standards: A = 9.7 ng/ml; B = 19.4
ng/ml and C = 388 ng/ml. Clinical sample: plasma sample from
volunteer treated with a single oral dose of 40 mg CRA. Detector
wavelength 365 nm. See text for other HPLC conditions and the
procedures for sample and standards preparation.

standard (9-methylanthracene) peaks in these chro-
matogram are well resolved from each other and
from TRA, OCRA and retinol. CRA peak at the

TABLE 1
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lowest CRA concentration, 9.7 ng/ml is easily no-
ticeable.

A typical chromatogram of plasma from volun-
teer dosed orally with CRA is shown in Fig. 3D.
The CRA and internal standard peaks are clearly
separated from the metabolite and matrix compo-
nent peaks. The CRA peak purity was further
checked by monitoring the peak heights at two
wavelengths, 365 nm and 313 nm. For six plasma
samples from a volunteer (1.5 to 6 hr after dosing
orally with 40 mg of CRA), the average peak height
ratio was 2.46 [relative standard deviation (R.S.D.)
1.6%] compared to 2.43 (R.S.D. 1.6%) observed
for three serum CRA standards.

Linearity and limit of detection

The calibration curve from spiked serum stan-
dards was linear over the range 9.7 to 2912 ng
CRA/ml. Linear regression analysis of data on ten
standards in this range, each analyzed in duplicate,
gave a correlation coefficient 0.999, slope 0.0158 ng/
ml and y-intercept 0.0069. Similar study with stan-
dards in a slightly narrower concentration range 50
to 2000 ng CRA/ml (6 standards, each analyzed in
duplicate) led to a correlation coefficient greater
than 0.999, on 7 different days performed over a
period of 12 weeks.

Serum samples from ten separate individuals
were spiked separately with CRS standard in meth-
anol or with methanol only and analyzed without
the use of internal standard in the HPLC method.

STABILITY OF CRA AT LOW CONCENTRATION IN SERUM AT —90°C

CRA concentration (theory) 157 ng/ml.

Storage Assay (ng/ml) Mean R.S.D. (%) Initial (%)
time
(weeks) Individual results
0 163 162 160 158 161 160.8 1.2 (100)
4 181 158 173 165 165 168.4 52 104.7
7 157 164 158 161 153 158.6 2.6 98.6
14 159 159 164 156 161 159.8 1.8 99.4
28 162 160 159 163 163 1614 1.1 100.4
43 169 167 163 165 164 165.6 1.5 103.0
56 161 160 158 164 162 161.0 1.4 100.1
84 155 160 157 156 152 156.0 1.9 97.0
Inter-day R.S.D. (%) 6.1 1.8 32 2.4 31
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STABILITY OF CRA AT HIGH CONCENTRATION IN SERUM AT —90°C

CRA concentration (theory) 1253 ng/ml.

Storage Storage Mean R.S.D. (%) Initial (%)
time
(weeks) Individual results
0 1298 1244 1272 1253 1257 1265 0.2 (100)
4 1281 1243 1211 1304 1258 1259 2.8 99.5
7 1271 1238 1248 1226 1241 1245 1.3 98.4
14 1236 1263 1225 1252 1219 1240 1.5 98.0
28 1298 1271 1282 1352 1267 1294 2.7 102.3
43 1286 1320 1320 1311 1275 1302 1.6 102.9
56 1262 1268 1258 1256 1275 1264 0.4 99.9
84 1251 1241 1207 1208 1214 1224 1.7 96.8
Inter-day R.S.D. (%) 1.7 2.2 3.1 3.8 L9

The methanol spiked samples showed no detectable
CRA peak while the samples spiked at a level 12.1
ng CRA/ml in serum gave an average peak height
response of 29 with a standard deviation of 11.6 (n
= 10). These data suggest that CRA at 12 ng/ml
level can be easily detected.

Recovery and precision

Two sets of CRA standards, one with and anoth-
er without pooled serum, were prepared. Each set
contained twelve standards, two at each concentra-
tion of 52.2, 104.4, 208.9, 417.7, 1044 and 2089 ng
CRA/ml. All standards were treated the same prior
to HPLC analysis, except that the standards with-
out serum were not centrifuged since they require
no clarification. Essentially identical linear response
was observed with both sets. The CRA recovery of
serum standards calculated using the linear regres-
sion equation of non-serum standards gave an aver-
age value of 100.5% (n = 12, R.S.D. 1.9%) which
demonstrates excellent recovery of CRA by this
sample preparation method.

Two CRA spiked samples in pooled serum were
prepared to contain 157 and 1253 ng CRA/m! and
ten replicate analyses were performed on each sam-
ple using serum CRA standards. The results for the
157 ng/ml sample showed intra-day assay precision
of 2.1% R.S.D. (n = 10, recovery 101.6%), and
1.8% R.S.D. (n = 10, recovery 100.2%) was found
for the 1253 ng/ml sample. Additional discussion

on intra-day precision and also inter-day precision
data is presented in the next section.

Stability of CRA in serum

Serum CRA solutions (0.5 ml) at concentrations
of 157 ng/ml and 1253 ng/ml were aliquotted into
4-ml vials, the head space in the vial was flushed
with argon, and the vials were tightly capped and
stored at —90°C until analysis. Five vials at selected
storage times were analyzed independently. The da-
ta are summarized in Tables I and IT and show that
CRA is stable in serum for extended periods. Also,
the data reveal that % R.S.D. (n = 5)is in the range
0.2 to 5.2 for the intra-day analysis. The mean %
R.S.D. for the 8 days is 2.1% at 157 ng/ml concen-
tration and 1.5% at 1253 ng/ml concentration.

The excellent stability of CRA in serum at
—90°C, as shown in Tables I and II allows us to use
the same data for assessing the inter-day precision
of the method. Calculating the % R.S.D. for assay
results in each column (one result from each of 8§
days) gave values of 6.1, 1.8, 3.2, 2.4 and 3.1 with a
mean % R.S.D. of 3.3 for the 157 ng/ml samples.
Similarly, the % R.S.D. values for the 1253 ng/ml
samples are 1.7, 2.2, 3.1, 3.8 and 1.9, with a mean %
R.S.D. of 2.5.

Stability of processed samples
The stability of deproteinated samples (in contact
with the protein mass at the bottom of the vial) at
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room temperature was studied by analyzing five
processed plasma samples from a single subject, ini-
tially and 20 h later using freshly prepared serum
CRA standards. These samples which had CRA
concentrations in the range 694 to 2083 ng/ml were
found to degrade in 20 h to 97.4% of initial (n = 5,
R.S.D. 1.3%).

Advantages of the current method

Simplicity in both the sample preparation and
isocratic reversed-phase HPLC analysis are the ma-
jor benefits of the method. The deproteination of
plasma or serum samples is achieved efficiently by
simple, addition of acetonitrile and perchloric acid
(in acetic acid). The sample is handled in one 4-ml
vial for the entire analysis, which made it very easy
to minimize losses due to adsorption to surfaces and
also protect CRA and metabolites from degrada-
tion by light and air. The excellent accuracy and
precision achieved by this method is better than
most published methods. The only methods which
show comparable performance [14,18,19] are more
complex, requiring sample preparation using solid
phase or solvent extraction and chromatography
employing gradient elution.

CONCLUSION

The isocratic reversed-phase HPLC method de-
scribed for the determination of CRA in serum is
sensitive, precise and accurate. The simple sample
preparation procedure coupled with the relatively
fast isocratic HPLC analysis (10 min) makes it high-
ly suited for monitoring serum CRA levels in clin-
ical studies.
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Stability studies with a high-performance liquid
chromatographic method for the determination of a new
anthracycline analogue, 3'-deamino-3'-[2-(S)-methoxy-4-
morpholino]doxorubicin (FCE 23762), in the final drug

formulation
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ABSTRACT

A high-performance liquid chromatographic method was studied to optimize the separation of FCE 23762, a new antitumour agent,
from both synthetic impurities and degradation products having very similar molecular structures. The main problems faced in the
analytical method development using the most common reversed-phase columns available arose from the presence of analytical peaks
with poor symmetry, a long analysis time and the separation between FCE 23762 and its R-isomer, which was often unsuitable for the
correct determination of the drug substance. The use of a new stationary phase, Zorbax R _-C8, together with a suitable mobile phase
resulted in a good separation between the diastereomers, with satisfactory peak symmetry and run time. The method permitted the
study of the stability of the drug substance in formulations for clinical trials.

INTRODUCTION

3’-Deamino-3'-[2-(S)-methoxy-4-morpholino]-
doxorubicin (Fig. 1), laboratory code FCE 23762, is
a new antitumour agent belonging to the anthra-
cycline group, showing marked growth-inhibiting
properties similar to those of its parent drug,
doxorubicin [1], whose clinical use in acute leukae-
mias, malignant lymphomas and solid tumour is
well known [2-7].

In order to obtain good separation and selectivity
among anthracyclines, different analytical methods
[8-26] have been developed in the last decade, both
for stability and pharmacokinetic studies, applying
a wide variety of reversed-phase columns. The
application of the official analytical method for
doxorubicin [27], which involves the use of a re-
versed-phase trimethylsilane column (Zorbax TMS),
was unsatisfactory, mainly owing to the low level of
peak symmetry achieved. The use of a new station-
ary phase with deactivated silanol groups [28,29],

0021-9673/92/$05.00 ©

Zorbax R,-C8, designed for the analysis of basic and
polar compounds, and optimization of the analyt-
ical conditions (mobile phase pH, buffer concentra-
tion and temperature) allowed us to develop an
appropriate method for the determination of the
active drug and for its separation from related
substances, especially its R-isomer, to be used in
stability studies on final dosage forms.

Fig. 1. Structural formula of FCE 23762.

1992 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL AND RESULTS

Apparatus and chromatographic conditions

The experiments were carried out on a Milton
Roy (Rochester, NY, USA) CM 4000 liquid chro-
matograph equipped with a Zorbax R,-C8 analyt-
ical column (25‘cm x 4.6 mm L.D.; average particle
size 5 ym) manufactured by Rockland Technologies
(Newport, DE, USA), a Gilson (Worthington, OH,
USA) Model 231 autosampler, a Shimadzu (Tokyo,
‘Japan) SPD-6A spectrophotometric detector and
a Spectra-Physics (San Jose, CA, USA) Model
SP 4270 integrating recorder.

The analytical wavelength chosen was 254 =+
1 nm. The mobile phase was water—acetonitrile
(70:30, v/v), containing 2 ml/l of 85% H3PO,,
adjusted to pH 6.0 with 2 M NaOH. A LABNET/
IBM system (Spectra-Physics) was used for col-
lecting and processing data.

Sample solutions were stored at ambient temper-
ature and used within 24 h of preparation.

Chemicals

FCE 23762, its R-isomer, the synthetic interme-
diate doxorubicin and the most probable degrada-
tion product likely to be present, adriamycinone,

M. L. ROSSINI, M. FARINA

were kindly supplied by Carlo Erba R&D Chemical
Department. The chemicals used were of analytical-
reagent grade and the solvents for the high-perfor-
mance liquid chromatographic (HPLC) analyses
were of HPLC grade.

Mobile phase study

Water to acetonitrile ratio. During the trials on
mobile phase optimization, a solution in water—
acetonitrile (50:50, v/v) of FCE 23762 (about 50 ug/
ml), the R diastereomer (about 15 pg/ml) and
adriamycinone (about 10 pug/ml) was injected into
the chromatographic system and analysed using
mobile phases with different proportions of the two
solvents.

After several experiments with mobile phase
compositions varying from 50:50 to 90:10 (v/v), the
optimum composition was found to be water—aceto-
nitrile (70:30, v/v), which gave the best results for the
determination of related substances with low-polar-
ity characteristics.

Influence of pH. Water—acctonitrile (70:30, v/v)
mixtures were prepared and adjusted to different pH
values in the range 2.5-7.5 by means of 85% H;PO,
and 2 M NaOH. The ionic strength was kept
constant at 0.08 by adding NaCl in appropriate

< FCE 23762
......... pH4 \
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Fig. 2. Chromatngrams showing the separation of FCE 23762 from its R-diastereomer when the pH of the mobile phase is varied (/ =

0.08).
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Fig. 3. Capacity factors (k') of () FCE 23762 and (+) its
R-isomer versus pH.

amounts to guarantee that the variations observed
in the chromatographic traces were dependent only
on the pH effect.

The chromatograms obtained (Fig. 2) show that
the retention times of both diastereomers increase as
the pH increases, and the optimum symmetry of the
peaks is achieved at low pH values.

Plots of the capacity factor (k') versus pH are
given in Fig. 3 for FCE 23762 and its R-isomer and
indicate that only the pH range ca. 4.5-7.5 can be
considered suitable for the separation of the two
isomers. Complete separation of the diastereomers
is obtained solely in the pH range 5.5-6.5 as shown
by the resolution values [30] reported in Table I,
which also indicates that pH 6.0 is the optimum for
resolution of the peaks.

As the k&’ values of the two ionizable solutes in
phases buffered at different pH values depend on
their pK, values [31-33] and the major variations of
this parameter are observed at pH values close to the
pK, value, it is likely that the separation between the

TABLE I

RESOLUTION BETWEEN THE PEAKS OF FCE 23762 AND
ITS R-ISOMER VERSUS pH

pH  Resolution pH Résolution
4.0 0 6.0 42
5.0 1.2 6.5 32
55 23 7.0 1.6
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two diastereomers under our analytical conditions is
strongly influenced by their different pK, values
(6.25 and 6.02 for FCE 23762 and its R-isomer,
respectively, determined by potentiometric titra-
tion).

Influence of buffer concentration. To the water—
acetonitrile (70:30, v/v) mobile phase were added
phosphate buffer (pH 6.0) at different concen-
trations (from 0.0008 to 0.4 M), and the result-
ing mixtures were tested for the separation of
FCE 23762 and its R-isomer. On increasing the
buffer concentration the symmetry of the peaks
improves and the retention times of both the isomers
decrease; on lowering the buffer concentration the
elution time of the two isomers is reversed.

Optimum separation of the isomers and peak
symmetry were obtained when 2 ml/l of 85% H;PO,
were added to the mobile phase, the pH then being
adjusted to 6.0 with 2 M NaOH (buffer concentra-
tion = 0.04 M). Under these conditions, the separa-
tion of related substances from the main peaks was
also better, allowing a more precise determination.

Influence of temperature. The influence of temper-
ature on the separation of FCE 23762 from its
R-isomer was studied using the optimized mobile
phase on a Zorbax R,-C8 column maintained at 2,
12, 22, 32, 42 and 52°C by means of a thermostat.

At higher temperatures (32, 42 and 52°C) the
symmetry of the peaks decreases and the retention
times increase, and at the lowest (2°C) and highest
(52°C) temperatures tested the separation of the S-
and R-isomers is significantly reduced, hence the
optimum column temperature is 22°C. There-
fore, for practical reasons, the stability studies on
FCE 23762 formulations can be conducted at room
temperature.

Validation of the HPLC method

The method was validated for the assay of
freeze-dried vials dosed at 50 and 500 ug, and
showed the following performances.

Precision. Repeated determinations on six differ-
ent samples showed a relative standard devia-
tion (R.S.D.) of 0.73% for the 50-ug dosage and
R.S.D. = 0.56% for the 500-ug dosage.

Accuracy. Samples prepared extemporaneously
with FCE 23762 in amounts close to the limits of
acceptance (85-115% of the label claim) showed an
accuracy 0f 99.55 + 0.75% for the 50-ug dosage and
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Fig. 4. Chromatogram of a mixture of FCE 23762, its R-diastereomer, doxorubicin and adriamycinone analysed under the optimized

experimental conditions.

99.67 + 0.88% for the 500-ug dosage (both as
means of twelve determinations).

Linearity. Calibration standard solutions pre-
pared spanning a concentration range of 10-160 ug/
ml showed a correlation coefficient r = 0.999687.

Specificity. The method is capable of assaying
FCE 23762 in the final dosage forms without
interference arising from the presence of structurally
related compounds. This was confirmed by chroma-
tographing a mixture of FCE 23762 (ca. 50 ug/ml),
its R-isomer (ca. 5 pug/ml), doxorubicin (ca. 30 pg/
ml) and adriamycinone (ca. 15 pg/mi) dissolved in
water—acetonitrile (70:30, v/v) under the optimized
analytical conditions (Fig. 4).

- Stability-indicating power. The method allows the
determination of FCE 23762 in samples forcibly
degraded under acidic and basic conditions, under

intense white light and in the presence of a strong
oxidizing agent, without interference arising from
the side-products formed (Fig. 5 and Table II).

Stability trials

The HPLC method was applied to the assay of
FCE 23762 in its final dosage forms, freeze-dried
vials dosed at 50 and 500 upg, with the aim of
determining the provisional shelf-life of the drug
product for clinical studies. The freeze-dried vials,
supplied by Carlo Erba Galenical Development
Department, were reconstituted with water—aceto-
nitrile (70:30, v/v) at concentrations of 50 and
100 pg/ml, respectively, and then injected into the
chromatographic system. Tables III and IV show
the stability results obtained for FCE 23762, its
R-isomer and total related substances.
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Fig. 5. Stability-indicating power of the HPL.C method: chromatograms showing the forced degradation of FCE 23762 under acidic and
basic conditions, in the presence of a strong oxidizing agent and under intense white light.

TABLE II

STABILITY-INDICATING NATURE OF THE HPLC AS-
SAY METHOD FOR FCE 23762

Results relative to initial control = 100%.

Conditions Time Residual
(h) concentration (%)
Acidic 144 53.8
Basic 144 48.2
Intense white light 72 399
Oxidizing 19 52.1

CONCLUSIONS

The results demonstrate the excellent power of the
Zorbax R,-C8 column in reducing peak tailing and
giving contant performance and high efficiency for
long periods. The developed and validated HPLC
method proved capable of identifying and sepa-
rating FCE 23762 from related substances and in
particular from its R-diastereomer, and can be
applied to the assay of the active principle in its final
dosage forms to establish the shelf-life of the drug
product.
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TABLE III
STABILITY DATA FOR FCE 23762
50-pg freeze-dried vials, batch No. TF/23659. R.S. = Related substances.

Tempera- Parameter Initial I month 2 months 3 months
ture (°C) control
55 Assay (%) 100.0 102.2
Total R.S. (%) 3.33 3.74
R-isomer (%) 1.89 2.35
45 Assay (%) 100.0 100.9 100.7 96.8
Total R.S. (%) 3.33 3.80 3.68 3.47
R-isomer (%) 1.89 2.44 2.52 2.09
35 Assay (%) 100.0 102.3 102.2 100.1
Total R.S. (%) 3.33 3.54 3.28 3.10
R-isomer (%) 1.89 2.36 2.19 1.99
30 Assay (%) 100.0 1029 102.1 98.2
Total R.S. (%) 3.33 3.69 3.69 3.15
R-isomer (%) 1.89 2.40 2.29 2.07
25 Assay (%) 100.0 102.3 101.1 101.4
Total R.S. (%) 3.33 3.25 3.60 3.41
R-isomer (%) 1.89 2.27 2.33 2.11
TABLE IV

STABILITY DATA FOR FCE 23762
500-ug freeze-dried vials, batch No. TF/23660.

Tempera- Parameter Initial I month 2 months 3 months
ture (°C) control
55 Assay (%) 100.0 101.6
Total R.S. (%) 3.47 3.92
R-isomer (%) 2.20 2.48
45 Assay (%) 100.0 102.3 99.9 98.7
Total R.S. (%) 347 3.83 3.50 3.58
R-isomer (%) 2.20 2.44 2.26 2.09
35 Assay (%) 100.0 101.0 100.5 98.2
Total R.S. (%) 3.47 3.77 3.66 3.51
R-isomer (%) 2.20 2.47 2.22 2.14
30 Assay (%) 100.0 100.5 99.9 99.1
Total R.S. (%) 3.47 3.75 .77 345
R-isomer (%) 2.20 2.47 2.18 2.17
25 Assay (%) 100.0 101.7 101.0 98.8
Total R.S. (%) 3.47 3.73 3.63 3.37

R-1somer (%) 2.20 247 2.28 2.19
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Use of direct injection precolumn techniques for the high-
performance liquid chromatographic determination of the
retinoids acitretin and 13-cis-acitretin in plasma

R. Wyss* and F. Bucheli

Pharma Division, Preclinical Research, F. Hoffmann-La Roche Lid, PRPK, 68/1214, CH-4002 Basle (Switzerland)

ABSTRACT

A previously developed highly sensitive high-performance liquid chromatographic method for the determination of retinoids, using
direct injection of large plasma volumes, on-line solid-phase extraction and ultraviolet detection, was improved and fully validated for
the determination of acitretin and 13-cis-acitretin in plasma samples. The addition of acetonitrile to improve the recovery was perform-
ed on-line by a T-piece, avoiding any cis—trans isomerization which could occur when acetonitrile was added prior to storage in the
autosampler. About 30 injections could be made onto one precolumn despite the large injection volume (1 ml of plasma containing the
internal standard). Full automation was attained by the use of automated precolumn replacement. In addition, forward- and back-flush
purging of the precolumn enhanced the longevity of the analytical column. This consisted of three coupled C,; columns of 125 mm
length each. The quantification limit was 0.3 ng/ml, using ultraviolet detection at 360 nm, and the mean inter-assay precision was 3.8%

for the two compounds.

INTRODUCTION

Acitretin (Neotigason®, 1, Fig. 1) is a synthetic
retinoid which is used in the treatment of psoriasis
[1]. Its ethyl ester, etretinate (Tigason®), which has
been used for many years for the same indication, is
now regarded as a pro-drug of acitretin [2]. Com-
pared with etretinate, acitretin has a profound
pharmacokinetic advantage because of its more
rapid elimination from the body [3]. As acitretin is
teratogenic [4], a more thorough investigation of its
elimination characteristics is of great interest. For
this purpose, highly sensitive methods are needed

Ry - COOH W\
CH,O CH;O COOH

Ry
1:Ry=CH3, Ro=H : Acitretin 2 : 13-cis-Acitretin

3 :Ry, Ro=CHpCH; : Ro 11-6738
(int. standard)

Fig. 1. Structures of the studied compounds.

0021-9673/92/$05.00

for the determination of acitretin and its main me-
tabolite, 13-cis-acitretin (2) [3], after oral or topical
administration.

High-performance  liquid chromatography
(HPLC) is the method most often used for the de-
termination of retinoids [5]. Gas chromatography is
not suitable as a result of isomerization of the tetra-
ene side-chain. On-line solid-phase extraction with
automated column switching is especially useful for
the pretreatment of biological fluids in HPLC to
minimize photoisomerization and oxidation of the
retinoids. In this way, liquid-liquid extraction un-
der light protection and evaporation of the extrac-
tion solvents are avoided. On the other hand, on-
line solid-phase extraction requires special injection
conditions to overcome high and strong protein
binding of the retinoids [6]. Plasma samples (two
volumes) containing isotretinoin, tretinoin (13-cis-
and all-trans-retinoic acid) and their 4-oxo metabo-
lites were diluted either with three volumes of sodi-
um hydroxide-acetonitrile (8:2) [7,8] or with ca.
eight volumes of ammonium acetate—acetonitrile

© 1992 Elsevier Science Publishers B.V. All rights reserved
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(5:1), followed by semi-automated on-line solid-
phase extraction using the Varian AASP system [9].
As an alternative, protein precipitation was per-
formed prior to injection, either with ethanol for the
simultaneous determination of etretinate and its
two acid metabolites 1 and 2 [8,10], or with pro-
pan-2-ol for the above-mentioned retinoic acids
[11].

However, the most sensitive methods using
HPLC with on-line solid-phase extraction require
the injection of large plasma volumes with only
minimal dilution. This has been achieved by adding
0.2 ml of acetonitrile to 1 ml of plasma, and the
injection of 1 ml of sample by the autosampler. In
addition, automated precolumn replacement, when
a precolumn became clogged, was inserted into the
column switching system for overnight injections
[12]. This technique works well with arotinoids, and
was successfully applied to sumarotene (Ro 14-
9706), an arotinoid methyl sulphone [13]. However,
during the routine analysis of acitretin samples, iso-
merization (mainly from 2 to 1) was observed in
some of the patient samples. This problem was not
encountered during method validation with blood
bank plasma from volunteers. A detailed investiga-
tion revealed that 10-20% of the blood bank plas-
mas did, in fact, show this effect, and, probably, an
even higher proportion of the plasma samples from
patients. However, the degree of isomerization var-
ied from sample to sample from the same patient
and was often completely absent. The isomerization
only became relevant after the plasma samples had
been stored for more than 10 h in the autosampler
before injection.

Shih et al. [14] investigated the isomerization of
13-cis- and all-trans-retinoic acid by thiol-contain-
ing compounds in a non-enzymatic chemical reac-
tion. Catalytic activity was found for glutathione,
mercaptoethanol, L-cysteine methyl ester, apoferri-
tin (a thiol-containing protein) and native, and even
(to a lesser extent) boiled, microsomes. The ability
of the ubiquitous glutathione to catalyse the cis—
trans isomerization of retinoids was also confirmed
by Jewell and McNamara [15] for 1 and 2. To test
the hypothesis that glutathione or a thiol-contain-
ing enzyme could be responsible for the observed
isomerization in the plasma samples in the acitretin
method {12], several inhibitors of this interconver-
sion, proposed previously {14,15], were investigated

R. WYSS, F. BUCHELI

for plasma stabilization. Sodium p-hydroxymercu-
ribenzoate [15], L-cysteine and iodoacetate [14], as
well as the addition of sodium hydroxide [7], inhib-
ited the isomerization. Surprisingly, this was also
true for glutathione, which was reported to be a
catalyst [14,15]. However, all these substances only
partially prevented the isomerization of 2 to 1 when
they were added to the plasma sample (containing
ca. 17% acetonitrile). All substances produced ac-
celerated clogging of the precolumn, which exclud-
ed overnight injections. Finally, it was found that
the isomerization only occurred in the presence of
acetonitrile, and that undiluted plasma samples
were completely stable for more than 20 h in the
autosampler. Therefore, in this work, a modified
HPLC method for 1 and 2 was developed, using a
direct injection technique with acetonitrile addition
by a T-piece, to avoid long contact of the retinoids
with this solvent. This resulted in good recoveries
without isomerization.

EXPERIMENTAL

The preparation of plasma standards, handling
of samples and the addition of the internal standard
were performed under diffuse light conditions. The
materials and solvents, preparation of calibration
standards and other general conditions were as de-
scribed by Wyss and Bucheli [10,12].

Chromatographic system and conditions

A schematic representation of the modular
HPLC column-switching system is given in Fig. 2.
A 420 LC pump (P1A; Kontron, Zurich, Switzer-
land) delivered mobile phase M1A (or alternatively
M3) at a flow-rate of 1.4 ml/min. Plasma samples
(1.0 ml) were injected by a WISP 712 automatic
sample injector with cooling module (I1; Waters,
Milford, MA, USA; 10°C) onto one of the precol-
umns (PC). To inject sample volumes larger than
200 pl, the autosampler was used with a 1-ml sy-
ringe, the 2-ml auxiliary sample loop and a syringe
motor rate of 1.85 ul/s. In addition, a 2 m x 0.18
mm LD. capillary was used as a restrictor. The in-
jected sample plug was diluted on-line with a mobile
phase containing acetonitrile (M1B) by the HPLC
pump P1B (Spectroflow 400 solvent delivery sys-
tem, Kratos, Westwood, NJ, USA; flow-rate 0.7 m}l/
niiii) and a T-piece (T; Valco Instruments, Hous-
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Waste 2

Waste 1

Fig. 2. Schematic representation of the HPLC column-switching system. Position of the valves: V1 = T5,V2 = T4and V3 = T8. After
valve switching the positions are defined as VI = T6, V2 = T3 and V3 = T7 (see text for further details).

ton, TX, USA; 1/16 in., bore 0.25 mm). The UV
detector D1 (Spectroflow 773, Kratos), operating at
230 nm, together with a W + W recorder 600 (Kon-
tron) were used to monitor the removal of plasma
components from the precolumn during the purge
step; they were not needed for routine analysis. The
gradient pump P2 (Model 480, Gynkotek, Germer-
ing b. Miinchen, Germany) delivered mobile phase
M2 (flow-rate 1 ml/min), which was degassed on-
line (Shodex DEGAS KT-35M degassing device,
Showa Denko, Tokyo, Japan). A manual injector
(I2; Model 7125 with a 200-ul loop, Rheodyne, Co-
tati, CA, USA) was used for direct injection onto
the analytical column (e.g. for recovery experi-
ments). Detection of the eluted compounds was car-
ried out at 360 nm with a UV detector (D2; Spectro-
flow 783, Kratos; rise time 1 s, range 0.01 a.u.fs.),
and integration was performed by a computing in-
tegrator (Model SP 4200, Spectra-Physics, San
Jose, CA, USA; sensitivity 8 mV, chart speed 0.5
cm/min).

The low-pressure three-way rotary valve (V1;
Model 5032P, Rheodyne) and the two high-pres-
sure switching valves (V2 and V3; Model 7000P,
Rheodyne), all pneumatically operated and con-
nected to three solenoid valves (Model 7163, Rheo-
dyne), were controlled by the external time events

(T3-T8) of the integrator. To achieve compatibility,
an interface, produced in the electronic workshop
at F. Hoffmann-La Roche, was placed between the
integrator output and the solenoid valve input. The
positions of the valves in Fig. 2 are V1 = TS (al-
ternative flow T6), V2 = T4 (T3) and V3 = T8
(T7). During injection and purging of the PC, the
pressure was measured by a pressure monitor (PM;
Bischoff-Analysentechnik, Leonberg, Germany).
When a pressure of 80 bar was reached, indicating
PC clogging during the following injections, a sig-
nal was sent to a second interface which, after ob-
taining an end-of-run signal from the gradient
pump, effected replacement of the PC by the tan-
dem precolumn selector (TPS; Model 7066, Rheo-
dyne).

Columns and mobile phases

The guard column GC1 and the PC (all 14 mm x
4.6 mm L.D.; Bischoff) were packed with Bondapak
C, Corasil, 37-50 um (Waters). The analytical col-
umn (AC; three coupled columns, 125 mm X 4 mm
I.D. each) and the guard column GC2 (30 mm x 4
mm LD, all from E. Merck, Darmstadt, Germany)
were packed with Spherisorb ODS 1, 5 um (Phase
Separations, Queensferry, UK), using a slurry tech-
nique.
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Mobile phase M1A consisted of 1% ammonium
acetate—acetonitrile (100:2, v/v), M1B of 1% am-
monium acetate—acetonitrile (6:4, v/v) and M3 of
acetonitrile-water (8:2, v/v). The gradient mobile
phase 2 (M2) contained three components: (A)
0.1% ammonium acetate-acetonitrile-acetic acid
(40:60:3, v/v/v); (B) 0.8% ammonium acetate-ace-
tonitrile-acetic acid (5:95:1, v/v/v); (C) water—ace-
tonitrile-acetic acid (20:980:1, v/v/v).

Procedure

A 5-ul aliquot of internal standard solution [5
ug/ml 3 in acetonitrile—ethanol (95:5, v/v)] was add-
ed to 1.2 ml of plasma. After vortex-mixing and
centrifugation (6 min at 3400 g), 1 ml was injected.
The total sequence of automated analysis required
31 min, and included the following steps.

(1) Step A (0-8 min, V1 = T5, V2 = T4, V3 =
T8). Injection and pre-concentration of the sample
on PC. Proteins and polar compounds were washed
out to waste 1 with M1. AC was equilibrated with
M2 (100% A).

(2) Step B (8-10 min, V1 = T5, V2 = T4,V3 =
T7). PC was purged in the back-flush mode by M1.

(3) Step C (1014 min, V1 = T6, V2 = T3, V3 =
T7;14-16 min, V1 = T6, V2 = T4, V3 = T7; 16-17
min, V1 = T6, V2 = T4, V3 = T8). Transfer of the
retained components from PC to AC in the back-
flush mode by a gradient of 100% A to 100% B
(1026 min). In the meantime, the capillaries be-
tween V1 and D1 were purged with M3.

(4) Step D (17-31 min, V1 = T5,V2 =T4,V3 =
T8). Gradient of 100% B to 100% C (26-27 min),
100% C (27-30 min), 100% C to 100% A (30-31
min). Meanwhile, PC was re-equilibrated with M1.

RESULTS AND DISCUSSION

Analytical system and chromatography

The addition of acetonitrile or another water-
miscible organic solvent was found to be necessary
for a good recovery in the on-line solid-phase ex-
traction of retinoids [6,7,9]. For very .lipophilic
compounds (e.g. etretinate), protein precipitation
with an organic solvent may be indispensable [6].
However, for 1 and 2, protein precipitation was not
necessary, and the addition of acetonitrile alone
(0.2 ml to 1 ml of plasma) was sufficient to obtain a
good recovery. The omission of additional dilution
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with water or buffer resulted in a higher sensitivity
[12]. As acetonitrile addition prior to storage in the
autosampler induced isomerization, on-line dilu-
tion with an acetonitrile-containing mobile phase
(M1B) via a T-piece was used. Table T shows the
absence of a time-dependent cis-trans isomerization
of 2 using this technique, compared with the aceto-
nitrile addition used previously.

The addition of an internal standard is recom-
mended for the control of the autosampler injection
volume and possible decrease in the peak height on
the analytical column after many injections onto
the same precolumn. Ro 11-6738 (3) showed better
results in this respect compared with the previously
used isotretinoin (13-cis-retinoic acid) [10]. The
wash-out time of 8 min (step A of the procedure)
needed careful investigation to keep the total run
time as short as possible, and to exclude any trans-
fer of plasma proteins to the analytical column,
which would reduce the efficiency and the longevity
of the analytical column.

The number of injections possible (1 ml of plasma
per injection) onto one precolumn was about 30,
resulting in a pressure increase to about 80 bar. This
was the limit set at the pressure monitor to give a
signal for precolumn replacement. During sample
injection onto a new precolumn, the pressure was
constant (about 30 bar) over many injections. It
then increased relatively sharply to > 100 bar. The

TABLE I

COMPARISON OF TIME DEPENDENT cis—frans ISOMER-
IZATION

A plasma sample spiked with 100 ng/ml 13-cis-acitretin (2) was
stored in the autosampler at 10°C. Acitretin (1) was formed by
isomerization in the same sample. Conditions: (A) 1 ml of plas-
ma injected, analytical conditions as described in the text. (B) 1
ml of plasma was diluted with 0.2 ml of acetonitrile prior to
storage in the autosampler, and 1 ml of the mixture was injected
as under (A).

Condition Storage time Peak heights
()
1 2
A 29 2567 73 169
' 26.0 3045 74 667
B 3.6 4323 50 059
26.7 17 147 38 285
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injection of 30 ml of plasma onto one precolumn is
about twice the volume which is normally possible.
This is, however, still considerably less than the 64.5
ml which could be injected after acetonitrile addi-
tion to the plasma sample prior to injection [12].
The immediate addition of acetonitrile appears to
be better for the dissolution of plasma components.
This could also be observed from stored samples
without acetonitrile, which often contained lipid
layers or suspended particles. In addition, large
numbers of injections could only be obtained by
using sieves instead of frits [16].

The peak heights of 1 and 2 were relatively stable
during the injection of plasma standards onto the
same precolumn. The decrease of less than 10%
(until the pressure had reached 80 bar) was compen-
sated sufficiently by the internal standard. After au-
tomatic precolumn replacement, the initial peak
heights were again obtained. This indicates that the
plasma injections resulted in an alteration of the
precolumn, probably by coating with lipids. The
gradient mobile phase (M2) and the purge mobile
phase (M3) eluted part of these lipids. A higher ace-
tonitrile content (100%) in M3 would probably en-
hance the number of injections onto one precol-
umn. However, a change from the ammonium ace-
tate containing M1 to 100% acetonitrile in M3 was
not possible due to solubility problems, and would
have required an intermediate purge step which was
not used in this method. In the previous method
without a T-piece [12], purging of the capillaries
was performed with M2, and not with M3. In that
configuration, the precolumn was cleaned for 4 min
with M2 containing 99% acetonitrile. This may
have resulted in the elution of a higher amount of
lipids and, therefore, could be another explanation
of the higher number of injections possible onto one
precolumn under these conditions. The use of the
low-pressure valve V1 resulted in a ca. 8 min shorter
run time.

The benefits of back-flush purging of the precol-
umn was also investigated under the experimental
conditions described. Whereas the number of in-
jections onto two precolumns tested without back-
flush purging (step B of the procedure) was high
(>40), an increase in the pressure on the analytical
column of 5-10 bar was observed. This confirms the
advantage of this additional purge step [6,12] which
prevents a pressure increase on the analytical col-
umn,
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Selectivity -

The injection of large plasma volumes makes
high demands on the selectivity of the chromato-
graphic system. These requirements were adequate-
ly fulfilled by the use of three coupled 125-mm col-
umns and gradient elution, allowing improved sep-
aration, compared with the method of Wyss and
Bucheli [12], of the internal standard from endoge-
nous interferences. The pressure was about 200 bar
using acetonitrile as an organic modifier in the mo-
bile phase (M2). Typical chromatograms of spiked
plasma samples are presented in Fig. 3. Fig. 4 shows
a plasma sample from a patient before and 24 h
after receiving the drug.

Recovery

Recoveries without the addition of acetonitrile
(on- or off-line) were low, independent of the
amount of acetonitrile in M1A. Therefore, the addi-
tion of acetonitrile by M1B was used. Mixing of the

AU

0.004 +
0.003 +

Tl Lt

T | 1 T
10 15 20 25

30 min

Fig. 3. Chromatograms of human plasma samples. Spiked with
(a) 0.3 ng/ml and (b) 5 ng/ml acitretin (1) and 13-cis-acitretin (2);
3 is the internal standard.
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Fig. 4. Chromatograms of patient plasma samples. (a) Pre-dose
sample; (b) sample taken 24 h after an oral daily dose of 50 mg
acitretin over three weeks. Measured concentrations: acitretin (1)
5.77 ng/ml, 13-cis-acitretin (2) 56.6 ng/ml; 3 is the internal stan-
dard.

injected plasma sample, delivered by P1A, and M1B
in the 50-cm-long steel capillary (0.5 mm 1.D.) be-
tween the T-piece and V3 was efficient. Only a mini-
mal improvement was obtained when a coiled, 2-m-
long capillary of the same diameter was used. How-

TABLE III
RECOVERIES OF 1, 2 AND 3 (n = 5-8)
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TABLE II

INFLUENCE OF THE ACETONITRILE PORTION OF
MOBILE PHASE MI1B (ADDED BY THE T-PIECE) ON
THE RECOVERIES OF 1,2 AND 3

Plasma samples spiked with 100 ng/ml acitretin (1) and 13-cis-
acitretin (2) and 20.8 ng/ml internal standard (3) (n = 3).

Acetonitrile Recovery (%)

(%)
1 2 3

2 58.4 383 283
10 69.3 74.1 40.6
20 82.6 91.3 64.0
30 84.7 94.8 78.1
40 88.4 99.0 83.3
50 80.7 92.5 88.8
60 68.8 83.3 873

ever, the amount of acetonitrile added by the T-
piece was crucial for good recoveries of the individ-
ual compounds. Table II shows the influence of the
acetonitrile content in M1B on the recoveries of
1-3. More lipophilic compounds (e.g. the internal
standard 3) needed a higher proportion of aceto-
nitrile in M1B to achieve maximum recovery. The
actual conditions of the method were 40% aceto-
nitrile. The 100% values for recovery experiments
were established by replicate injections of 100 ul of
1-3in M2A directly onto the analytical column (us-
ing 12). The recoveries under the conditions used
are shown in Table III.

Linearity
The method was linear in at least the range 0.3—
1000 ng/ml. Standard curves (0.3-500 ng/ml) were

Concentration 1 2 3
(ng/ml)
Recovery R.S.D. Recovery R.S.D. Recovery R.S.D.
(%) (%) (%) (%) (%) (%)
0.3 86.3 10.3 91.4 2.2 84.2 1.1
1 88.5 2.1 104 2.4 85.7 1.3
100 88.4 1.9 100 1.5 86.5 2.4
500 87.9 0.8 95.9 1.5 86.0 0.7
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calculated by weighted least-squares regression, us-
ing 1/y? as the weighting factor.

Limit of quantification

The limit of quantification of 1 and 2 was 0.3
ng/ml. This high sensitivity was obtained by the in-
jection of 1-ml plasma volumes. In contrast to off-
line extraction methods, this technique prevents any
loss of analyte by the re-injection of aliquots of dis-
solved extracts. Full automation of the method was
realized using precolumn replacement by a tandem
precolumn selector. A chromatogram of a spiked
plasma sample at the quantification limit of 0.3 ng/
ml is shown in Fig. 3a. The inter-assay (n = 6) rela-
tive standard deviations (R.S.D.) at this concentra-
tion were 7.9 and 5.9% for 1 and 2, respectively (see
Table IV). The detection limit, defined by a signal-
to-noise ratio of 3:1, was ca. 0.1 ng/ml. Even though
simple UV detection was used, this is the highest
sensitivity attained for these compounds, even con-
sidering liquid chromatography-mass spectrometry
[17].

Precision and accuracy
The inter-assay precision and accuracy of the

TABLE IV
INTER-ASSAY PRECISION AND ACCURACY (n = 6)

Concentration (ng/ml) R.S.D. Difference between
(%) found and added
Added Found (%)
Compound 1
0.3 0.30 7.9 -1.7
0.5 0.51 6.9 +1.3
1 1.01 4.2 +1.0
5 5.06 3.1 +1.1
20 20.3 2.0 +1.6
100 101 3.7 +0.6
200 197 1.2 -1.7
500 499 1.3 -0.1
Compound 2
0.3 0.29 5.9 -2.7
0.5 0.50 8.4 -0.6
1 1.00 5.1 +0.3
5 5.13 2.4 +2.5
20 20.6 1.2 +29
100 101 42 +1.4
200 198 1.8 -1.1
500 505 1.4 +1.0
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method were evaluated by analysing one series of
calibration standards over six days against an inde-
pendent calibration set. The results are given in Ta-
ble IV. The overall precision was 3.8% for the two
compounds.

Stability

The stability of retinoids in general and of 1 and 2
in particular have been discussed [5,10]. Plasma
samples stored in the autosampler at 10°C were sta-
ble for at least 24 h. Therefore, after having pre-
vented any cis—trans isomerization, fully automated
routine analyses could be performed for 20-22 h per
day.

CONCLUSIONS

A previously developed highly sensitive HPLC
method for retinoids, using the direct injection of
large plasma volumes, on-line solid-phase extrac-
tion and UV detection, was improved and fully vali-
dated for the determination of acitretin (1) and 13-
cis-acitretin (2) in plasma samples. The addition of
acetonitrile, which is necessary for good recovery in
the on-line solid-phase extraction of retinoids, was
performed on-line by a T-piece. In this way, long
contact of the retinoids with acetonitrile in the au-
tosampler could be avoided; this was shown to be
responsible for the unexpected cis—trans isomeriza-
tion in some of the plasma samples. About 30 in-
Jections could be made onto one precolumn, despite
the large injection volume (1 ml of plasma). Full
automation was attained with automated precol-
umn replacement. In addition, forward- and back-
flush purging of the precolumn enhanced the num-
ber of injections possible onto the analytical col-
umn. The potential cis—trans isomerization, using
the conditions described previously [12], also exists
for other first- and second-generation retinoids
(with a tetraene side-chain), but apparently not for
third-generation retinoids [13]. Other ways to pre-
vent the isomerization other than that proposed
here would either only allow the analysis of short
sample series, or, alternatively, result in less sensi-
tive methods lacking full automation. Two exam-
ples of the latter are protein precipitation with etha-
nol [10] and solid-phase extraction using the Varian
AASP system [9].

As a possible alternative to the on-line addition
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of acetonitrile to an aqueous plasma sample, large
injection volumes containing organic solvent could
be diluted on-line with water (instead of acetoni-
trile) to prevent elution from the precolumn. This
technique was used successfully in in vitro studies
with incubated liver homogenates, where up to 20
ml of ethanol-containing solutions of acitretin and
etretinate were injected [18). The same procedure
can also be applied to routine injections of relatively
large volumes (> 1 ml) obtained after deproteiniza-
tion of plasma samples with ethanol. Until now this
has not been possible due to the breakthrough of
polar compounds. Which of the two precolumn
techniques, fully automated direct injection of large
plasma volumes, or the more robust injection of de-
proteinized supernatants (the latter being more flex-
ible with respect to recoveries), is superior will de-
pend on the analyte, the matrix and the preference
of the analyst.

HPLC methods with on-line solid-phase extrac-
tion and automated column switching are very use-
ful for the determination of retinoids in biological
samples because of their high automation potential,
high precision and sensitivity. In this respect, this
HPLC precolumn technique is superior to liquid
chromatography-mass spectrometry, which has
been introduced recently for the determination of
retinoids in plasma samples [17, 19]. Whereas this
latter technique is more specific, simplicity, eco-
nomics, absence of manual extraction and derivati-
zation, and even higher sensitivity are the advan-
tages of HPLC with on-line solid-phase extraction
and UV detection, making it the more direct of
these two less travelled roads.

R. WYSS, F. BUCHELI
ACKNOWLEDGEMENTS

The authors thank Dr. M. Klaus for supplying
the internal standard, Mr. B. Maurer for the draw-

-ings and Drs. D. Dell and J. Burckhardt for correc-

tion of the manuscript.

REFERENCES

1 J.-M. Geiger and B. Czarnetzki, Dermatologica, 176 (1988)
182.
2 W. Bollag, in J. H. Saurat (Editor), Retinoids. New Trends in
Research and Therapy, Karger, Basle, 1985, p. 274.
3 C. J. Brindley, Dermatologica, 178 (1989) 79.
4 B. Léfberg, 1. Chahoud, G. Bochert and H. Nau, Teratology,
41 (1990) 707.
5 R. Wyss, J. Chromatogr., 531 (1990) 481.
6 R.Wyss and F. Bucheli, J. Chromatogr., 456 (1988) 33.
7 R. Wyss and F. Bucheli, J. Chromatogr., 424 (1988) 303.
8 R. Wyss, Methods Enzymol., 189 (1990) 146.
9 C. Eckhoff and H. Nau, J. Lipid Res., 31 (1990) 1445.
10 R. Wyss and F. Bucheli, J. Chromatogr., 431 (1988) 297.
11 J. Creech Kraft, C. Eckhoff, W. Kuhnz, B. Lofberg and H.-
Nau, J. Lig. Chromatogr., 11 (1988) 2051,
12 R. Wyss and F. Bucheli, J. Pharm. Biomed. Anal., 8 (1990)
1033.
13 R. Wyss and F. Bucheli, J. Chromatogr., submitted for publi-
cation.
14 T.W. Shih, Y. F. Shealy, D. L. Strother and D. L. Hill, Drug
Metab. Dispos., 14 (1986) 698.
15 R. C. Jewell and P. J. McNamara, J. Pharm. Sci., 719 (1990)
444.
16 K. Zech and R. Huber, J. Chromatogr., 353 (1986) 351.
17 B. E. Fayer, C. A. Huselton, W. A. Garland and D. J. Liber-
ato, J. Chromatogr., 568 (1991) 135.
18 R. C. Chou, R. Wyss, C. A. Huselton and U.-W. Wiegand,
Life Sci., in press.
19 W. A. Garland, C. A. Huselton, F. Kolinsky and D. J. Liber-
ato, Trends Anal. Chem., 10 (1991) 177.



Journal of Chromatography, 593 (1992) 63-68
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2390

Determination of the catechol-O-methyltransferasé
inhibitor Ro 40-7592 in human plasma by high-
performance liquid chromatography with coulometric

detection
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Pharma Division, Preclinical Research, F. Hoffmann-La Roche Ltd, CH-4002 Basle ( Switzerland)

ABSTRACT

A sensitive and specific high-performance liquid chromatographic method has been developed to measure the catechol-O-methyl-
transferase (COMT) inhibitor 3,4-dihydroxy-4'-methyl-5-nitrobenzophenone (Ro 40-7592) in human plasma. The compound and the
internal standard were extracted from plasma at pH 2 with n-butyl chloride—ethyl acetate (95:5, v/v). The extract was chromatographed
on a reversed-phase column (Hypersil ODS, 5 ym) using a mixture of phosphate buffer (0.05 M, pH 2), methanol and tetrahydrofuran
(45:55:5, v/v/v) as the mobile phase. Long-retained components were removed from the system by means of a simple column-switching
system. Quantification of the catechol-O-methyltransferase inhibitor was performed by means of coulometric detection (0.15 V). The
limit of quantification was about 1 ng/ml, using a 1-m! specimen of plasma. The recovery from human plasma was >88%. The mean
inter-assay precision was 5.3% in the range 2.5-1000 ng/ml. Linearity of the standard curve was obtained in the concentration range
2.5-500 ng/ml. The catechol-O-methyltransferase inhibitor was stable in human plasma when stored for six months at —20°C and for

24 h at room temperature. The practicability of the new method was demonstrated by the analysis of more than 400 plasma samples

from a tolerance study performed in human volunteers.

INTRODUCTION

Parkinson’s disease is one of the most common
chronic progressive neurological diseases, and is
characterized by the gradual degeneration of a
group of neurons located in the brain stem in the
substantia nigra. Although Madopar and Sinemet
[combinations of 3,4-dihydroxyphenyl-L-alanine (L-
DOPA) with the peripheral decarboxylase inhibitor
benserazide or carbidopa, respectively] are still the

R'-O.

0
HO g ‘ R2
NO,

Fig. 1. Structures for the compounds referred to in the text: I,
R' = H, R* = CHj, parent compound; I, R' = CH,, R? =
CH,, potential metabolite; I, R! = H, R? = (I, internal stan-
dard.

best treatments available for this condition, many
patients experience significant side-effects and re-
quire frequent dosing, more than three times a day.
These problems are related to markedly fluctuating
L-DOPA levels as a result of peripheral degradation
of L-DOPA to 3-O-methyldopa by the enzyme cate-
chol-O-methyltransferase (COMT) [1].

In order to optimize L-DOPA therapy of Parkin-
son’s desease, attempts have been made to discover
compounds which would inhibit COMT. 3,4-Dihy-
droxy-4'-methyl-S-nitrobenzophenone (Ro  40-
7592, I; see Fig. 1) is a novel nitrocatechol deriv-
ative which has been shown both i vitro and in vivo
to be a potent, selective, competitive and reversible
COMT inhibitor [2,3]. Adding I to L-DOPA-con-
taining medications could optimize L-DOPA ther-
apy of Parkinsonism.

A new reversed-phase high-performance liquid
chromatography (HPLC) assay with coulometric
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detection is described here for the determination of
I in human plasma using the chlorinated analogue
III as internal standard. Because of the high sensi-
tivity of the assay (1 ng/ml, using 1-ml specimens) it
was possible to follow plasma levels of I for a period
of six elimination half-lives after a single 5-mg oral
dose to human volunteers.

. EXPERIMENTAL

Materials, reagents and solvents

Ethyl acetate (for pesticide residue analysis),
methanol (gradient grade) and hydrochloric acid
(titrisol, p.a.) were obtained from Merck (Darm-
stadt, Germany). n-Butyl chloride (HPLC grade)
and tetrahydrofuran (unstabilized, HPLC grade)
were purchased from Fisons (Loughborough, UK).
Phosphate buffer (0.05 M, pH 2) was prepared by
dissolving sodium dihydrogenphosphate monohy-
drate (p.a.; Merck) in water (HPLC grade; Baker,
Deventer, Netherlands), titrating the solution with
phosphoric acid (85%, suprapur; Merck) to pH 2
and filtering the buffer through a 0.22-ym mem-
brane filter (Millipore, Bedford, MA, USA). Plas-
ma standards were prepared using pre-tested fresh-
frozen plasma, which was obtained from a blood
bank (Blutspendezentrum SRK, Basle, Switzer-
land).

Preparation of standards

A stock solution was obtained by dissolving 10
mg of compound I in 10 ml of methanol. Aliquots
of the stock solution were diluted in methanol, pro-
viding the working solutions. The plasma standards
were obtained by spiking human blank plasma (25
ml) with 250 ul of the corresponding working solu-
tion, providing concentrations between 1 and 500
ng/ml, The plasma standards were divided into ali-
quots of 2.5 ml and stored deep frozen (—20°C)
until required for analysis.

Sample preparation procedure

The samples were thawed at room temperature
and homogenized by vortex-mixing. An aliquot of
plasma (1 ml) was mixed with 50 ul of internal stan-
dard solution containing 250 ng of III in hydro-
chloric acid (5 M). The sample was extracted with 5
ml of n-butyl chloride—ethy! acetate (95:5, v/v) by
shaking for 15 min at 15 rpm on a rotating shaker
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(Heidolph, Kelheim, Germany). After centrifuga-
tion for 5 min, 4 ml of the separated organic phase
were transferred to a tapered tube and evaporated
to dryness at 45°C by means of a gentle stream of
pure (99.999%) nitrogen. For HPLC analysis, the
extraction residue was dissolved in 200 ul of mobile
phase by vortex-mixing for 15 s.

Instrumentation

A schematic representation of the column-
switching system is given in Fig. 2., It consisted of a
double-piston pump (P1; Model L6200; Merck), an
automatic sample injector (A; Model Wisp 712;
Waters, Milford, MA, USA), an analytical column
(C1; 125 x 4 mm; Merck), slurry-packed with Hy-
persil ODS 5 um (Shandon) in our laboratory, a
stainless-steel precolumn (C2; 30 X 4 mm; Merck),
slurry-packed with S-um Hypersil ODS (Shandon,

——> solvent flow
------- » analogue signal from the detector
------------ » electronic control of switching valve

Fig. 2. Schematic representation of the column-switching system
assembled for the analysis of I in plasma (see text for details). (a)
Valve position 04 min and 1618 min after injection. (b) Valve
position 4-16 min after injection. P1 = double-piston pump; A
= autosampler; C1 = analytical column; C2 = precolumn; D1
= electrochemical detector; P2 = single-piston pump; D2 =
LC-UV detector; R = recorder; V = automatic switching valve;
CI = computing integrator; I = interface.
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Astmoor, UK), a column oven operating at 30°C
(Model 7930; Jones, Hengoed, UK), a coulometric
detector (D1; Model 5100, potential 0.15 V; ESA,
Bedford, MA, USA), an analytical cell (Model
5011; ESA), a single-piston pump (P2; Model
L6000; Merck), an air-actuated switching valve (V;
Model 7000 assembled with a Model 7001 pneu-
matic actuator and a Model 7163 solenoid valve;
" Rheodyne, Cotati, CA, USA) and a laboratory-
made interface (I) for actuating the switching valve
by means of a computing integrator (CI; Model SP
4200; Spectra Physics, San Jose, CA, USA) [4]. Al-
though not necessary, a LC-UV detector (D2;
Model Spectroflow 773, 254 nm; Kratos, Ramsey,
NJ, USA) and a recorder (R; Model W+ W 600;
Kontron, Zurich, Switzerland) were desirable for
proper control of the column-switching process.

Data acquisition was performed by means of the
computing integrator (CI), working with a special
BASIC program originally developed for the inte-
grator SP 4100 [5]. The acquired data were sent via
Ethernet to the host computer for further data re-
duction and reporting by the KINLIMS system, re-
cently developed in our company [6].

Chromatography and system operation

A mixture of phosphate buffer (0.05 M, pH 2),
methanol and tetrahydrofuran (45:55:5, v/v/v) was
used as the mobile phase for both pumps. The mo-
bile phase was degassed before use with a stream of
helium for 1 min. The flow-rates of the two pumps,
P1 and P2, were adjusted to 1 ml/min.

The extraction residue was dissolved in 200 ul of
the mobile phase. After mixing for 30 s on a vortex
mixer, an aliquot (100 ul) of the clear solution was
injected by the autoinjector A onto the precolumn
(C2) (Fig. 2a). Immediately after the elution of
compounds I and III from the precolumn (about 4
min), the HPLC valve (V) was switched to the sec-
ond position by means of the computing integrator
(CI) (Fig. 2b). The two compounds of interest were
then chromatographed in the usual manner on the
analytical column (C1), while longer-retained plas-
ma constituents were removed from the HPLC sys-
tem by back-flushing the precolumn (C2). When the
chromatography of I and III was completed (about
16 min) the valve (V) switched back to the initial
position (Fig. 2a). After an equilibrium time of
about 1-2 min the system was ready for the next
injection.

65

1476 NI
(b) 10.47 \ﬂ

AN

!

(a) w
ql I -

[ T 17T
0246 81012141
Time (minutes)

1 7 e

[=2]

18

Fig. 3. Chromatograms of human plasma samples: (a) before
application; (b) collected 6 h after a single oral dose of 5 mg I;
measured concentration, 8.1 ng/ml. Detector, D1; potential, 0.15
V; gain, 5 x 10; response time, 10 s.

The retention times of I and III were about 10.5
and 14.8 min, respectively (Fig. 3b). A complete cy-
cle lasted about 18 min.

Calibration and calculations

At least six different plasma standards covering
the expected concentration range were processed as
described above, together with the biological sam-
ples. The standard curve was established by weight-
ed linear least-squares regression (weighting factor
= 1/y?) of the measured peak-height ratios I/III (y)
versus the concentrations of I (x) added to the plas-
ma. This regression equation was then used to cal-
culate concentrations of I in unknown plasma sam-
ples from the measured peak-height ratios I/IIL

RESULTS AND DISCUSSION

Sample preparation procedure

Because of the acidic nature of the nitrocatechol
group (pK,=4.3), maximum recovery of I was ob-
tained around pH 2; this was achieved by mixing
the plasma samples with 50 ul of hydrochloric acid
(5 M; also containing the internal standard) before
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extraction. Several non-polar solvents (e.g. hexane,
n-butyl chloride, chloroform) were tested as extrac-
tants; however, owing to the polar character of [, a
more polar solvent was required to isolate the com-
pound from plasma. A mixture of n-butyl chloride
and ethyl acetate (95:5, v/v) provided the best com-
promise between high recovery of I and an accept-
able degree of coextraction of interfering plasma
components.

Analytical system and chromatography

From various suitable 5-um stationary phases
(e.g. Spherisorb ODS-1, Spherisorb ODS-2), Hy-
persil ODS 5 um was selected as packing material
for the analytical separation. However, long-term
experience with this material showed that broad
and tailing peaks for I and IIT were obtained for
certain batches of Hypersil. This problem was over-
come by purging new columns for 48 h with metha-
nol-water, containing r-hexylmethyl amine (10
mM) as modifier. After removing the excess of
amine with methanol-water, the columns were
ready for use.

Good separation between I and III was achieved
with the mobile phase system described in the Ex-
perimental section. Phosphate buffer (0.05 M, pH
2) was used as aqueous constituent, in order to sup-
press ionization of the nitrocatechol group in I and
III during chromatography, and to provide a cer-
tain conductivity in the mobile phase, which was
necessary for the electrochemical detection.

For some samples, late-eluting plasma constitu-
ents were observed which interfered in subsequent
chromatograms. In order to keep the analysis time
for these samples acceptable, the chromatographic
system was extended by a simple column-switching
unit, allowing a back-flush of the precolumn.

The relatively polar extraction conditions led to

TABLE 1
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considerable coextraction of plasma constituents,
which could not be separated completely from I and
III during chromatography. The problem was over-
come by replacing the UV detector by a highly spe-
cific coulometric detector. The COMT inhibitor is a
suitable candidate for electrochemical detection,
because of the nitrocatechol group, which easily un-
dergoes electrochemical oxidation. However, the
voltage of the detector had to be kept at low values
(around 0.15 V), in order to suppress the electro-
chemical response of plasma interferences. Unfor-
tunately, the potential 3-O-methylated metabolite
II could not be detected under these conditions, be-
cause the nitrophenol group needed a higher poten-
tial (ca. 0.6 V) for electrochemical oxidation than
the nitrocatechol system. Further work on a simul-
taneous assay for I and II is planned.

Recovery

Human blank plasma was spiked with com-
pounds I and I1I at concentrations of 10, 50 and 250
ng/ml. The plasma was divided into 1-ml aliquots,
extracted as described but without adding the in-
ternal standard. The extraction residues were recon-
stituted in mobile phase and chromatographed as
described.

A second series of control samples, providing the
100% values, was prepared by extracting 1-ml ali-
quots of human blank plasma and then adding
equimolar amounts of I and III in mobile phase to
the dry residues.

The analytical recoveries for compounds I and
III were calculated by comparing the peak heights
of the extracted samples to the peak heights ob-
tained from the control samples to which I and Il
had been added after extraction. The overall recov-
eries were calculated by correcting the analytical re-
coveries with the aliquot factors.

RECOVERY OF THE COMT INHIBITOR FROM HUMAN PLASMA

Concentration Concentration Number of Relative Recovery
added found replicates standard (%)
(ng/ml) (ng/ml) n) deviation (%)

100 . 9.11 5 8.71 91.1

50.0 44.0 5 2.93 88.0
250 244 5 4.60 97.6
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RECOVERY OF THE INTERNAL STANDARD FROM HUMAN PLASMA

Concentration

Concentration Number of Relative Recovery
added found replicates standard (%)
(ng/ml) (ng/ml) (n) deviation (%)

10.0 8.58 5 8.91 85.8
50.0 422 5 2.14 84.3
250 233 5 4.49 93.1

The data in Tables I and II indicate a satisfactory
overall recovery of >88% and >84% for com-
pound I and the internal standard III, respectively.

Selectivity

The electrochemical method was very specific
with respect to endogenous components coextract-
ed from plasma. In more than 100 clinical blank
plasma samples (pre-dose, placebo) from 18 differ-
ent volunteers analysed so far, in only one case was
an interfering compound observed coeluting with
the COMT inhibitor. Fig. 3a shows a representative
chromatogram of a human plasma sample collected
before administration.

Precision, accuracy and linearity

The inter-assay precision was measured at differ-
ent concentration levels around therapeutic concen-
trations in human plasma. For each level (10, -50

TABLE III
INTER-ASSAY PRECISION

and 250 ng/ml) a spiked plasma sample was pre-
pared and analysed on different days (using a sep-
arate calibration line on each day). The data in Ta-
ble IIT demonstrate an acceptable precision and ac-
curacy over the concentration range investigated.
The correlation between the peak-height ratio I/
IIT versus the concentration of I was linear in the
range 2.5-500 ng/ml of plasma. Some clinical sam-
ples contained more than 500 ng of COMT inhib-
itor per ml. In this case the samples were diluted
before work-up and the calculated concentration
was corrected by means of a scale factor.
According to Table III, the standard deviations
and, therefore, also the variances were not constant
over this wide concentration range. For this reason,
the calibration curve had to be calculated by means
of a weighted linear least-squares regression proce-
dure, using 1/y? as weighting factor [7]. The stan-
dard software of the computing integrator provided

Concentration Concentration Number of Relative Inaccuracy”
added found (mean + S.D) replicates standard (%)
(ng/ml) (ng/ml) n) deviation (%)
2.50 2.76 + 0.4195 5 15.2 10.4
5.00 4.96 + 0.3258 5 6.57 - 08
10.0 9.98 + 0.4082 5 4.09 - 01
25.0 244 + 1210 5 4.96 - 25
50.0 509 + 1.639 5 322 1.9
100 101 + 2.151 5 2.13 0.6
250 247+ 3359 5 1.36 - 12
500 489 £ 25.53 5 522 - 24
10.3 10.3 + 0.2482 34 2.41 0.4
51.1 51.0 + 1.117 32 2.19 - 0.1
231 237+ 10.50 35 4.43 24

“ (Concentration found — concentration added) / concentration added x 100.
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TABLE IV

STABILITY OF PARENT COMPOUND IN HUMAN PLASMA

U. TIMM, R. ERDIN

Storage Concentration  Concentration Change of 90% Confidence Number of
conditions added found concentration interval replicates
(ng/ml) (ng/ml) after storage (%) (%) (n)
Six months at —20°C 10.0 10.2 2.1 —-85to +13.8 5
50.0 51.1 23 —1.7t0o + 6.4 5
250 260 3.9 -39to0 +12.3 5
24 h at +25°C 10.0 10.0 0.0 ~-50to + 5.3 5
50.0 50.2 0.3 —27to + 35 5
250 253 1.1 —-09to + 3.2 5

only conventional linear regression and had, there-
fore, to be modified by means of additional pro-
grams [5].

Limit of quantification

By careful adjustment of the conditions of the
coulometric detector, less than 1 ng/ml COMT in-
hibitor could be detected with a signal-to-noise ra-
tio of 3:1. However, the limit of quantification, de-
fined here as the minimum concentration that can
be measured routinely with acceptable precision
(<20%) and accuracy (>80%), was 1-2.5 ng/mi
(see Table III).

Stability

Control plasma was prepared at concentrations
of 10, 50 and 250 ng/ml. One portion of these sam-
ples was stored at room temperature for 24 h and
then analysed. The other portion was frozen, stored
at —20°C for six months and then analysed. With
each set of stored samples, an equal number of
freshly prepared samples was analysed to provide
the 100% values. The statistical interpretation of
the data followed the procedure recently developed
[8]. The data presented in Table IV indicate that
compound I was stable in human plasma under the
storage conditions investigated.

Application to biological samples

The method has been applied successfully to the
analysis of more than 400 plasma samples from a
dose proportionality study performed in man. Fig.
3b shows a representative chromatogram from this
study. All samples of the study could be analysed by
incans of the same precolumn and analytical col-
umn. Additionally, the electrochemicai cell needed

no special treatment or readjustment of potential,
demonstrating the robustness of the new method.
The method was sensitive enough to measure pre-
cisely the low concentrations of I in plasma for up
to 10 h (corresponding to a period of approximately
six elimination half-lives) after a single oral dose of
5 mg to human volunteers.
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determination of aminoglycosides based on automated
pre-column derivatization with o-phthalaldehyde

M. C. Caturla* and E. Cusido

Analytical Chemistry Department, Centro de Investigacion y Desarrollo Aplicado, S.A.L., C.I. Santiga, Argenters 6, 08130-STA.

Pérpetua de Mogoda, Barcelona (Spain)

D. Westerlund

Department of Analytical Pharmaceutical Chemistry, Uppsala University, P.O. Box 574, S-751 23 Uppsala (Sweden)

ABSTRACT

Aminoglycosides, such as amikacin, kanamycin, tobramycin and gentamycin, are often determined, after derivatization, by high-
performance liquid chromatography with UV detection. The aim of this work was to develop a sensitive and precise automated method
to determine amikacin in pharmaceutical formulations from a stability study. A liquid chromatograph fitted with an autosampler, a
diode-array detector set at 340 nm and a C, column was used. The method uses an automated pre-column derivatizing with o-
phthalaldehyde for compounds containing derivatizable primary amino groups. The derivatization is fast at ambient temperatures,
improving the precision and sensitivity (0.5 ug/ml), and there is a wide linearity range.

INTRODUCTION

The use of high-performance liquid chroma-
tography (HPLC) as an analytical method for ther-
apeutic drug monitoring of aminoglycosides [1-7]
and their determination in pharmaceutical formula-
tions [8-12] has been reported previously. As ami-
noglycosides do not have a suitable UV absorption
or fluorescence emission for on-line detection after
separation by HPLC, either pre- or post-column
derivatization is necessary for their determination.

Various liquid chromatography procedures have
been reported for the determination of amikacin in
pharmaceuticals [7,11] using pre-column derivatiza-
tion with 1-fluoro-2,4-dinitrobenzene [7] or 2,4,6-
trinitrobenzenesulphonic acid [11]. These reagents
have slow reaction rates and require heating for the
derivatization to occur. o-Phthalaldehyde (OPA) is
one of the most commonly used reagents for the
derivatization of aminoglucosides, mainly due to
the fact that the reaction is relatively fast, even at

ambient temperatures. However, OPA-derivatized
aminoglycosides are unstable [3] and differing delay
times after the derivatization affect the precision of
the method. This method aims to avoid some of the
drawbacks by using an automated derivatization
injection procedure. This automated method is fast,
simple and shows good precision and sensitivity
compared with manual methods. It has been used
for the determination of amikacin in pharmaceu-
tical solutions from a stability study.

EXPERIMENTAL

Chemicals and reagents

Amikacin sulphate, kanamycin acid sulphate, so-
dium heptane sulphonate and OPA were all ob-
tained from Sigma (St. Louis, MO, USA). Mercap-
toethanol was of synthesis grade (Merck, Schu-
chardt, Hohenbrunn, Germany). Methanol (HPLC
grade) was supplied by Scharlau (Barcelona,
Spain). Glacial acetic acid and potassium hydroxide

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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were of analytical reagent grade (Merck, Darm-
stadt, Germany).

Chromatographic system

Apparatus. The HPLC analyses were performed
using a modular liquid chromatographic system
consisting of a 6000A pump from Waters, (Milford,
MA, USA) and a Model 1000S diode-array detec-
tor from Applied Biosystems (Foster City, CA,
USA), together with a Promis II autosampler from
Spark-Holland (Emmen, Netherlands) or a Rheo-
dyne 7125 manual injector. Data collection and re-
duction were performed using a computing integra-
tor program (Nelson Analytical 2600 version S; Per-
kin-Elmer Nelson System).

Column and mobile phase. Separations were per-
formed using a C,g reversed-phase column (Hyper-
sil ODS 3 um; 15 X 0.40 cm, Tracer). The mobile
phase consisted of a mixture of acetic acid—heptane-
sulphonate-methanol (4.5:22.5:73, v/v/v). The
chromatographic separation was performed iso-
cratically at ambient temperature at a flow-rate of
0.4-0.5 ml/min and UV detection at 340 nm was
used.

Derivatizing reagent

Potassium borate buffer was prepared from boric
acid (24.7 g) and potassium hydroxide (21.3 g) dis-
solved in 900 m! of water. A pH range of 10.38-
10.42 was acceptable and adjustment was not usu-
ally necessary. The solution was diluted to 1.0 1. The
reagent was prepared by dissolving OPA (100 mg)
in 1 m! of methanol, followed by the addition of 200
ul of mercaptoethanol and then diluting to 20 ml
with potassium borate buffer. The solution was pre-
pared weekly and stored in an air-tight amber bottle
at 4°C.

Derivatization procedures

Manual pre-column derivatization (MAN) was
performed by adding 100 ul of the OPA solution to
100 ul of the amikacin standard solution. At exactly
2 min after this addition (measured by a chronom-
eter), 25 ul were injected into the chromatograph.

Automatic pre-column derivatization (AUT) was
performed by programming the autosampler (pro-
vided with a special cassette) to take 100 ul each of
the OPA and amikacin solutions, waiting for 2 min
and then injecting 25 ul of the mixture into the chro-
matograph.

M. C. CATURLA, E. CUSIDO, D. WESTERLUND
RESULTS

The representative chromatogram of amikacin
and kanamycin (internal standard) is given in Fig.
1.

Derivatization products

The amikacin solution generated two peaks [re-
tention times (tg) 6.20 and 6.80 min] giving qual-
itatively identical spectra by diode-array detection
(Fig. 2).

When different reaction times (1,2,3 and 5 min)
were investigated with OPA, the first peak de-
creased with the reaction time and the second in-
creased. The increase was less than 1.5% between 2
and 5 min of reaction time. The results indicate that
the first peak (,r = 6.2'min) is a product of in-
complete derivatization; only the second amikacin
peak (tr = 6.8 min) was used for the determination.

Method validation
Linearity was determined in the concentration
range 2-100 ug/ml (AUT), resulting in a coefficient

6.8 AMIKACIN

8.3 KANAMYCIN

6.2

JUK

Fig. 1. Typical chromatogram for a sample of 50 ug/ml amikacin
and kanamycin (internal standard) solution. The peak with ¢, =
6.2 min is the incompletely derivatized amikacin. Flow-rate =
0.5 ml/min.
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6.8

3.5%82%5,3---26,2....

'PK:

230 310 mm

Fig. 2. “On-the-fly” spectra of the two peaks using diode-array
detection. --- = First amikacin peak; - = second amikacin peak
(used for determination); = excess of OPA reagent.

of regression of r=0.998, and the range 5-100 ug/
ml (MAN), giving r=0.994.

Fluorimetric detection severely restricted the lin-
ear range to 2-32 and 1-16 pg/ml [2,5] compared
with this UV detection method.

TABLE I

INTRA- AND INTER-DAY PRECISION: COMPARISON
OF AUTOMATED (AUT) AND MANUAL (MAN) DERIV-
ATIZATION

Concentration  n Coeflicient of variation (%)

(ug/ml)
MAN method ~ AUT method

Intra-day precision:
5 5 11.5 2.1
25 S 6.8 0.3
45 5 24 2.0
55 5 9.6 3.9
100 5 8.7 4.2

Inter-day precision:
45 5 220 7.4
50 5 18.6 5.3
55 5 17.8 6.2

71

The limit of quantitation, defined as the lowest
concentration that can be determined with a coeffi-
cient of variation (C.V.) less than 15%, was about 5
and 0.5 pg/ml for the MAN and AUT methods,
respectively.

Intra-day precision, calculated by the C.V., was
determined for the MAN and AUT methods at five
different concentrations. The values (n= 5) were
2.4-11.5% for the MAN and 0.3-4.2% for the
AUT methods. The day-to-day C.V. ranged from
17.8 to 22.0% for the MAN and 5.3 to 7.4% for the
AUT methods (Table I).

DISCUSSION

Liquid chromatography with post-column deriv-
atization using OPA is well suited to the determina-
tion of aminoglycosides in pharmaceutical formula-
tions [6]. However, the post-column reaction meth-
od shows some disadvantages [5]: baseline noise is
enhanced due to pumping the derivatization re-
agent through the detector; the flow cell may be
soiled by the reaction products; the consumption of
reagent is high; and the reaction time can only be
increased by the increased column volume, resulting
in additional peak broadening and loss of sensitiv-
ity.

The critical point for the pre-column derivatiza-
tion with OPA has been the need to carefully con-
trol the reaction time to provide reproducible re-
sults. In the method presented here, the reaction is
automatically controlled, improving the precision
and sensitivity. The derivatization is fast at ambient
temperatures and the linearity range wide.

The procedure has been successfully applied to
the determination of the aminoglycosides amikacin,
gentamycin, tobramycin and kanamycin.

CONCLUSIONS

This automated method, as a result of its preci-
sion, limit of quantitation, capacity and simplicity,
offers a suitable procedure for the determination of
compounds containing derivatizable primary ami-
no groups.
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extraction and liquid chromatography with automated

pre-column exchange
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ABSTRACT

An automated chromatographic system, combining solid-phase extraction and automated pre-column exchange, is described for the
routine determination of Zy 17617B at the pmol/ml level in human plasma. The sample extraction and elution onto the analytical
column were performed automatically and concomitantly using a conventional liquid chromatographic apparatus equipped with a
Merck OSP-2 on-line sample preparator. Validation data demonstrate the reliability of the method.

INTRODUCTION

Zy 17617B, 1,3-dihydro-1-{1-[(4-methyl-4H,6H-
pyrrolo[1,2a][4,1]benzoxazepin-4-yl)methyl]-4-pi-
peridinyl}-2H-benzimidazol-2-one maleate (Fig. 1),
is a pharmaceutical product with antidiarrheal
properties [1]. A sensitive assay is required for the
determination of pharmacokinetic data after oral
intake of this drug.

Solid-phase extraction of drugs from plasma, via
disposable extraction pre-columns or by column
switching, is being increasingly used in combination
with liquid chromatography (LC) as an alternative
to time-consuming liquid-liquid extraction. Semi-
automated or fully automated systems have been
introduced for off-line analysis [2-4]; however, very

O CH, Q
CH:-NC>—N Ney COOH
1N o E
=~ o]
COOH

CagHagN4Op - C4H404

Fig. 1. Molecular structure of Zy 17617B; mol.wt. 544.61.
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few of them allow complete on-line analysis with
automated pre-column exchange [5].

In this study, a system is described for the routine
quantification of Zy 17617B in human plasma.
Both sample extraction, carried out using a new
pre-column, and elution onto the analytical column
were performed automatically and concomitantly
using a conventional LC apparatus equipped with
an OSP-2 on-line sample preparator from Merck.

EXPERIMENTAL

Materials

Anhydrous sodium dihydrogenphosphate of Su-
prapur grade was from Merck (Darmstadt, Germa-
ny). Orthophosphoric acid (85%, w/v), sodium hy-
droxide and tetrahydrofuran (THF) were of analyt-
ical grade and were also from Merck. THF was
freshly distilled. Methanol and acetonitrile (high-
performance liquid chromatography grade) were
purchase from Michler (Basle, Switzerland). Water
was bidistilled.

Zy 17617B was from Ciba-Geigy (Summit, NJ,
USA). A typical reference stock solution was pre-
pared by dissolving 1.14 mg of Zy 17617B in 5 m! of
acetonitrile and diluting to 100 ml with water. Di-

© 1992 Elsevier Science Publishers B.V. All rights reserved
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-1 1 [

Mobile phase A Moblle phase B Mobile phase C
50 mM phosphate buffer 50 mM phosphate Moethanol:0.05% H,PO,
pH 3.7:methanol:THF butfer pH 7.4 90:10 ( v/v)

600:288:112 { v/v )

Pump A Pump B Pump C
Waters Ass. mod. 50 Waters Aas. mod. 6000A Waters Ass. mod, 6000A
Flow-rale, pressure limits
Flow-rate, pressure limits A
Flow-rate, pressure limils N A
Autosampler Automated gradlent
Morck-Hitachi Start run controller
mod. AS4000 Waters Ass. mod. 680
On-line sample preparator
Merck mod. OSP-2
Analytical side Extraction side Valve 1
.l. .L Valve 2
Move
/
Pre-columns Start int.
Analytical column LIChroCART (from Merck) packed with
Nucleosil 120 C;g dp = 10 um LiChrospher 100 RP~18 dp = 10 um
(L =125 mm, i.d. = 4 mm; (L=4mm,id=4mm)
Macherey Nagel, Oensingen,
Switzerland )
Fluorescence Dotoctor slonal Maxima 820
detector 2 T Workstation
Merck~Hitachi F-1050 Waters Ass.
Waste

0.5 mm or V16 inch stainless steel lubing ( i.d. 0.18 or 0.20 or 0.50 mm )
e 1/8 inch Tefion tubing (.d, 3 mm)
Electrical 1k

Fig. 2. Scheme of the chromatographic system.
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luted solutions were obtained by successive dilu-
tions with water. The reference solutions were
stored at 4°C.

Apparatus
The chromatographic system is described in Fig.
2. The autosampler was equipped with a 400-pul
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fixed loop and a temperature-controlled rack set to
10°C. The mobile phases are also described in Fig.
2.

Method
Sample extraction was performed on LiChro-
CART pre-columns (4 mm X 4.0 mm LD.; from

5 R R
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Fig. 3. Experimental conditions.
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Merck), which were packed with LiChrospher 100
RP-18 (particle diameter, d, = 10 ym). These were
conditioned following the instructions in Figs. 2
and 3. Concomitantly, the analytical column (Nu-
cleosil 120 Cyg,dp, = 5 pm, 125mm x 4.0 mm L.D.)
was eluted isocratically using mobile phase A (Fig.
2). The flow-rates were set as shown in Fig. 3. De-
tection was performed by spectrofluorimetry at an
excitation wavelength of 285 nm and an emission
wavelength of 315 nm.

Sample preparation

An aliquot of 1.0 ml of thawed plasma was dilut-
ed with 1.0 ml of mobile phase B (Fig. 2) in a glass
tube, vortexed for 1 min and filtered on a single-use
0.22-pm filter unit (Model Millex-GS, Millipore).
The resulting solution was then placed in the auto-
sampler rack for analysis (injection of 400 ul).

Standard preparation

Standard plasma samples were prepared by dilut-
ing drug-free plasma with reference solutions fol-
lowed by further dilution with mobile phase B.

Calibration and quantification
Calibration was performed by linear regression
analysis of the detector response over the concen-

.y

Zy 176178
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tration range 10-84 pmol/ml. The concentration of
Zy 17617B in each sample was quantified using the
calibration curves.

RESULTS AND DISCUSSION

Zy 17617B was extracted from the plasma by sol-
id-phase extraction by means of an OSP-2 on line
sample preparator. This device allowed the on-line
extraction of a sample whilst another was being
eluted onto the analytical column in a continuous
automatic fashion (Fig. 2). A new or reconditioned
pre-column was used for each analysis. Typical
chromatograms are given in Fig. 4.

Solid-phase extraction

Solid-phase extraction of Zy 17617B was per-
formed on short Cg reversed-phase pre-columns (4
mm X 4 mm L.D., d, = 10 um) using phosphate
buffer pH 7.4 (50 mM) as the mobile phase.

The total recovery of the analysis was found to be
81.5 & 1.4% (n = 3) for a plasma standard of 41.9
pmol/ml. Zy 17617B was strongly adsorbed onto
plastic or glassware. In a set of experiments, the
volume fraction of plasma in a standard sample was
increased from 0.00 to 1.00. As shown in Fig. 5, the
increase in the level of plasma proteins reduced this

T T L] L} I 1 ¥ L) l LS L] L} l
0.00 0.20 0.40 0.60 0.80
Time (x10 minutes)

T T T

Fig. 4. Typical chromatograms of plasma standards: (A) 0.0 pmol/ml; (B) 10.5 pmol/mi; (C) 21.0 pmol/ml; (D) 41.9 pmol/ml; and (E)

83.7 pmol/ml. For experimental conditions see Fig. 3.



LC OF Zy 17617B

[%]
1006

80

60

40

20

Total recovery of the sample
preparation
©

olLe_
Am"0.0 01 02 0.3 04 05 06 07 08 09 10

Volume fraction of plasma in the sample

Fig. 5. Recovery of the sample preparation. Sample 1.00 ml +
41.9 pmol of Zy 17617B in 200 ul of water + 0.80 ml of mobile
phase B (pH 7.4, closed symbols) or 0.80 ml of diluted acetic acid
(pH 3.0, open symbols). ® = glass tubes; A = polyethylene
tubes; B = polystyrene tubes.

adsorption at physiological pH. This is probably
the result of protein binding. This effect was less
pronounced in acidic medium.

The recovery of the extraction step was found to
be approximately 99%. Liquid-liquid extraction in
basic medium with diisopropyl ether, ethyl acetate
and n-hexane gave values of 87, 47 and 7% respec-
tively. :

The capacity of the pre-columns was found to be
more than 400 pmol of Zy 17617B. The pre-col-

TABLE I
PRECISION AND ACCURACY OF Zy 17617B ASSAY

Analyses carried out using the experimental conditions of Fig. 3.
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umns may be used up to eighteen times. Pre-column
to pre-column variations as well as peak broaden-
ing were found to be negligible.

Chromatography

Zy 17617B was desorbed from the pre-column
and eluted onto a C; g reversed-phase analytical col-
umn by isocratic elution with a mobile phase con-
taining phosphate buffer pH 3.7 (50 mAM-metha-
nol-tetrahydrofuran (600:288:112, v/v). The flow-
rate was set to 1.0 ml/min. The data acquisition was
started when the pre-column was switched to the
analytical column. The retention time of Zy 17617B
was about 9 min. Spectrofluorimetric detection was
selected for its enhanced selectivity and sensitivity
compared with UV detection.

Method validation

The precision and the accuracy were determined
over the range 10.5-83.7 pmol/ml. The results are
given in Table I. The intra-assay and inter-assay
precisions ranged from 1.5 to 4.8% and from 3.0 to
8.3% (n = 6), respectively. The intra-assay and in-
ter-assay accuracies ranged from —5.7 to +0.3%
and from —5.5to +4.9% (n = 6), respectively.

The calibration graphs relating the Zy 17617B
peak height to its concentration in prepared stan-
dards were linear in the range 10.5-83.7 pmol/ml in

Confidence interval Accuracy®
of the mean value (%)
(P = 95%) (pmol/ml)

Nominal Concentration found Relative
concentration (mean + S.D.,n = 6) standard deviation
(pmol/ml) (pmol/mi) (%)
Intra-assay variability

10.47 10.01 + 0.48 438
20.93 19.74 + 0.35 1.8
41.86 41.99 + 0.62 1.5
83.73 84.01 + 1.82 22
Inter-assay variability

10.47 10.98 + 0.39 35
20.93 20.60 + 0.62 3.0
41.86 39.55 £ 1.47 3.7
83.73 85.11 = 7.03 8.3

10.01 + 0.50 -44
19.74 + 0.37 -5.7
41.99 + 0.66 0.3
84.01 + 1.91 0.3
10.98 + 0.40 49
20.60 + 0.66 -1.6
39.55 + 1.54 -55
85.11 + 7.38 1.6

¢ Defined as the percentage deviation between the mean concentration found and the theoretical concentration.
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plasma. The regression characteristics were typical:
slope = 0.000949, intercept = 0.06, with a correla-
tion coefficient (r) of 0.999.

The limit of quantification for the assay was of
the order of 4 pmol/ml.

Zy 17617B was found to be stable under the ex-
perimental conditions for up to 12 h.

CONCLUSION

The developed method is suitable for the determi-
nation of Zy 17617B in plasma at the pmol/ml level.
It allows automated extraction and analysis of plas-
ma samples to be carried out. Full validation data
demonstrate its reliability.

D. CHOLLET, M. SALANON
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Determination of (S)-(—)-cathinone and its metabolites |
(R,S)-(—)-norephedrine and (R,R)-(—)-norpseudoephedrine
in urine by high-performance liquid chromato graphy with
photodiode-array detection

Karoline Mathys and Rudolf Brenneisen*
Institute of Pharmacy, University of Berne, Baltzerstr. 5, CH-3012 Berne (Switzerland)

ABSTRACT

A high-performance liquid chromatographic (HPLC) procedure with photodiode-array detection (DAD) is described for the deter-
mination of (S)-(—)-cathinone (S-CA) and its metabolites (R,S)-(—)-norephedrine (R-NE) and (R,R)-(—)-norpseudoephedrine (R-
NPE) in urine. Extraction and clean-up of 1-ml urine samples were performed on a cyano-bonded solid-phase column using (+)-
amphetamine as internal standard. The concentrated extracts were separated on a 3-um ODS-1 column with acetonitrile—water—
phosphoric acid-hexylamine as the mobile phase. Peak detection was done at 192 nm. The detection limits for S-CA and R-NE/R-NPE
in urine were 50 and 25 ng/ml, respectively. The differentiation of the enantiomers of cathinone and norephedrine was achieved by
derivatization with (S)-(—)-1-phenylethyl isocyanate to the corresponding diastereomers followed by HPLC-DAD on a 5-um normal-

phase column. The R and $ enantiomers of norpseudoephedrine were determined by gas chromatography-mass spectrometry after
on-column derivatization with (8)-(=)-N-trifluoroacetylprolyl chloride. Following a single oral dose of 0.5 mg/kg of S-CA, the
concentrations found in urine ranged from 0.2 to 3.8 pg/ml of S-CA, from 7.2 to 46.0 pg/ml of R-NE and from 0.5 to 2.5 ug/ml of

R-NPE.

INTRODUCTION

Khat, the leaves or short tops of the evergreen
shrub Catha edulis Forsk., is very popular in East
Africa and the Arabian peninsula, where it is habit-
ually chewed for its stimulating effects. As only
fresh leaves are active, the habit of chewing khat
has been confined to the areas where the plant
grows. Mainly owing to the possibility of air trans-
portation, fresh khat has recently been introduced
in certain developed countries, e.g., USA, UK, Italy
and Switzerland. W

Phytochemical studies [1-4] and animal experi-
ments [5,6] have shown that the phenylalkylamine
(S)-(—)-cathinone (see Fig. 7: S-CA) is the main
psychoactive alkaloid of khat. Since 1985, S-CA
has been scheduled as an internationally controlled
substance. An experiment to study the effects and

0021-9673/92/$05.00

pharmacokinetic characteristics of S-CA in humans
has recently been completed [7). Therefore, a meth-
od for the pharmacokinetic profiling of S-CA and
its main metabolite (R,S)-(—)-norephedrine (R-
NE) in human plasma has been developed [8]. An
earlier study on the metabolism of S-CA using 24-h
urine samples showed R-NE and its corresponding
diastereomer (R,R)-(—)-norpseudoephedrine (R-
NPE) in a ratio of 8:1 to be the main metabolites of
S-CA [9]. In that study it was not clear whether the
occurrence of R-NPE was due to the use of optically
impure S-CA or the partial racemization of S-CA
to (R)-(+)-cathinone (R-CA) during absorption
and partition.

The purpose of this work was to develop a meth-
od for the rapid and sensitive clean-up of small
urine samples and an improved high-performance
liquid chromatographic (HPLC) method with pho-

© 1992 Elsevier Science Publishers B.V. All rights reserved
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todiode-array detection (DAD) for the pharmaco-
kinetic profiling of S-CA and its metabolites in hu-
man urine.

EXPERIMENTAL

Instrumentation

Urine analyses were performed on a Hewlett-
Packard (Waldbronn, Germany) HPLC system
consisting of a Model 1090M liquid chromato-
graph, a Model 1090L autosampler, a Model
1040M photodiode-array detector, a Model
79994A Chemstation (software version 1.05), a
Model 7470A x—y plotter and a Model 2225A
Thinkjet printer.

For the determination of the § and R
enantiomers of cathinone and norephedrine the
same system was used, whereas the determination
of the enantiomers of norpseudoephedrine was per-
formed on a Hewlett-Packard gas chromatograph-
ic-mass spectrometric (GC-MS) system consisting
of a Model 5990 gas chromatograph, a Model 5970
mass-selective detector, a Chemstation (Pascal Rev.
3.1), a Model 2225A Thinkjet printer and a Model
7470A x-y plotter.

Chromatographic conditions

For the analysis of urine samples a 150 mm x 4.6
mm LD. column directly coupled to a 20 mm x 4
mm I.D. precolumn and packed with Spherisorb
3-um ODS-1 (Stagroma, Wallisellen, Switzerland)
was used. The mobile phase was acetonitrile-water
(8.5:91.5, v/v) containing 8.5 g/l of orthophosphoric
acid (85%) and 200 pl/l of hexylamine. The flow-
rate was 1 ml/min. The mobile phase was filtered
under vacuum with a 0.45-um nylon membrane fil-
ter.(RC 55, Schleicher & Schiill) and degassed by
sonication before use and with a constant. flow of
helium during use. Methanol was used for column
washing. All measurements were carried out at
room temperature. Peak detection was done at 192
nm, and peak identity and homogeneity were ascer-
tained by on-line scanning of UV spectra from 190
to 300 nm.

The separation of the S and R enantiomers of
cathinone and norephedrine as their diastereomers
was done on a 250 mm x 4.6 mm L.D. column
packed with LiChrosorb Si 60, 5 um (Merck, Basel,
Switzerland). The mobile phase was isooctane-iso-

K. MATHYS, R. BRENNEISEN

propanol-acetic acid (>99.5%) (90:9:1, v/v/v). The
flow-rate was 1 ml/min. Peak detection of the
enantiomers after derivatization was done simulta-
neously at 254 and 236 nm.

The separation of the enantiomers of norephe-
drine and norpseudoephedrine was done after on
column derivatization on a J & W DB-5 bonded-
phase capillary column (J & W Scientific, Rancho
Cordova, CA, USA),20 m x 0.18 mm L.D. with a
0.40-um coating, that was inserted directly into the
ion source. The injector and transfer line temper-
atures were 275 and 280°C, respectively. The oven
temperature was programmed from 220°C (held for
3 min) at 10°C/min to 280°C (held for 7 min). The
scan range was m/z 33-250, and the scan rate was
set at 1.97 scans/s. Helium was used as the carrier
gas at a flow-rate of 0.7 ml/min (velocity 49 cm/s).
Injection was done manually through a silanized
split liner (split ratio 1:15) packed with 3% OV-1 on
80-100-mesh Supelcoport (Supelco, Gland, Swit-
zerland) held in place with silanized glass-wool.

Chemicals and reagents

Optically pure (>98%) hydrochlorides of (S)-
(—)-cathinone (S-CA) and (R)-(+)-cathinone (R-
CA) were kindly donated by Dr. J. P. Wolf (In-
stitute of Organic Chemistry, University of Berne).
(R,S)-(—)-Norephedrine hydrochloride (R-NE),
(S,R)-(+)-norephedrine (S-NE) and (S)-(—)-1-
phenylethyl isocyanate (PEIC, >98%) were pro-
vided by Fluka (Buchs, Switzerland). (S,8)-(+)-
Norpseudoephedrine hydrochloride (S-NPE) and
(+)-amphetamine sulphate were obtained from
Siegfried (Zofingen, Switzerland) and (R,R)-(—)-
norpseudoephedrine hydrochloride (R-NPE) and
(S)-(—)-N-trifluoroacetylprolyl chloride (TPC; 0.1
M in dichloromethane) from Sigma-Aldrich (St.
Louis, MO, USA). All other chemicals and reagents
were of HPLC or analytical-reagent grade from
Merck and Fluka.

Solid-phase extraction of urine samples

Extraction and clean-up of urine samples were
carried out using an Adsorbex SPU sample prep-
aration unit (Merck, Darmstadt, Germany). Frozen
urine (stored at —20°C) was warmed to room tem-
perature in an ultrasonic bath. After centrifugation
(2000 g, for 5 min) a 1-ml aliquot was transferred
into a 2.5-ml vial and 2 ug/ml of internal standard
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solution [L.S.; 200 ug/ml (+)-amphetamine sul-
phate in water] were added. After vortex mixing for
1 min the sample was applied to a Baker-10 SPE
cyano (CN) 3-ml column (Stehelin, Basel, Switzer-
land) and the vial washed with 1 ml of water. The
sorbent was preconditioned using 2 X 3 ml of
methanol followed by 2 x 3 ml of water, and was
not allowed to dry out at the end of the condition-
ing step. Urine interferences were removed by wash-
ing the cartridge with 3 x 3 ml of water followed by
drying the column for about 1 min under vacuum.
For the elution 2 x 500 ul of phosphate buffer (pH
3) [1.466 g of sodium dihydrogenphosphate dihy-
drate and 0.197 g of orthophosphoric acid (85%) in
100 ml of water] and 2 x 500 ul of eluent consisting
of methanol-phosphate buffer (pH 3) (50:50, v/v)
were used. The eluents were allowed to percolate
through the column first without vacuum and for
complete elution with slow aspiration under vacu-
um. The combined eluates were concentrated to
about 100 ul under a stream of nitrogen (which
took about 1 h, but parallel working was possible),
filtered if necessary through the tip of a Pasteur
pipette filled with cotton-wool, and 10-4l aliquots
were used for duplicate HPLC analyses. When fro-
zen and stored at —20°C, urine samples and ex-
tracts were stable for at least 3 months.

Derivatization of urine extracts and standards for the
determination of enantiomers as diastereomers

The urine extracts from one volunteer (about 300
ul) were combined, evaporated to dryness and the
residue dissolved in 150 ul of tetrahydrofuran. After
filtration through the tip of a Pasteur pipette filled
with cotton-wool, 10 ul of PEIC and § pl of triethyl-
amine were added. Immediately after vortex mixing
the sample in an ultrasonic bath for § min, 10-ul
aliquots were used for HPLC analysis. The PEIC
derivatives were stable for only about 1 h. The mini-
mum amounts of isomers of cathinone and nor-
ephedrine/norpseudoephedrine for the derivatiza-
tion to take place were 10 and 100 ug, respectively.

For the determination of the R and S
enantiomers of norpseudoephedrine, the extract of
one urine sample was evaporated to dryness and the
residue dissolved in 50 pl of methanol. Methanolic
standard solutions of R-NE, S-NE, R-NPE and S-
NPE were prepared to give a final concentration of
about 20 ng/ul. On-column derivatization was ef-
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fected by taking up 4 ul of each solution, 0.5 ul of
air and 1 pul of TPC in a 10-ul syringe and rapidly
injecting the mixture into the GC-MS system.

Quantitation

Urine samples were analyzed by the internal stan-
dard method, measuring the peak areas of S-CA,
R-NE, R-NPE and the LS. at 192 nm. Calibration
graphs (linear regression analysis) were obtained by
analyzing four timeg pooled blank urine spiked with
0.25, 0.75, 2.00, 6.00, 10.00 and 15.00 ug/ml of S-
CA, R-NE and R-NPE and 2.00 ug/ml of the LS.
(aqueous solution, calculated as base). The extrac-
tions were done as described above.

Precision

The inter-day precision was determined by ana-
lyzing three replicates of three blank urine samples
spiked with 0.75, 2.00-and 10.00 ug/ml of S-CA,
R-NE and R-NPE and 2.00 pug/ml of the LS. Dupli-
cate analyses were repeated on three different days
during a 2-week period. The extractions were per-
formed as described above.

Recovery

Six pooled blank urine samples were spiked with
0.25, 0.75, 2.00, 6.00, 10.00 and 15.00 pg/ml of S-
CA, R-NE and R-NPE and analyzed using the pro-
cedure described above. After the solid-phase ex-
traction the eluates were concentrated to a definite
volume. The efficiency of extraction was determined
by comparing the peak areas of S-CA, R-NE and
R-NPE with those of similar aqueous standard so-
lutions.

RESULTS AND DISCUSSION

The sample clean-up of low urine volumes con-
taining S-CA and its main metabolites R-NE and
R-NPE can be done rapidly and effectively by the
use of short cyano-bonded solid-phase extraction
columns. The standardized extraction procedure
avoids any basic conditions which could cause race-
mization or oxidative dimerization of the unstable
ketoamine S-CA [3]. As demonstrated with the
chromatogram of a pooled blank urine extract (Fig.
1), most of the interfering endogenous matrix can
be eliminated. The recovery of S-CA and its metab-
olites at the 6 ug/ml level was determined to be 87.4
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Fig. 1. Chromatogram of an extract of pooled blank urine rec-
orded at 192 nm. Arrows indicate the peak position of R-NE (1),
R-NPE (2), S-CA (3) and the 1.S. (4). For chromatographic con-
ditions, see Experimental.

+ 2.0% (relative standard deviation, RS.D. =
2.3%, n = 6) for S-CA, 90.2 + 1.5% (RS.D. =
1.7%) for R-NE and 979 + 33% (RS.D. =
3.4%) for R-NPE. All data from the recovery study
are summarized in Table 1. The recovery of amphet-
amine (I.S.) at the 2 pg/ml level was 99.2 + 2.4%
(RS.D. = 2.4%, n = 6). Therefore, the method
described could also be used for the determination
of amphetamine and its derivatives in human urine.

TABLE I

K. MATHYS, R. BRENNEISEN

The chromatographic system used was originally
developed for screening urine for cocaine and its
metabolites [10]. Hexylamine serves as a modifier
and masking agent for residual silanol groups [11].
By making small changes in the concentration of
hexylamine and in the ratio of the acetonitrile-wa-
ter mixture, the potentially interfering matrix,
which was not eliminated by the sample clean-up,
could be separated chromatographically from the
compounds of interest (Figs. 2 and 3).

For peak detection DAD was used. Peak homo-
geneity was ascertained by a peak purity check (part
of the workstation software, up-slope, apex and
down-slope peak spectra match). Owing to the very
low UV cut-off of the mobile phase, it was possible
to use 192 nm as the detection wavelength and to
obtain a very high sensitivity. Fig. 4 shows the on-
line UV spectra and the chromatogram of a stan-
dard mixture containing S-CA, R-NE, R-NPE and
the 1.S. At 192 nm and a signal-to-noise ratio of 5
the detection limit for S-CA was 5 ng (correspond-
ing to 50 ng/ml), whereas 2.5 ng (25 ng/ml) was the
minimum detectable amount of R-NE and R-NPE
(IOg €192 = 105)

Human urine samples were collected from six

RECOVERY OF S-CA, R-NE AND R-NPE FROM HUMAN URINE

Spiked urine Compound  Mean amount determined ~ Recovery R.S.D.
(pg/ml) (ug/ml) (n = 6) + S.D. (%) (%)
0.25 S-CA 0.20 78.7+£3.5 4.0
R-NE 0.22 89.5+4.9 5.5
R-NPE 0.25 100.2+7.9 79
0.75 S-CA 0.54 72.5+£2.0 2.8
R-NE 0.62 82.5+0.6 0.7
R-NPE 0.70 93.6+1.5 1.6
2.00 : S-CA 1.45 723+44 6.1
R-NE 1.70 85.1+1.6 1.9
R-NPE 1.96 97.9+2.2 23
6.00 S-CA 5.24 87.4+£2.0 23
R-NE 5.41 90.2£1.5 1.7
R-NPE 5.87 97.9+3.3 34
10.00 S-CA 9.49 949458 6.1
R-NE 8.83 88.3£3.5 4.0
R-NPE 9.80 98.0+10.8 11.0
15.00 ' S-CA 13.94 93.0+5.0 5.4
R-NE 12.40 82.6+3.5 4.2
R-NPE 14.73

98.2+5.2 5.3
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Fig. 2. Chromatogram of an extract of pooled blank urine spiked
with 2 ug/ml each of R-NE (1), R-NPE (2), 5-CA (3) and the LS.
().

male volunteers 2, 4, 6 and 8 h after the oral admin-
istration of 0.5 mg/kg of S-CA. Before admission to
the experiment the subjects underwent medical and
psychiatric examination-and had agreed of refrain
from any psychotropic drugs and medication for
the 3 weeks preceding the experiment. The urine
levels ranged from 0.2 to 3.8 ug/ml of S-CA, from
7.2t0 46.0 pug/ml of R-NE and from 0.5 to 2.5 ug/ml
of R-NPE. Urine samples containing > 20ug/ml of
R-NE were reanalyzed after dilution with water
(1:1) before the extraction. The R-NE/R-NPE ratio
ranged from about 10 to 23. The excretion patterns
are summarized in Table II.

The linearity between the peak-area ratios of S-
CA, R-NE and R-NPE vs. the LS. and the urinary
concentrations of S-CA, R-NE and R-NPE was
checked in the range 0.25-15.00 ug/ml. The correla-
tion coefficient (r) for §-CA, R-NE and R-NPE was
0.9982, 0.9996 and 0.9994, respectively (Fig. 5). The

4091
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Fig. 3. Chromatogram of an extract of a human urine sample
obtained 4 h after oral administration of 0.5 mg/kg.of S-CA.
Peaks as in Fig. 2.
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Fig. 4. Chromatogram and on-line DAD UV spectra of R-NE,
R-NPE, S-CA and the LS. Peaks as in Fig. 2.

TABLE II

EXCRETION OF S-CA AND ITS METABOLITES R-NE
AND R-NPE IN HUMAN URINE AFTER ORAL ADMIN-
ISTRATION OF 0.5 mg/kg OF S-CA

Subject  Time Compounds excreted in R-NE/
after urine (ug/ml) R-NPE
admini- ratio
stration (h) S-CA* R-NE R-NPE

1 2 n.d. 9.09  0.50 18.1
4 1.79 40.68  2.34 17.1
6 n.d. 16.44 1.03 16.0
8 n.d. 14.53 1.14 12.8

2 2 0.20 17.08  1.05 16.3
4 1.72 26.84 1.76 15.2
6 0.78 18.80 1.54 12.2
8 0.70 1429 136 10.5

3 2 1.73 46.04 249 18.5
4 3.81 3048 201 152
6 1.06 15.11 1.24 12.1
8 0.16 1259  1.16 10.9

4 2 0.27 28.04 1.22 23.0
4 0.90 37.31 2.02 18.5
6 0.70 3248  1.92 16.9
8 n.d. 2740 240 114

5 2 0.24 826 0.54 154
4 0.30 10.16  0.77 13.3
6 0.31 7.67 064 12.1
8 0.30 11.71 1.05 11.2

6 2 292 16.62 1.22 13.6
4 1.99 720 0.64 11.2
6 0.28 19.64  1.55 12.7
8 n.d. 1548 1.54 10.1

a

n.d. = Not detectable (below detection limit).
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Fig. 5. Calibration graphs for (O) R-NE, (A) R-NPE and (©)
S-CA extracted from urine.

inter-day precision measured at low (0.75 pg/ml),
medium (2.00 ug/ml) and high (15.00 pug/ml) con-
centration levels is summarized in Table III.

The determination of the enantiomers in urine by
derivatization with PEIC was only practicable for
cathinone and norephedrine and not for the very
low concentrated norpseudoephedrine, as at least
100 ug of the amino alcohols was necessary for the
reaction to take place. By comparing the results of
the derivatization with the chromatogram for a
standard solution containing derivatized S-CA, R-
CA, R-NE and S-NE (Fig. 6), the enantiomers in
urine samples were found to be S-CA and R-NE.
The determination of the R- and S-NPE
enantiomers was performed by GC-MS after on-
column derivatization with chiral TPC to the corre-
sponding diastereomers. To ensure that there was

TABLE 111

INTER-DAY PRECISION OF THE ASSAY FOR S-CA, R-
NE AND R-NPE EXTRACTED FROM HUMAN URINE

Spiked  Compound  Mean concentration R.S.D.
urine determined + S.D. (%)

(ug/ml) (ug/ml) (n=16)
0.75 S-CA 0774002 2.98
R-NE 0.76+0.04 4.63
R-NPE 0.77£0.02 2.87
2.00 S-CA 1.99+0.06 2.97
R-NE 1.92+0.14 7.25
R-NPE 1.97+0.03 1.68
10.00 S-CA 10.20£0.13 1.28
R-NE 9.73+0.18 1.82
R-NPE 9.69+0.13 1.31
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Fig. 6. Chromatogram of the PEIC derivatives of S-CA (1), R-
CA (2), R-NE (3) and S-NE (4). For chromatographic condi-
tions, see Experimental.

no interference with the simultaneously derivatized
R-NE, the results were compared with those for a
derivatized standard solution containing R-NE (R-
NE-TPC: m/z 238, 237, 194, 166, 139; tr = 7.14
min), S-NE (S-NE-TPC: & = 6.87 min), R-NPE
(R-NPE-TPC: m/z 238, 237, 194, 166, 139; tr =
6.96 min) and S-NPE (S-NPE-TPC: = 7.21
min). The enantiomers found in the urine samples
were R-NPE and R-NE. Therefore, it could be con-
firmed that, as shown in Fig. 7, orally administered
S-CA is metabolized by a stereospecific 1R keto re-
duction to the corresponding amino alcohols [9].
As in this study the S-CA administered was opti-
cally pure (>98%) the simultaneous occurrence of

NH, racemization
) m vivo
~

S-(-)-cathinone (S-CA)

R-(+)-cathinone (R-CA)

pecific IR keto reducti

R,S-(-)-norephedrine (R-NE) R R-(-)-norpseudoephedrine (R-NPE)

Fig. 7. Biotransformation of S-CA.
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the corresponding diastereomeric amino alcohol R-
NPE is probably the result of partial racemization
of S-CA to R-CA during absorption and partition.
The significant decrease in the R-NE/R-NPE ratio
(see Table II) after oral administration also con-
firms this hypothesis. As only a small part (< 10%)
of the administered S-CA is racemized, the presence
of R-CA in urine samples could not be proved.
Compared with the concentration of R-NE, the
concentration of R-NPE found in human urine is
very low (<10%). This could explain why R-NPE
(detection limit 12.5 ng/ml) could not be found in
human plasma samples, where the maximum con-
centration of R-NE after oral administration was
about 100 ng/ml [8].
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Determination of psychotropic phenylalkylamine
derivatives in biological matrices by high-performance
liquid chromatography with photodiode-array detection

Hans-Jorg Helmlin and Rudolf Brenneisen*

Institute of Pharmacy, University of Berne, Baltzerstrasse 5, CH-3012 Berne (Switzerland)

ABSTRACT

Several procedures using high-performance liquid chromatography with photodiode-array detection have been developed to create
phytochemical and toxicological profiles of phenylalkylamine derivatives in biological samples (e.g. plant materials and urine). Mesca-
line-containing cactus samples were extracted with basic methanol, using methoxamine as internal standard; the extraction and clean-
up of urine samples were performed on cation-exchange solid-phase extraction columns. The extracts were separated on a 3-um ODS
column with acetonitrile-water—phosphoric acid-hexylamine as the mobile phase. Peak detection was performed at 198 or 205 nm;
peak identity and homogeneity were ascertained by on-line scanning of the UV spectra from 190 to 300 nm. The detection limit of
phenylalkylamine derivatives in urine and cactus material was 0.026-0.056 pg/ml and 0.04 ug/mg, respectively. Following a single oral
dose of 1.7 mg/kg methylenedioxymethylamphetamine (MDMA) the concentrations found in urine ranged from 1.48 to 5.05 ug/ml

MDMA and 0.07-0.90 ug/ml methylenedioxyamphetamine (a metabolite of MDMA). The mescaline content of the cactus Trichocereus

pachanoi varied between 1.09 and 23.75 ug/mg.

INTRODUCTION

Many natural and synthetic phenylalkylamine
derivatives such as mescaline, amphetamine, meth-
ylamphetamine and 4-bromo-2,5-dimethoxyphen-
ethylamine (see Table I) are known for their stim-
ulant and/or hallucinogenic properties. Some very
active ring-substituted amphetamines such as 3,4-
methylenedioxyamphetamine (MDA), 3,4-methyle-
nedioxymethylamphetamine (MDMA) and 34-
methylenedioxyethylamphetamine (MDE) have
now appeared as “designer drugs” on the illicit
market, produced by clandestine laboratories [1].
Owing to their high potential of abuse, most of
these popular recreational substances are now in-
ternationally controlled. Despite this, MDMA
(“Ecstasy”, “XTC”, “Adam”) is used more fre-
quently as a controversial adjunct in psychotherapy
[2,3]. Trichocereus pachanoi Britt. et Rose (“San Pe-
dro”) grows in subtropical and temperate areas of

0021-9673/92/$05.00 ©

South America, especially in the Andean regions
and belongs, together with Lophophora williamsii
(Lem. ex Salm-Dyck) Coult. [4], to the mescaline-
containing cactus species which are commercially
available without legal restrictions in Switzerland
and other European countries. ‘
Considering the potential of abuse of phenyl-
alkylamine derivatives and mescaline-containing
cactus species, it was the aim of this work to devel-
op a selective, specific and sensitive analytical pro-
cedure using high-performance liquid chromatogra-
phy with photodiode-array detection (HPLC-
DAD,). This method should allow not only the iden-
tification of such compounds, but also the acquisi-
tion of phytochemical and pharmacokinetic profiles
in complex biological samples to estimate their toxi-
cological or therapeutic potency. The efficiency of
HPLC-DAD in drug analysis, analytical toxicol-
ogy, forensic chemistry and phytochemistry of psy-
chotropic drugs has been shown previously [5-18].

1992 Elsevier Science Publishers B.V. All rights reserved
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TABLE 1
STRUCTURES OF PHENYLALKYLAMINE DERIVATIVES

Structure Peak no. Compound
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(Continued on p. 89)
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TABLE I (continued)
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Structure Peak No. Compound
H3CO NH,
:[:(\( 13 4-Bromo-2,5-dimethoxyamphetamine (DOB)
Br OCHj;
H3CO NH;
\/\©\/\( 14 2,5-Dimethoxy-4-ethylamphetamine (DOET)
OCHj
H3CO NH2
15 Mescaline
HsCO
ocHs M1
HsCO NH; 16 Methoxamine
OCHs

EXPERIMENTAL

Instrumentation

The HPLC-DAD system consisted of a Hewlett-
Packard 1090M liquid chromatograph (Hewlett-
Packard, Waldbronn, Germany), an HP 1090L au-
tosampler, an HP 1040M photodiode-array detec-
tor, an HP 79994A Chemstation (software version
1.05), an HP 7470A x/y plotter and an HP 2225A
Thinkjet printer.

Chromatographic conditions

The separation of fourteen phenylalkylamine de-
rivatives was performed at 40°C on-a 125 x 4.0 mm
LD. column packed with 3-um Spherisorb ODS-1
(Phase Separations), filled by Stagroma (Wallisel-
len, Switzerland). The solvent gradient was devel-
oped by using the CARTAGO (computer assisted
retention time prediction and gradient optimiza-
tion) software; details of this procedure are publish-
ed elsewhere [19,20]. Solvent A was water contain-
ing 5.0 ml (8.5 g) orthophosphoric acid (85%) and
0.28 ml (0.22 g) hexylamine per 1000 ml; solvent B
was acetonitrile containing 100 ml water, 5.0 ml (8.5
g) orthophosphoric acid (85%) and 0.28 ml (0.22 g)
hexylamine per 1000 ml. The gradient profile was as
follows: 0~10.6 min, 5.5% B in A (isocratic); 10.6—
21.6 min, 5.5-39% B in A (linear gradient). The
flow-rate was 0.8 ml/min. The eluent was filtered

through a membrane filter (regenerated cellulose,
0.45 pm, Schleicher and Schuell) and degassed by
sonication and during use with a constant flow of
helium. Methanol was used for washing the col-
umn.

The separation of urine samples containing
MDMA and MDMA metabolites was performed
isocratically at 40°C on a 125 x 4.0 L.D. column
packed with 3-um Spherisorb ODS-1. The mobile
phase was acetonitrile-water (72:928, v/v; 57:943,
w/w), containing 5.0 ml (8.5 g) orthophosphoric
acid (85%) and 0.28 ml (0.22 g) hexylamine per
1000 ml. The flow-rate was 0.8 ml/min.

The separation of the cactus samples was per-
formed isocratically at 25°C on a 150 x 4.6 mm
LD. column with a 20 x 4.0 mm I.D. precolumn,
packed with 3-um Spherisorb ODS-1. The mobile
phase was acetonitrile-water (108:892, v/v), con-
taining 5.0 ml (8.5 g) orthophosphoric acid (85%)
and 0.28 ml (0.22 g) hexylamine per 1000 ml. The
flow-rate was 1 ml/min.

Chemicals and reagents :
Amphetamine sulphate was obtained from Sieg-
fried (Zofingen, Switzerland) and methylampheta-
mine hydrochloride from Dr. Grogg Chemie
(Berne, Switzerland). Mescaline hydrochloride was
supplied by Laboratoires Plan (Geneva, Switzer-
land), methoxamine hydrochloride and MDA were
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provided by Sigma (St. Louis, MO, USA). MDMA,
MDE, 5-methoxy-3,4-methylenedioxyampheta-
mine (MMDA), 4-methoxyamphetamine, 2,5-di-
methoxyamphetamine, 2,5-dimethoxy-4-methylam-
phetamine (DOM,STP), 2,5-dimethoxy-4-ethylam-
phetamine (DOET), 3,4,5-trimethoxyampheta-
mine, 4-bromo-2,5-dimethoxyamphetamine (DOB)
and phentermine were donated by the Division of
Narcotic Drugs, United Nations (Vienna, Austria).
4-Bromo-2,5-dimethoxyphenethylamine (DOBP,2-
CB) was a gift of the Swiss Association for Psycho-
lytic Therapy. All other chemicals and reagents
were of HPLC or analytical-reagent grade and were
purchased from Merck (Darmstadt, Germany) or
Fluka (Buchs, Switzerland).

Urine and cactus samples

The urine samples were obtained from patients
treated with MDMA by psychiatrists of the Swiss
Association for Psycholytic Therapy. Urine sam-
ples were collected approximately 6 h after the ad-
ministration of 1.7 mg/kg MDMA. The specimens
of Trichocereus pachanoi Britt. et Rose and Lo-
phophora diffusa (Croizat) Bravo (Cactaceae) were
bought at flower shops and shopping centres in
Switzerland, or obtained from private collections.

Sample preparation

The extraction and clean-up of urine samples
(real, spiked, blank) were carried out on Adsorbex
SCX (100 mg) cation-exchange extraction columns
(Merck), using an Adsorbex SPU sample prepara-
tion unit. Frozen urine samples (stored at —20°C)
were warmed to room temperature in an ultrasonic
bath and centrifuged, if necessary (2000 g for 5
min). An aliquot of 1.0 ml was added to 0.5 ml of
0.05 M KH,PO, and then sonicated for 1 min in a
stoppered 2.5-ml vial. The Adsorbex columns were
preconditioned with 2 ml of methanol, 1 ml of water
and 1 ml of 0.017 M KH,PO,. The sample was then
applied to the preconditioned extraction column,
which was not allowed to dry out at the end of the
the preconditioning step. The vial was rinsed with
0.05 ml 0of 0.05 M KH,PO,. After drying the extrac-
tion column for about 1 min, urine interferences
were removed by washing the cartridge with 3 X
0.5 ml of 0.017 M KH,PO, and 1 ml of methanol;
followed by drying the column for about 1 min un-
der vacuum. The elution step was carried out with 4
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x 0.5 ml of methanol-hydrochloric acid (7.3%;
97.5:2.5) at a flow-rate of about 0.5 ml/min. Ali-
quots of 10 ul of the defined volume of the eluates
were injected into the HPLC-DAD system for the
determination of MDMA and MDA. For low
MDMA and MDA levels a concentration step may
be necessary. An aliquot of 1.5 ml of the eluates was
added to 68 ul of 1 M K,HPO,, concentrated to
about 100 ul under a stream of nitrogen and recon-
stituted to 150.0 ul with methanol-water (50:50).
The resulting solution, with a pH of about 4-5, was
then sonicated for 2 min and filtered through the tip
of a Pasteur pipette filled with cotton wool. Aliqu-
ots of 10 ul were used for determination by HPLC-
DAD.

The cactus samples were cut in half, lyophilized
and stored in a desiccator under vacuum and pro-
tected from light until used for analysis. A repre-
sentative sample of the cactus specimen was pulver-
ized with a grinder. An accurately weighed amount
of the powdered sample (about 10 mg) was then
washed four times with 1 m! of diethyl ether by so-
nication (5 min) and filtration through a 0.2-um re-
generated cellulose filter (Spartan 13/30, Schleicher
& Schuell). The defatted sample was extracted four
times with 0.5 m! of methanol-ammonia (33%;
99:1), containing 150.0 ug/m! methoxamine hydro-
chloride as internal standard (I.S.), by sonication (5
min) and filtration through a 0.2-um regenerated
cellulose filter. Aliquots of 5 ul were injected into
the HPLC-DAD system.

Quantitation

Quantitation of the urine samples was performed
at 198 nm by measuring the peak areas of MDMA
and MDA and using the external standard method.
The calibration graphs for MDMA and MDA (lin-
ear regression analysis) were obtained by analyzing
twice pooled blank urine spiked with MDMA and
MDA in the concentration ranges 0.5-17 and 0.08—
1.6 pg/ml, respectively. The extraction was per-
formed as described earlier. Quantitation of the
cactus samples was performed by measuring the
peak areas of mescaline and the I.S. at 205 nm. The
calibration graph was obtained by measuring three
times standard solutions in the concentration range
20-75 pg/ml mescaline with an addition of 128 ug/
ml I.S. (aqueous solution, calculated as base).
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Precision

The inter-day precision of MDMA in urine was
determined by analyzing two pooled urine samples
spiked with 1.8 and 8.8 ug/ml MDMA. The inter-
day precision of MDA in urine was determined by
analyzing two pooled urine samples spiked with (.4
and 0.8 ug/ml MDA. The intra-day precision of
mescaline in the cactus material was determined by
analyzing a dried and pulverized mescaline-free cac-
tus specimen (Lophophora diffusa) spiked with a
methanolic solution of 1 mg/ml mescaline (corre-
sponding to 10 pug/mg dried material). The solvent
was evaporated before analysis. All analyses were
repeated three times on two different days during a
one-week period using the described procedures.
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Recovery study

The recoveries of MDMA and MDA from urine
specimens were measured with the spiked samples
used for the determination of the precision. The re-
covery of mescaline from cactus material was deter-
mined with a dried and pulverized mescaline-free
cactus sample (Lophophora diffusa) spiked with a
solution of 1 mg/ml mescaline (corresponding to 10
pg/mg dried material). The efficiency of the extrac-
tion and clean-up procedures was calculated by
comparing the peak areas of MDMA, MDA and
mescaline with those of similar aqueous standard
solutions. All analyses were performed three times
following the described procedures, but without
adding I.S. for the cactus material.
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Fig. 1. (a) Chromatogram recorded at 198 nm and (b) on-line UV spectra of a standard mixture of phenylalkylamine derivatives. For
peaks, see Table I. Chromatographic conditions as described under Experimental.
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RESULTS AND DISCUSSION

HPLC-DAD

Among the reversed-phase materials tested (Cs,
C,g), with particle sizes of 3, 4 and 5 ym and from
different manufacturers, only the 3-um spherical
C,s phase with a minimum plate number of
120 000/m showed the efficiency necessary to obtain
the HPLC profiles of a complex mixture of fourteen
structurally related phenylalkylamine derivatives
(Fig. 1a) and to produce peak shapes which were
generally sharp and symmetrical. It is well known
that basic compounds may show a pronounced tail-
ing effect on certain reversed-phase columns due to
interactions with the residual polar silanol groups
of the stationary phase [21,22]. The addition of an
amine modifier to the mobile phase as a masking
agent for the silanol groups improves the peak
shape and changes the capacity factor (k") of basic
substances [23,24]. It has to be noted that the selec-
tivity of the chromatographic system can be widely
influenced by changing not only the ratio of aceto-
nitrile-water but also the concentration of hexyl-
amine. With the addition of orthophosphoric acid
to the mobile phase, an acidic eluent with a pH of
approximately 2 is obtained, so that the compo-
nents of interest, such as MDMA, MDA, mescaline
and other basic phenylalkylamine derivatives, are
protonated and eluted as associates with phosphate
ions. The gradient was designed by the application
of the CARTAGO software, a computer-based
method development tool which can be extremely
useful in the selection and optimization of chro-
matographic conditions for complex mixtures. The
details of CARTAGO are reported elsewhere
[19,20]. :

The selectivity of HPLC is significantly improved
by coupling with a photodiode-array detector, al-
lowing peak identification through the retention
time and UV spectrum as well as peak purity checks
through up-slope, apex and down-slope spectra
matching. Fig. 1b, with the UV spectra (190-300
nm) of amphetamine sulphate, methylamphetamine
hydrochloride, MDMA, MDA and 3,4,5-trimeth-
oxyamphetamine (see Table I) shows that only
phenylalkylamine derivatives with a distinct ring-
substitution pattern can be differentiated. The low,
UV cut-off of the water—acetonitrile modifier phase
gives the possibility ot measuring in a range {190
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210 nm) where the phenylalkylamine derivatives ex-
hibit the highest absorption. At the optimum detec-
tion wavelengths of 198 and 205 nm the sensitivity
is approximately ten times greater for MDMA and
MDA (log £;05 4.557 and 4.569) and more than 60
times greater for mescaline (log €205 4.675) com-
pared with the absorption maxima and detection
wavelengths reported previously (233-234 nm for
MDMA and MDA [25,26] and 268 nm for mesca-
line [27]). The detection limit for MDA at 198 nm
and a signal-to-noise ratio of 5:1 was about 0.03
pg/ml in urine (Table IT). The excellent sensitivity,
the wide linearity range and the good overall repro-
ducibility allow the detection and reliable determi-
nation of phenylalkylamine derivatives in biological
matrices, even at very low concentrations.

Determination of MDMA and MDA in urine

The use of solid-phase extraction as an alterna-
tive to liquid-liquid extraction for the isolation of
xenobiotics from body fluids is recommended be-
cause of excellent recoveries and ease of operation
[5,18]. The sample clean-up of small volumes of
urine containing MDMA and its main metabolite
MDA can be performed rapidly and effectively by
the use of short cation-exchange solid-phase extrac-
tion columns. Fig. 2 shows that MDMA and MDA
are well resolved and separated from the endoge-

TABLE II
VALIDATION DATA FOR MDMA AND MDA

Parameter MDMA MDA
Linearity range (ug/ml) 0.5-17  0.08-1.6
Correlation coefficient 0.999 0.999

Mean recovery (%; n = 3):
0.4 ug/ml sample - 91.7

0.8 ug/ml sample - 100.7
1.8 pg/ml sample 98.5 -
8.8 ug/ml sample 99.2 -
Mean precision (ug/ml; C.V., %; n = 6)
0.4 ug/ml sample - 0.39; 11.6
0.8 pg/ml sample - 0.78; 6.1
1.8 pg/ml sampe 177,09 -
8.8 ug/ml sample 8.69; 0.8 —

Detection limit*
Absolute (ng) 2.8 1.3
Relative (ug/ml) 0.056 0.026

4 Signal-to-noise ratio = 5:1.
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Fig. 2. Chromatogram of a human urine sample obtained after oral administration of 1.7 mg/kg MDMA. For peaks, see Table I.

nous matrix. The results of the recovery study for
MDMA and MDA, listed in Table II with further
validation data, show the efficiency of the extrac-
tion procedure. The volatility of MDMA and
MDA may cause sample loss during the concentra-
tion step. This can be avoided by the addition of
hydrochloric acid to the eluent and K,HPO, to the
extract before evaporation. After oral administra-
tion, MDMA is mainly exreted unchanged in urine.
The concentrations found in the urine of four pa-
tients who received an oral dose of 1.7 mg/kg rang-
ed from 1.48 to 5.05 ug/ml. The main metabolite
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identified was MDA, formed by N-demethylation
and excreted in concentrations of 0.07 to 0.90 ug/
ml. The pharmacokinetic data will be published in
detail elsewhere.

Determination of mescaline in cactus plants

Solvent extraction was chosen for the extraction
of cactus material. Mescaline is almost quantita-
tively extracted from the finely powdered and defat-
ted cactus matrix by sonication with alkalized
methanol (solvent/sample, 200:1, v/w). The selected
LS. (methoxamine) is a synthetic ring-substituted

T T

e 2 4 5 B

Time (min )

Fig. 3. Chromatogram of a Trichocereus pachanoi cactus specimen. For peaks, see Tabie 1.
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TABLE II1
VALIDATION DATA FOR MESCALINE

Parameter Mescaline
Linearity range (ug/ml) 20-75
Correlation coefficient 0.999
Mean recovery (%o; n = 3) 9.1
Mean precision (ug/mg; C.V., %; n = 6) 9.9;3.3
Detection limit”

Absolute (ng) I

Relative (ug/mg) 0.04

¢ Signal-to-noise ratio = 5.1.

phenylalkylamine derivative with chemical proper-
ties.very similar to those of mescaline but not in-
terfering chromatographically (Fig. 3). The efficien-
cy of extraction was tested by spiking mescaline-
free cactus material with mescaline hydrochloride.
The recovery of mescaline (Table III). was >99%,
showing that the loss of mescaline during the defat-
ting process, which is necessary to remove interfer-
ing lipids and waxes, is not significant. The mesca-
line content of six Trichocereus pachanoi specimens
ranged from 1.09 to 23.75 pug/mg dried cactus mate-
rial, showing the extreme variability of the psycho-
tropic potency. -
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ABSTRACT

a-Tocopheryl nicotinate («-TN) accelerates blood circulation and stimulates hair follicle cells, hence it is an active ingredient in a
broad range of cosmetic products. A reveresed-phase high-performance liquid chromatographic method was developed to determine
a-TN in cosmetic preparations with a-tocopheryl acetate as internal standard. The method was found to be rapid, precise and specific.

INTRODUCTION

Various derivatives of tocopherol are employed in
drugs as peripheral vasodilators [1]. In particular,
nicotinic acid esters (methyl and benzyl) are mainly
used in cosmetic preparations as circulation acceler-
ators. a-Tocopheryl nicotinate («-TN) combines the
effects of its constituents, vitamin E and nicotinic
acid [2], without displaying the adverse side-effects
shown by other nicotinate derivatives, i.e., erythema
and heat sensation. a-TN accelerates blood circula-
tion and stimulates hair follicle cells, hence it is an
active ingredient in a broad range of cosmetic
products [3-12] such as skin conditioners (lotions
and creams) and hair growth-promoters (lotions
and shampoos). '

Some reversed-phase high-performance liquid
chromatographic (HPLC) methods for the separa-
tion of tocopherol derivatives have been reported
{13-16]. Only one study considered the determina-
tion of «-TN in plasma [16] but it was not found
suitable for monitoring this compound in cosmetics.

This paper describes a rapid and specific method
for the determination of a-TN in cosmetic prepara-
tions.

EXPERIMENTAL

Materials
a-Tocopheryl nicotinate («-TN) and the internal

0021-9673/92/$05.00 ©

standard, a-tocopheryl acetate («-TA), were pur-
chased from Sigma (St. Louis, MO, USA) and Carlo
Erba (Milan, Italy), respectively. Span 60 was ob-
tained from Fluka (Buchs, Switzerland), Tween 61
from Auschem (Milan, Italy), stearic acid, stearyl
alcohol, Tween 80, propylparaben, propylene glycol
and methylparaben from Aldrich-Chemie (Stein-
heim, Germany), squalane, ethoxylated hydrogen-
ated lanolin, alkylimidoabetaine, cocamide DEA
and coconut oil from Esperis (Milan, Italy), sodium
lauryl sulphate from Janssen (Beerse, Belgium) and
mineral oil, triethanolamine and ethanol from Carlo
Erba. All solvents used were of HPLC grade.

Equipment

Determinations were performed on an HP 1090M
liquid chromatograph (Hewlett-Packard, Palo Alto,
CA, USA) equipped with a sample valve (Rheodyne
Model 7410) with a 10-ul loop, connected to an
HP 1090M UV--VIS diode-array detector controlled
by an HP 9000 Model 310 workstation.

Analytical conditions

The column was ODS Hypersil C;5 (100 x
46 mm ID.) (5-um spherical particles) from
Hewlett-Packard (Cernusco sul Naviglio, Milan,
Italy).

Isocratic elution was carried out with the mobile
phase methanol-water-2-propanol (97:2:1, v/v/v) at
a flow-rate of 1 ml/min. The analytes were moni-
tored at 210 nm (bandwidth 4 nm).
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Standard solutions

A 1 mg/ml standard solution of «-TN in 2-
propanol was prepared and diluted to obtain con-
centrations ranging from 10 to 100 ug/ml. A 1 mg/ml
stock standard solution of a-TA internal standard
was prepared in 2-propanol. The solutions were kept
in brown bottles, refrigerated at 4°C.

Cosmetic preparations

Four laboratory-made products were prepared
containing the common concentrations of a-TN and
excipients and formulations as reported [12].

A skin cream was prepared consisting of 3 g of
Span 60, 3 g of Tween 61, 8 g of coconut oil, 0.5 g of
«-TN, 6 g of stearic acid, 5 g of stearyl alcohol, 7 g of
squalane, 0.1 g of propylparaben, 8 g of ethoxylated
hydrogenated lanolin, 5 g of propylene glycol, 0.2 g
of methylparaben and deionized water to 100 g.

A skin milk was prepared consisting of 10 g of
mineral oil, 1 g of stearyl alcohol, 3 g of stearic acid,
0.5 g of a-TN, 1.8 g of triethanolamine, 0.2 g of
methylparaben and deionized water to 100 g.

A hair lotion was prepared consisting of 0.3 g of
a-TN, 40 g of ethanol, 2 g of Tween 80, 5 g of
propylene glycol and deionized water to 100 g.

A shampoo was prepared consisting of 0.5 g of
o-TN, 4 g of sodium lauryl sulphate, 25 g of
alkylimidobetaine (30%), 2 g of cocamide DEA,
0.2 g of methylparaben and deionized water to 100 g.

Sample preparation

A 0.5-g and a 1.0-g sample of cosmetic product
[for formulations containing 0.5% and 0.3% (w/w)
of a-TN, respectively] were accurately weighed into
a 100-ml volumetric flask, 2.5 ml of internal stan-

TABLE 1

DETERMINATION OF «-TN IN COSMETIC PREPARATIONS

A. BARUFFINI et al.
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Fig. 1. Chromatograms of «-TN in different products: 1 =
standard solution; 2 = skin milk; 3 = lotion; 4 = skin cream; 5 =
shampoo. I.S. = Internal standard (2-TA).

dard stock solution and about 30 ml of 2-propanol
were added and the mixture was stirred until com-
plete solution was effected. The solutions were
diluted to a final volume of 100 m! with 2-propano}
and filtered over a FHLP 0.5-um filter (Millipore)
prior to injection.

RESULTS AND CONCLUSIONS

The chromatographic conditions described above
were selected to obtain a good resolution of a-TN
and peaks from excipients and to optimize the peak
shape.

Typical chromatograms of o-TN standard and
a-TN extracted from cosmetic samples are shown in
Fig. 1. No interferences at the location of either the
a-TN or a-TA peaks occurred.

Product Amount added  Average found® Mean recovery RS.D.?
(%, wiw) (Y%, w/w) + S.D. (%) (%)
Skin cream  0.50 0.5091 101.62 + 0.9555 0.94
Skin milk 0.50 0.5074 101.48 + 0.7000  0.69
Lotion 0.30 0.3069 102.29 + 1.3858 135
Shampoo 0.50 0.5078 101.56 + 0.6581  0.64

¢ Mean values for five samples.
b Relative standard deviation.



HPLC OF «-TOCOPHERYL NICOTINATE

A calibration graph was constructed by plotting
the peak-height ratio (x-TN to internal standard)
versus the concentration of «-TN. The response was
linear in the range investigated (10-100 pg/ml, n =
6, r = 0.999, y = 0.932x + 0.0503). The equation
describing the graph was selected to correspond to
the common concentrations in cosmetic products.

For each laboratory-made preparation five sam-
ples were analysed in triplicate and the results are
summarized in Table L.

The method was found to be rapid, precise and
specific for application to the determination of a-TN
in cosmetic preparations.
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ABSTRACT

Perfused rat liver can be considered as one of the most suitable ex vivo models for studies of liver metabolism. To assess the possible
effect of L-carnitine and some of its acyl esters on proteolysis in the rat liver, the amino acid derivatization and high-performance liquid
chromatographic separation of Tapubhi et al. [Anal. Biochem., 115 (1981) 123] was modified.

INTRODUCTION

The method for amino acid derivatization and
separation by high-performance liquid chromatog-
raphy (HPLC) of Tapuhi et al. [1] has been mod-
ified and applied to determine amino acids released
by perfused rat liver in situ. The amount of L-valine
in the perfusate was taken as an indicator of liver
proteolysis because its metabolism in the liver is
very slow and quantitatively insignificant.

The aim of this work was to evaluate the possible
inhibitory effect of different acyl-L-carnitine deriv-
atives on liver proteolysis in normal rats.

EXPERIMENTAL

Male Wistar rats (130-150 g body weight) were
used and were maintained on standard laboratory
chow and water ad libitum. The animals were anaes-
thetized with ketamine (Inoketam), 3 ul/g body
weight, and heparinized (200 ul of a 5000 U/ml so-
lution).

0021-9673/92/$05.00 ©

The perfusion was performed according to the
method of Mortimore et al. [2]. In the first step
(non-recirculating), Krebs Ringer hydrogencarbo-
nate buffer containing 4% bovine serum albumin
(fraction V, Sigma) was used for 40 min. This was
followed (recirculating step) by a second Krebs
Ringer buffer (50 ml) without glucose, but contain-
ing 18 uM cycloheximide, to stop hepatic protein
synthesis.

The acyl-L-carnitine derivatives to be tested were
added to the recirculating buffer at 0.22 or 0.88 mM
concentrations. Control livers were perfused as de-
scribed, but without the carnitine derivatives.

The buffer pH was adjusted to 7.40-7.45 by gass-
ing for 1 h before the perfusion with a mixture of
oxygen and carbon dioxide (95:5) and the solutions
were filtered through a 0.45-um Millipore filter. Af-
ter 15 min of recirculating perfusion, samples were
taken and 750 pM L-norvaline was added as an in-
ternal standard. A 1-ml volume of perfusate was
deproteinized with 75 ul of ice-cold perchloric acid
(60% solution). The supernatant was then neutral-
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ized with 200 mM potassium carbonate. A 0.5 M
solution of potassium carbonate—potassium hydro-
gencarbonate (30:70, v/v) was added and the pH
adjusted to 9.40-9.50 with 5 M potassium hydrox-
ide. Dansyl chloride was prepared (1.25 mg/ml final
concentration) in acetonitrile and 100 ul of this so-
lution were added to 200 ul of each sample. Deriv-
atization was carried out at room temperature for 1
h in the dark. The reaction was stopped by adding
methylamine (6 ul of a 0.2% solution in water) to
neutralize any excess dansyl chioride.

Acetic acid was then added to the samples (3%
final concentration) to avoid the possible formation
of bubbles following sample injection and mixing
with the mobile phase.

A Varian high-performance liquid chromato-
graph was used for the analysis. This consisted of a
STAR 9095 autosampler, a STAR 9010 solvent de-
livery system, a Merck-Hitachi F-1050 fluorescence
spectrophotometer, a Biosil C;g reversed-phase
ODS-58, 250 x 4 mm column (Biorad) with a Biosil
ODS-58 guard column with a microguard refill car-
tridge (30 x 4.6 mm). The whole system was con-
trolled by a Compaq personal computer.

J. ZEZZA et al.

Dansylated amino acids were separated using
mobile phases of: (a) water-methanol (85:15, v/v),
containing 1% (v/v) of glacial acetic acid and
0.030% (v/v) of triethylamine; and (b) methanol-
acetonitrile (70:30, v/v) containing 3% (v/v) of gla-
cial acetic acid and 0.030% (v/v) triethylamine.

For elution the following gradient was used: 0—52
min, linear increase from 30 to 50% solvent B; 52—
73 min, linear increase from 50 to 75% solvent B.
Solvent B (75%) was maintained for 5 min, fol-
lowed by a linear decrease of solvent B to 30% in 7
min (return to initial conditions). The flow-rate was
held at 1.0 ml/min throughout the analysis. The
separation was performed at room temperature and
the effluent monitored and recorded at 340 and 520
nm (excitation and emission wavelengths).

RESULTS

Using this method it was possible to evaluate the
release of amino acids (proteolysis) in rat liver. L-
Valine, considered to be the best indicator of liver
proteolysis, was calculated as the total amount re-
leased in the total recirculating buffer plus liver wa-
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Fig. 1: Representative chromatogram for the standard analysis of amino acids with norvaline as the internal standard. The injection
volume was 20 ul and the amino acid concentration 37.5 uM. Dansylated amino acids were separated as described under Experimental.



HPLC OF AMINO ACIDS

101
- 4
d33: 2} eq TH
h o
E Zz
]
2
%
3
Q
; ; :
g
: g d
Z &
<
o .nh. AAAELANA __J\m,,_ _,._,”\_IJA._-_.'. B —n—'zr--n‘l
R R A * AL *AARAAL AU LALLM A

Time in min

Fig. 2. Representative HPLC analysis of liver perfusate. Experimental conditions as in Fig. 1.

ter [3]. Representative chromatograms are shown in
Figs. 1 and 2.

The rate of L-valine release into the perfusate buf-
fer was expressed as nmol/ml of perfusate per g liver
wet weight.

For each group of rats (control and those treated
with L-carnitine, L-leucyl-L-carnitine or isovaleryl-
L-carnitine-y-hydroxybutyrate) at least four livers
were perfused. Each compound was tested at two
different concentrations (0.22 and 0.88 mM).

In these experiments L-carnitine, L-leucyl-L-carni-
tine and isovaleryl-L-carnitine-y-hydroxybutyrate
inhibited the release of L-valine acids from rat liver,
lowering the proteolysis by over 20% at the higher
concentration. The results obtained with L-leucyl-L-
carnitine are similar to those found with L-leucine
by other workers [4].

DISCUSSION

The aim of this study was to evaluate the possible
effect of L-carnitine and some of its acyl derivatives
on rat liver proteolysis. It has been shown that leu-
cine is a strong inhibitor of rat liver proteolysis,
suppressing proteolysis by about 50% at a concen-
tration four times its normal plasma level [5]. It has
also been shown that isovaleryl-L-carnitine, and to

a lesser extent L-carnitine, inhibits proteolysis in
perfused rat liver induced by amino acid. depriva-
tion [4].

In these experiments L-carnitine and two of its
acyl esters (L-leucyl-L-carnitine and isovaleryl-L-
carnitine-y-hydroxybutyrate) were -studied and it
was found that both'esters have a pronounced in-
hibitory effect on liver proteolysis. The inhibitory
action of isovaleryl-L-carnitine seems to be very
specific, as neither isovalerate alone nor isovalerate
plus L-carnitine have a comparable effect [4].

It is intended to use this method to test other
carnitine derivatives to find a compound (or com-
pounds) which are superior in their antiproteolytic
effects to those compounds studied here.
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ABSTRACT

The thermodynamic behaviour of three peptides, bombesin, f-endorphin and glucagon, was studied under reversed-phase high-
performance liquid chromatographic conditions. Experimental data related to the interactive surface contact area (S values) and solute
affinity (log k,) were derived over a range of temperatures between 5 and 85°C. These experimental conditions allowed changes in the
secondary structure of the solute to be monitored. The influence of the nature of the stationary phase ligand on the relative conforma-
tional stability of the three peptides was analysed by acquiring data with n-octadecyl silica (C,4) and n-butyl silica (C,) sorbents. Values
for the relative changes in entropy and enthalpy associated with the interactive process were also determined. The results provide
further insight into the factors involved with the stabilization of secondary structure and the mechanism of the interaction of peptides

with hydrophobic surfaces.

INTRODUCTION

The development of interactive modes of chroma-
tography to investigate the physico-chemical nature
of peptide and protein surface interactions has
advanced considerably over the past decade. These
powerful techniques have gained wide recognition as
rapid and extremely useful procedures for eluci-
dating, in structural and molecular terms, biopoly-
mer behaviour at liquid—solid interfaces under a
wide range of experimental conditions [2-4]. The
hydrophobic modes of chromatography, namely
reversed-phase high-performance liquid chromato-
graphy (RP-HPLC) and hydrophobic interaction
chromatography (HIC), have especially been used in
strategies employed for studies of the mechanistic
basis of chromatographic separations. The useful-

* For part CXIV, see ref. 1.
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ness of modern LC techniques stems from the ability
of the stationary phase ligands to probe the solute
surface. Different ligands may be employed to
explore different physical and chemical properties of
the interfacial region of the solute recognized by the
stationary phase. The fact that this approach, aptly
coined chromato-topography [5,6], also enables
kinetic properties of the solute to be followed thus
allows insight into the dynamic nature of the
protein-ligand interaction. This attribute of modern
LC methods with appropriate on-line detection
systems clearly represents an advantage over many
of the conventional techniques such as X-ray crys-
tallography and other static methods of spectro-
scopic measurement hitherto used to evaluate bio-
polymer-ligand interactions.

It was postulated 15 years ago [7] that the
hydrophobic surface in RP-HPLC may be a useful
probe for investigating amphipathic helices and

© 1992 Elsevier Science Publishers B.V. All rights reserved
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other helices of biopolymers induced or stabilized in
hydrophobic environments and the behaviour of
peptides and proteins at a hydrophobic interface,
such as a lipid bilayer. This paper examines the
potential of this technique and the validity of the
above considerations by examining the thermo-
dynamic behaviour of three biologically significant
peptides, bombesin, f-endorphin and glucagon. The
secondary and tertiary structures of these peptides in
solution have been characterized [8-13], and each
contains significant amounts of a-helical structure
under certain conditions. The relative stability of the
secondary structure components within these pep-
tides was studied by varying the temperature and the
stationary phase composition upon which they were
allowed to interact in the RP-HPLC mode.

EXPERIMENTAL

Apparatus

All chromatographic measurements were per-
formed on a Perkin-Elmer (PE) Series 4 chromato-
graph (Perkin-Elmer, Norwalk, CT, USA) utilizing
a PE ISS-100 autosampler, PE LC-95 UV-visible
spectrophotometer and a PE 7500 professional
computer with CHROM 3 software. All peak pro-
files were routinely monitored at 215 nm and stored
on the Winchester disk of the PE 7500 and processed
simultaneously by a PE LCI-100 computing integra-
tor. Further peak analysis was performed using
software packages included in the CHROM 3
framework. Temperature was controlled by either
immersing the column in a thermostated column
water-jacket coupled to a recirculating cooler (FTS
Systems, New York, USA) or by an ICI TC 1900
column oven (ICI Instruments, Dingley, Victoria,
Australia).

Chromatography was performed on Bakerbond
wide-pore butylsilica and octadecylsilica columns (J.
T. Baker, Phillipsburg, NJ, USA) with dimensions
of 250 x 4.6 mm I.D. and containing sorbents of 5
um nominal particle size and 30 nm average pore
size.

All pH measurements were made with an Orion
(Cambridge, MA, USA) Model SA520 pH meter.

Chemicals and reagents
Acctonitrile (HPLC grade) was obtained from
Mallinckrodt (Paris, KY, USA) and trifluoroacetic

A. W. PURCELL, M. I. AGUILAR, M. T. W. HEARN

acid (TFA) from Pierce (Rockford, IL, USA). Water
was distilled and deionized in a Milli-Q system
(Millipore, Bedford, MA, USA). N-Acetyl-L-tryp-
tophanamide, N-acetyl-L-phenylalanine ethyl ester,
penta-L-phenylalanine, bombesin and glucagon
were all obtained from Sigma (St. Louis, MO, USA)
and were of >95% purity by RP-HPLC and amino
acid composition analysis. f-Endorphin (of purity
>95%) was obtained from Organon (Oss, Nether-
lands) and Sigma; both batches gave identical
HPLC profiles.

Chromatographic procedures

Bulk solvents were filtered and degassed by
sparging with nitrogen. Linear gradient elution was
performed using 0.1% TFA in water (buffer A) and
0.09% TFA in acetonitrile-water (65:35) (buffer B)
over gradient times of 30, 45, 60 and 90 min with a
flow-rate of 1 ml/min at temperatures of 5, 15, 25,
37, 45, 55, 65, 75 and 85°C. Peptide solutions were
prepared by dissolving the solute at a concentration
of 0.5 mg/ml in 0.1% TFA and the injection size
varied between 1 to 5 ug. All data points are derived
from at least duplicate measurements with retention
times between replicates varying typically by less
than 1%.

The column dead volume was taken as the
retention time of the non-interactive solute, sodium
nitrate. Various chromatographic parameters were
calculated using the Pek-n-ese program [14] written
in Pascal for an IBM PC, and statistical analysis
involved ANOVA linear regression analysis. In all
figures presented, the standard deviations of repli-
cate experiments were as shown, or smaller than the
data points.

RESULTS AND DISCUSSION

Theoretical background
The retention of a solute in interactive modes of
chromatography is dictated by the equilibria estab-
lished for the distribution of the solute in the mobile
and stationary phases as described by
[Pl ’
K=-— 0
[Pl
where [P]; and [P],, are the concentrations of solute
in the stationary and mobile phases respectively.
The dependence of the capacity factor, k', on the
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chromatographic equilibrium constant, K, can be
equated to

k' = ¢K )

where ¢ is the phase ratio, that is, the ratio of
volumes of stationary to mobile phases in the
chromatographic bed.

For linear gradient elution systems, a mathemati-
cal model known as the linear solvent strength (LSS)
model has been shown to provide useful information
associated with the physico-chemical properties of
the solute [3,14,15].

Under regular reversed-phase gradient elution
conditions, a linear relationship typically exists
between the medium capacity factor, log &, and the
median organic mole fraction, ¥, according to the
empirical equation.

logk = logky, — Sy 3

The values of § and log k¢ can then be determined by
multivariate linear regression analysis of log & vs. §
plots according to eqn. 3.

The significance of the slope, S, of log & vs. i plots
in RP-HPLC resides in its relationship to the
magnitude of the surface contact area and the
number of interactive sites established at the inter-
face between the solute and the stationary phase
ligands. The S value as evaluated through eqn. 3 can
be related to the hydrophobic contact area as

_derived from the solvophobic theory [7,16] as fol-
lows:

1 2
NAAy, + 4.836N3 (k° — 1)V3
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where A4, is the relative hydrophobic contact area,
y is the mobile phase surface tension, which is
directly related to the organic mole fraction, /, N is
Avogadro’s number, V' is the mean molar volume of
the solvent, R is the gas constant and 7 is the
absolute temperature. The parameter « is defined as
the ratio of the energy required for the formation of
a cavity with the surface area equal to solute surface
area and the energy required to extend the planar
surface of the liquid by the same area. The value of
log ko is related to the change in free energy
associated with the adsorption of the solute in the
absence of organic modifier, and can thus be related
to the affinity of the solute for the stationary phase
at = 0 (i.e., initial conditions).

The determination of these parameters at differ-
ent temperatures allows a detailed analysis of the
thermodynamic behaviour of the solute during the
interaction with the stationary phase. The thermo-
dynamic equilibrium constants can be equated to
the overall standard unitary free-energy changes
(4G3..) associated with the transfer of the solute
from the mobile phase to the stationary phase, such
that

0
4 Gassoc

logK = —
og K RT . ©)

Solute retention under equilibrium binding condi-
tions can therefore be described as
A H(G)SSOC A SSSSOC

logh = —
8 RT TR

+ log ¢ (6)

logk’ = logko — @) where AHY,,. and A4S0, are the changes in enthal-

0 2303RT py and entropy, respectively, for the association
TABLE 1
PHYSICAL DATA FOR THE SOLUTES STUDIED
Solute Sequence’ Molecular

weight

N-Acetyltryptophanamide N-Ac-W-NH, 230
N-Acetylphenylalanine ethyl ester N-Ac-F-OEt 210
Penta-L-phenylalanine H,N-FFFFF-OH 760
Bombesin H,N-XQRLGNQWAVGHLM-OH 1640
f-Endorphin H,N-YGGFMTSEKSQTPLVFKNAIIKNAYKKGE-OH 3470
Glucagon H,N-HSQGTFTSDYSKYLDSRRAQDFVQWLMNT-OH 3520

4 Ac = Acetyl.
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process. The 4H%,. and 45%,. values can then be
derived from the slope and intercept values deter-
mined by regression analysis of Van 't Hoff plots (i.e.
log k vs. 1/T). Linear relationships in such plots are
generally obtained for small organic molecules with
no significant secondary or tertiary structure. How-
ever, the interactive surface of a peptide or protein
solute in RP-HPLC will consist of sequentially and
non-sequentially linked amino acids brought to-
gether spatially as a result of the secondary or
tertiary constraints of the solute structure. For
solutes with well developed secondary structure,
chromatographed over a wide range of tempera-
tures, significant deviation from linearity has been
observed in Van ’t Hoff plots [3]. This behaviour
is a result of temperature-induced conformational
changes which affect the molecular composition of
the interactive surface of the solute and will there-
fore be reflected in both the retention behaviour
of the solute and the thermodynamic parameters
derived from Van 't Hoff plots.

Dependence of S and log ko on temperature

The retention behaviour of a range of peptide
solutes with known a-helical structure [8-13] was
studied to provide further information on the fac-
tors which influence the chromatographic behaviour
of peptides and proteins. The gradient elution
behaviour of two amino acid derivatives, N-acetyl-
tryptophanamide and N-acetylphenylalanine ethyl
ester and four peptides, penta-L-phenylalanine and
the peptide hormones bombesin, f-endorphin and
glucagon, was measured under a range of experi-
mental conditions. The molecular weights and se-
quences of these solutes are summarized in Table I.

As solution conformation is substantially influ-
enced by environmental temperature, and can be
generally perturbed within the temperature range
available in chromatographic studies, the influence
of temperature on the RP-HPLC behaviour of these
peptides was studied. Gradient elution data were
accumulated at gradient times between 30 and 90
min at a flow-rate of 1 ml/min and at temperatures
ranging between 5 and 85°C. In order to study the
influence of different hydrocarbonaceous ligands,
samples were chromatographed on C, and Cgg
silicas. Plots of log k vs. ¥ were used to derive S and
log ko values for each solute and the temperature
dependencies of these values are represented graph-
ically in Figs. 1-5.
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Fig. 1. Top, dependence of S values on temperature for the
control solutes (©) penta-L-phenylalanine, (O) N-acetylphenyl-
alanine ethyl ester and (A) N-acetyltryptophanamide chromato-
graphed on the C, g stationary phase. Bottom, dependence of log
ko on temperature for the same solutes chromatographed on the
C,g stationary phase.

N-Acetyltryptophanamide, N-acetylphenylala-
nine ethyl ester and penta-L-phenylalanine were
chromatographed as control solutes. These solutes
are small molecules with no secondary structure.
Changes in retention behaviour over the tempera-
ture range studied will therefore not be related to
conformational changes in the interactive structure.
N-Acetyltryptophanamide was only retained on the
C, s stationary phase. These three solutes on the Ci 4
stationary phase had essentially constant .S values
over the range of temperatures examined and the
corresponding affinity (log ko) demonstrated a
constant or small uniform decrease in value with
increases in temperature (Fig. 1). Similar trends in
the temperature dependencies of the S and log ko
values were also observed for these solutes when
chromatographed on the C, phase, as depicted in
Fig. 2. However, the magnitude of the affinity of the
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Fig. 2. Top, dependence of S values on temperature for the
control solutes (@) penta-L-phenylalanine and (O) N-acetyl-
phenylalanine ethyl ester chromatographed on the C, stationary
phase. N-Acetyltryptophanamide was not retained at high tem-
peratures on this phase. Bottom, dependence of log k, on
temperature for the same solutes chromatographed on the C,
stationary phase.

control solutes chromatographed on the C,g sta-
tionary phase was generally higher than that on the
C, stationary phase. Thus, for these solutes chroma-
tographed over a wide range- of temperatures, the
two stationary phases behaved as would be empiri-
cally predicted on the basis of the relative hydro-
phobicity of the ligands when conformationally
rigid solutes are chromatographed. It would also
appear that similar interactive regions are involved
in the interaction between the control solutes and the
two stationary phase types, which is reflected in the
similar magnitude for the derived chromatographic
S-values for both the C,5 and C, phases.

As these control solutes are small organic mole-
cules, the results in Figs. 1 and 2 represent the degree
of change in S and log ko which would be expected
for solutes which undergo no structural perturba-
tion with increased temperature. Penta-L-phenyl-
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Fig. 3. Top, dependence of S values on temperature for bombesin
chromatographed on the (O) C,5 and (@) C, stationary phases.
Bottom, dependence of log ko on temperature for bombesin on
these two stationary phases.

alanine displays some minor fluctuations with tem-
perature, as would be expected for a molecule of
greater conformational flexibility. However, similar
S values were obtained with both C, and C;q
ligands. Moreover, these solutes represent useful
probes for the changes in r-alkyl ligand structure
which may occur at different temperatures.

Fig. 3 illustrates the relationship between S values
and temperature for bombesin on the two different
stationary phases studied. A transition at ca. 25°C
corresponding to two different interactive structures
with high and low contact areas was observed on the
C.s phase. The affinity vs. temperature plot (Fig. 3)
also indicates a similar transition with significantly
elevated log ko values in the 5-25°C range for
bombesin on the C, 4 phase. Thus, at higher temper-
ature, bombesin is interacting through a much
smaller proportion of its molecular surface area and
with a diminished affinity.

In contrast to the C,g phase, bombesin shows
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Fig. 4. Top, dependence of S values on temperature for f-
endorphin chromatographed on the (O) C;3 and (Q) C,
stationary phases. Bottom, dependence of log k, on temperature
for B-endorphin on these two stationary phases.

marked increases in S value on the C, phase at
temperatures above 50°C, which coincided with a
decrease in affinity for this region of temperature.
This result implies that whilst a larger surface area is
exposed by bombesin to the C, ligands at these
higher temperatures, the affinity of the peptide for
the sorbent at high temperatures is lower than when
the solute exists with a more compact interactive
structure at the lower temperature range. These
observations suggest that at higher temperatures
bombesin presents a more diffuse surface distribu-
tion of hydrophobic amino acids to the probing C,
stationary phase ligands.

The relative changes in affinity and chromato-
graphic contact area with temperature for bombesin
are much greater compared with the control solutes.
In particular, on the C,g phase, the S value for
bombesin changes from 12.5 to 7.0 at ca. 25°C,
whereas the S value for penta-L-phenylalanine re-
mained constant. The results for these two solutes
chromatographed oni the C, phasc indicate an
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Fig. 5. Top, dependence of S value on temperature for glucagon
chromatographed on the (O) C,5 and (©) C, stationary phases.
Bottom, dependence of log k, on temperature for glucagon on
these two stationary phases.

opposite trend, where at temperatures below 50°C
similar S values are observed both for penta-L-
phenylalanine and bombesin, but at the higher
temperatures significantly higher S values and hence
contact areas are observed for bombesin. Penta-L-
phenylalanine also had a relatively constant S-value
over the temperature range investigated on the C,
phase.

The affinity values also reflect these differences
in chromatographic behaviour between penta-L-
phenylalanine and bombesin. On the C;s phase,
bombesin has a lower affinity compared with the
control solute at high temperatures, whereas similar
values for both solutes are observed at the low
temperatures. Penta-L-phenylalanine demonstrated
a small but uniform decrease in affinity with in-
creasing temperature, whereas transitions were ap-
parent for bombesin. Comparison of log ko values
determined for both solutes on the C4 phase indicate
that bombesin has overall lower affinity values than
the control solute over the temperature range stud-
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ied, but both solutes demonstrated a uniform de-

crease in affinity with temperature. These significant
changes in chromatographic behaviour of bombesin
are consistent with changes in the interactive struc-
" ture of bombesin relative to penta-L-phenylalanine
and the other control solutes. Hence it appears that
bombesin adopts, in the presence of n-alkyl ligands,
some degree of secondary structure, which may be
helical as bombesin is known to possess an a-helical
structure in hydrophobic conditions [8,9].

The differences in the behaviour of bombesin on
the C, and C, stationary phases also indicates that
the two structurally disparate ligands are either
probing different areas of the solute surface or that
bombesin adopts a different structure in the pres-
ence of the two ligands. The difference in dynamic
behaviour of the two stationary phases is well
documented [17,18], with the C, ligands tending to
be more sterically rigid than the C,g ligands, which
have the potential to self-associate owing to their
higher degree of flexibility. The C, stationary phase
has been described as. a “picket-fence” with C,
ligands projecting away from the silica surface [19]
into the mobile phase whereas the C;q stationary
phase comprises a “lawn” of alkyl chains forming a
hydrophobic surface that coats the silica particles.
Other workers have shown that transitions occur in
the structure of longer chain alkyl ligands. These
phase transitions have been shown to cause non-
linear relationships between solute retention and
temperature. Gilpin and Squires [20] studied phase
transitions for Cg-, Co- and C,g-alkylsilicas and
determined phase transition temperatures of ca. 40,
50 and 60°C, respectively. The temperature incre-
ment of 10°C in the phase transition with each
additional methylene group added suggests that the
theoretical transition for the C,g stationary phase
would be well outside the experimental temperature
range utilized in this study, and that changes in the
ligand structure do not account for the observed
changes in retention behaviour of bombesin.

Jinno et al. [21] recently conducted a study on a
series of polymeric C,4 stationary phases and ob-
served a non-linear retention dependence on temper-
ature for planar polycyclic aromatic hydrocarbon
solutes for some of the stationary phases investi-
gated. This retention behaviour was attributed to
changes in the ligand structure between 40 and 50°C.
Although this transition range is not in accordance
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with the work of Gilpin and Squires, different
solvent systems were employed. Jinno et al. [21] used
an organic solvent system of methanol-dichloro-
methane (80:20, v/v), whereas Gilpin and Squires
used a totally aqueous system.

Although it is possible that a phase transition may
occur in the experimental temperature region used in
this study, several observations suggest that this
phenomenon does not significantly influence the
retention behaviour of the solutes employed in this
study. First, a linear dependence of the derived
retention parameters on temperature was obtained
for the control solutes, which strongly suggests that
should changes occur in the structure of the station-
ary phase ligand, they are not responsible for the
observed peptide transitions. Additionally, of the
peptides studied only bombesin shows a significant
transition in S value on the C,4 stationary phase.
Hence, if a significant change occurred in the
structure of the ligand, it should be manifested in the
retention properties of all solutes. These observa-
tions strongly suggest that the observed non-linear
temperature dependence of the derived retention
parameters is due to solute-specific structural
changes and not phase transitions of the immobi-
lized ligands.

The dependence of S and log ko on temperature
for the two larger peptides, f-endorphin and glu-
cagon, on the C, ¢4 phase are shown in Figs. 4 and §,
respectively. The behaviour observed on the C,;
phase for both f-endorphin and glucagon indicates
a gradual increase in chromatographic S value with
increasing temperature. The magnitude of this
change was smaller than that observed for bombesin
(Fig. 3) with the same phase. The plots of log kg vs.
temperature indicate a small, uniform decrease in
affinity between S-endorphin or glucagon and the
C;s phase over the temperature range examined.

For both f-endorphin and glucagon on the C,
stationary phase, a sharp decrease in S values
between 50 and 85°C was observed (Figs. 4 and 5 for
B-endorphin and glucagon, respectively), as op-
posed to bombesin, which underwent a rapid in-
crease in S value over this temperature range. This
decrease in chromatographic contact area for both
of these solutes also corresponded to a large decrease
in affinity (Figs. 4 and 5), which is consistent with a
decrease in the number of amino acid residues
participating in the interaction at these higher
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TABLE 11
GIBB’S FREE ENERGY CHANGES FOR THE SOLUTES STUDIED ON BOTH PHASES

Temperature ~ Change in Gibb’s free energy (4G2, ) (kJ mol™!)
O

Bombesin f-Endorphin Glucagon

C18 C4 C18 C4 CIB C4

5 -94 -6.6 —-129 -17.2 —12.2 —15.7

15 -10.3 —58 —122 —123 —12.1 —123
25 —-83 -5.7 —13.8 —15.6 —133 —15.1
37 —6.8 —6.1 —-13.7 —13.6 —129 —137
45 -71 -5.5 —14.8 —-12.7 —14.1 -127
55 —64 -58 —14.5 —16.0 -13.7 —15.0
65 —6.7 —6.4 —14.6 —122 -13.9 —121
75 —63 —6.9 —14.5 -9.9 —14.5 —10.2
85 —6.5 —~4.2 —14.5 -1.7 —13.1 -73
TABLE III

CHANGES IN ENTHALPY AND ENTROPY FOR THE SOLUTES STUDIED

Solute o C,g-silica’ C,-silica”
assoc Sf(:)ssoc A HESSOC A SHOSSOC
kImol™) (mol™*K™}) (Imol™?) (mol™'K™
N-Acetylphenylalanine ethyl ester 0.1 —54 —-59 —4.6 —53
0.3 —6.0 —14.7 —84 —253
N-Acetyltryptophanamide® 0.1 —82 -20.7
0.3 —12.2 —45.0
Penta-L-phenylalanine 0.1 —58 -1 —8.6 -50
03 51 7.3 ~179 ~170
Bombesin 0.1 9.85-15 58.6
—36.315737  —102.1 —5.6 —4.5
—11.045-8% —19.1
0.3 1.0%-%5 6.2 —1.84% —5.2
—16.865-85 —47.5 —29.945-85 —-94.4
B-Endorphin 0.1 —0.8545 30.7 — 1562555 —18.3
—15.845-85 —16.0 —69.4%585  —180.0
0.3 —5.0545 -7.3 —5.9545 —152
—27.245785 —82.4
45-85
—14.4 -36.6 C1785ss  4g
Glucagon 0.1 —1.9543 26.1 —30,925-45 -97.6
—17.045-85 —23.7 —65.6%585  —169.0
0.3 —7.2545 —-13.0 —1,715-25 2.1
—15.925°73 —454
_ 45-85 _
18.2 47:4 43755 126

¢ Superscripts denote the temperature region (°C) of the Van °t Hoff plot used to derive the corresponding parameters.

¥ N-Acetyltryptophanamide was not fully retained over the temperature studied on the C, stationary phase.
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temperatures. As the compositional properties of
the interactive region will determine both the affinity
and the magnitude of the contact area for a particu-
lar solute, the results of this study suggest that the
changes in retention behaviour with increasing
temperature for these three peptidic solutes are due
primarily to the conformational changes. These
conformational changes over the temperature range
investigated will in turn dictate the accessible inter-
active surface that will be presented to the probing
stationary phase ligands.

Dependence of thermodynamic parameters on tem-
perature

Consideration of the thermodynamic parameters
underlying the biomolecular structural characteris-
tics [22] of peptide and protein—surface interactions
provides further insight into the chromatographic

process. Changes in 4G, were calculated at the

individual temperatures from log k, values accord-
ing to eqn. 5. As adsorption is a favourable process,
the derived 4G, values which are given in Table IT
are all negative. Van 't Hoff plots (log & vs. 1/T) were
also examined in order to derive the changes in
enthalpy (4H%s..) and entropy (48%..) for the
association process by regression analysis of the
. dependence of log & on 1/T (as described by eqn. 6).
In order to assess the influence of the organic
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Fig. 6. Van 't Hoff plot for bombesin chromatographed on the
(V,¥)C4and (O, @) Cy, stationary phases at the different log £
values () = 0.1 and 0.3, closed and open symbols, respectively).
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Fig. 7. Van’t Hoff plot for f-endorphin chromatographed on the
(V,¥) C, and (O,®) Cy, stationary phases at the two log &
values (¢ = 0.1 and 0.3, closed and open symbols, respectively).

modifier concentration on the structure of the solute
and on the interactive process, log £ values extrap-
olated from two different regions of the retention
plots (log k vs. {) were examined. Log & values
extrapolated to Yy = 0.1 and 0.3 were determined
and the corresponding A4S%. and 4HY,,,. values are
given in Table III. :

Van 't Hoff plots for bombesin, f-endorphin and
glucagon are shown in Figs. 6-8. Non-linear rela-
tionships were found to exist for the three large

Log K
N
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2,75 3.00 3.25 3.50
1/7 (K) X 1000
Fig. 8. Van ’t Hoff plot for glucagon chromatographed on the

(V,V) C, and (O,0) C,, stationary phases at the two log &
values (f = 0.1 and 0.3, closed nd open symbols, respectively).
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peptidic solutes. This result is in contrast to the Van
’t Hoff plots for the control solutes, which generally
gave linear relationships for both stationary phases
.examined (data not shown). The non-linear be-
haviour of the larger polypeptides correlates with
changes observed for these solutes in retention
parameters discussed in the previous section, and
also provides further support for the existence of
conformational changes that occur during chroma-
tographic migration.

Two important generalizations about the entropy
of the interactive process can be made [3], namely
that positive values for the change in entropy for the
association process (4S%,.) indicate an increase in
the total disorder of the system during adsorption,
whereas it is inherent in the corollary that negative
values of 45%,,. indicate an increased ordering of
the system during adsorption. For the control
solutes N-acetylphenylalanineethylesterand N-acet-
yltryptophanamide, negative values for 452, were
obtained for both stationary phases and at both
extrapolated values of log k. This result can be
interpreted as an overall ordering of the system on
interaction with the stationary phase, reflecting a
solute that is less flexible when bound to the
stationary phase than when it is in the mobile phase.
In addition, values of 452, forlogkaty = 0.1are
less negative than those at ¥ = 0.3. This result
indicates that the solutes are more flexible in mobile
phases containing organic solvents than in more
aqueous solutions, which in turn suggests that they
interact more readily with the organic solvent mole-
cules than with the water molecules. This conclusion
forms the basis of the solvophobic mechanism
underlying retention in RP-HPLC and is also con-
sistent with the observation that at y = 0.3, lower
log k values are obtained. As a result of this
behaviour, the solute will be less constrained and
the total system will be more disordered, thus
accounting for the more negative 45%,. values at
log k& with y = 0.3.

The same trends are evident for penta-L-phenyl-
alanine, where negative 452, values were observed
for all conditions except on the C,g phase at log k
( = 0.3). A small positive 4S%,. value was
observed under the latter conditions, indicating a
possible disordering on binding to this stationary
phase at the high organic solvent concentration.
This result reflects a more rigid solution structure in
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comparison with the bound molecule, suggesting
that some form of conformational change on asso-
ciation with the stationary phase may occur.

Bombesin on C,g phase. Fig. 6 displays the Van
’t Hoff plots for bombesin chromatographed on
both stationary phases at the two extrapolated
values of log k. Changes in enthalpy and entropy for
the interactive process are given in Table IIL
Negative 4HY,,. values were generally observed for
all solutes and indicate that heat is liberated on
adsorption of the solute on the stationary phase.
These decreases in enthalpy are presumably related
to the changes in solvation of the solute and the
corresponding changes in solvation energies for the
melted structure.

Two opposing processes may contribute to a
change in disorder or entropy on denaturation of the
solute. First, the perturbation of secondary structure
requires increased solvation of the newly exposed
atoms which originally formed the “internal’core.
These atoms, previously involved in intramolecular
interactions, would not have been solvated prior to
the thermal disruption of the solute. This solvation
would in turn cause a corresponding decrease in
entropy of the desorbed state, owing to the de-
creased number of free solvent molecules. However,
this process will be compensated for by an increased
disordering of the unbound system due to the
increase in the conformational repertoire of the
more flexible peptide. Thus, on interaction with the
stationary phase, increased ordering would be appar-
ent owing to the more static nature of the bound
peptide and the conformational restraints conferred
by the interactive process. This interactive process
would then be expected to yield overall negative
ASS... values and is represented schematically in
Fig. 9.

Analysis of the Van ’t Hoff plot for bombesin at
¥ = 0.1 chromatographed on the C,; ¢ phase reveals
a curvilinear dependence corresponding to three
apparently linear temperature ranges, 5-15, 15-37
and 45-85°C, with a transition around 25°C. This
transition correlates with the observed decrease in
contact area noted earlier. At low temperatures,
482, was found to equal 58.6 J mol~! K™, which
then decreased significantly to —102.1Jmol ! K !
over the transition range. At high temperatures a
value of —19.1 J mol™* K™! for 482, was
obtained. These 452, changes reflect an initially
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Fig. 9. Schematic view of the thermodynamic considerations
involved in the interctive process of a polypeptide, with and
without a well developed secondary structre, interacting with a
hydrocarbonaceos ligand. In (A), the solute molecule has a rigid
solution structure, which on interaction with the stationary phase
undergoés conformational changes that cause disordering of the
solute molecular population, resulting in a small positive value
for the change in entropy (482 ). Alternatively, the rigid
solution structure may become slightly more constrained, thus
yielding a small negative value of A4S . In (B), polypeptide of
random solution structure binds to the stationary phase. This
induces a more constrained conformation on the solute molecular
population, which in turn causes an increase in ordering of the

system, leading to a large negative value of 4S°

assoc”

rigid solution structure that becomes more dis-
ordered on interaction with the stationary phase at
low temperatures (5-15°C). The difference between
the entropy of the bound and unbound states is
much larger at the transition temperature (15-37°C)
than at the lower (< 15°C) and higher temperatures
(>37°C). These results are consistent with the
peptide existing as a much more flexible molecule in
the transition range, and remaining flexible at the
higher temperatures. It is interesting that the 45—
85°C region yielded a smaller negative 452, than
the transitional region, indicating that the molecule
is still more flexible in solution than when bound,
but at these temperatures either the conformational
repertoire is restricted to a smaller population or the
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elevated temperatures cause a more rapidly “time-
averaged” structure to be observed. Here the differ-
ence in the entropy of the bound structure and
solution structure would not be large owing to the
rapid conformational interconversions occurring to
both the sorbed and desorbed states of the molecule
at these temperatures.

The Van ’t Hoff plot for bombesin derived from
log k values at y = 0.3 on the C,4 phase demon-
strates a biphasic relationship, with two distinct
regions within the curve. These regions correspond
to segments at 5-55 and 65-85°C, with an apparent
transition around 60°C. The 452, values derived
from these two regions were 6.2 and —47.5 I mol~}
K ™! respectively. At the higher temperatures a more
negative change in entropy is observed. These results
also indicate that the molecule is more flexible in
solution at temperatures above 60°C than when
bound to the stationary phase ligands. However,
below this temperature the molecule is not signifi-
cantly more flexible in solution than when bound,
suggesting that bombesin may possess a more rigid
solution structure at the lower temperatures. These
data also suggest that the increased organic modifier
concentration may be stabilizing the bombesin
secondary structure, as is evident from the increased
transition temperature observed at the higher organ-
ic modifier concentration. This finding correlates
well with other physico-chemical studies on bom-
besin using NMR and circular dichroism spectros-
copy [8,9,23], where it has been found that bombesin
exists in a helical conformation in the presence of
organic solvents such as trifluoroethanol or lipi
micelles. '

Bombesin on C4 phase. The Van ’t Hoff plot for
bombesin at extrapolated values of log K at y = 0.1
on the C4 phase was essentially linear, whereas on
the C;g phase a transition at ca. 25°C was observed.
The AS%.. value derived for these conditions was
—4.5 J mol™! K™, indicating little change in the
flexibility between the bound and unbound bom-
besin molecule. For log & (¢ = 0.3) a biphasic
relationship exists for the Van *t Hoff plot, with two
distinct regions corresponding to segments at 5—
45°C and 45-85°C. The 482, values derived from
these two regions were —5.2 and —94.4 J mol™!
K ™1, respectively. These values reflect a transition
from a rigid or conformationally constrained solute
molecule to a more flexible structure. The transition
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at ca. 45°C is lower than the observed transition at
60°C for the C,g stationary phase.

These results indicate that the C,g ligands are
more capable of stabilizing a “low-temperature”
peptide conformational structure, which is either
not present with the C4 ligands or the transition for
the same structure on the C, phase is shifted towards
lower temperatures. If the experimental results with
the C4 and C,g ligands are compared, the latter
possibility appears to be more likely, that is, the
conformational transition is moved to a lower
temperature on the C, phase, as is observed for the
transition temperatures at log & (f = 0.3). This
finding suggests that the C, g phase can enhance the
stability of the solute secondary structure. Similar
results have been observed with the binding of
enzymes to agarose gels substituted with n-alkyl
chains and weakly hydrophobic silica sorbents [24,
25].

p-Endorphinon Cyg phase. Fig. 7 represents Van 't
Hoff plots for f-endorphin chromatographed on
both C,5 and C4 phases. The Van ’t Hoff relation-
ship for log k values determined at ¥ = 0.1 for
the solute chromatographed on the C, stationary
phase is non-linear with a transition occurring
around 50°C. Two distinct regions of the curve,
namely 5-45 and 45-85°C, are apparent. The lower
temperature region yields a positive 45%,, value of
30.7 J mol™! K~'. This result indicates that the
molecules become more disordered on binding to
the stationary phase, reflecting a static solution
structure at these temperatures, which becomes less
ordered on adsorption. At the elevated tempera-
tures, a negative A4S%,,. value of —16.0Jmol "t K !
was derived for f-endorphin from the Van °t Hoff
plot. This result reflects a more flexible high-temper-
ature solution structure for S-endorphin compared
with the lower temperature structure, and this
high-temperature structure becomes more con-
strained on binding to the stationary phase, result-
ing in an overall increase in the order of the system.
Perturbation of the solution structure of the mole-
cule would thus occur at the higher temperatures, a
conclusion consistent with the gradual increase in S
values observed with increasing temperature for this
solute when chromatographed on the C;5 phase.

The Van 't Hoff plots for f-endorphin chromato-
graphed on the C, ¢ stationary phase at log k values
determined at y = 0.3 gave a non-linear relation-
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ship with an apparent transition at 50°C, similar to
that observed for the low organic mole fraction
condition on this phase. In this instance two distinct
regions of the Van 't Hoff curve were again apparent,
at 5-45 and 45-85°C. The 45%,,.. value derived from
the lower temperature region was small and negative
(—=7.3 J mol~* K™1), which is in contrast to the
positive 45% . value observed at the lower organic
modifier concentration for this temperature range.
Hence the increased concentration of organic modi-
fier seems to make the molecule more flexible in
solution at these temperatures. At higher tempera-
tures, the derived AS%,. value was large and nega-
tive (—36.6 Jmol~! K1), and is also more negative
than the observed value at the lower organic modi-
fier concentration. Thus, again it would appear that
solute is more flexible in the higher organic modifier
concentration. It would also appear that the system
is more disordered at higher organic mole fractions,
indicating that the secondary structure of the g-
endorphin solute is less well defined at the higher
organic solvent concentration. This behaviour is in
contrast to that observed for bombesin, which
appeared to be stabilized by the increased organic
modifier concentration, and may represent solva-
tion of residues normally involved in intramolecular
interactions. This possible structural change could
then explain the observed increase in disorder
illustrated by the 452, values obtained for g-
endorphin.

f-Endorphin on C4 phase. Van 't Hoff plots for
p-endorphin chromatographed on the C4 phase are
also displayed in Fig. 7. For the Van ’t Hoff plot of
log k values determined at iy = 0.1, the curve has
two distinct regions, at 5-55 and 55-85°C, with an
apparent transition around 55°C, a value similar to
the observed transition aty = 0.1 on the C, g phase.
482, values were derived from both regions of the
Van 't Hoff plot and at the lower temperature range
a 45%,. value of —18.3 Jmol~* K ~! was obtained.
This behaviour reflects a total increase in ordering of
the system on adsorption to the stationary phase,
and thus indicates a flexible solution structure. Log
k at the higher temperature range yielded a A4S%,.
value of —180.0 J mol™! K ™!, which indicates a
large increase in ordering of the system on adsorp-
tion and reflects a very flexible solution structure at
these elevated temperatures. A much larger relative
increase in ordering occurs under these C4 condi-
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tions compared with the C,5 phase, and can be
attributed to the more rigid structure of the C,
ligand [17-19].

The Van ’t Hoff plots for -endorphin chromato-
graphed on the C, phase, with log £ values at §f =
0.3, showed three distinct regions, 545, 45-55 and
55-85°C, with an apparent transition at 50°C. This
behaviour is similar to the lower organic mole
fraction transition temperature on this phase, and
also similar to both transition temperatures ob-
served on the C,g phase. Hence it would appear
that the ligand hydrophobicity does not affect the
observed transitions for B-endorphin, unlike the
observed stabilization of bombesin on the C, 4 phase
noted earlier. The ASY, . value derived from the
lowest temperature region (5-45°C) was —15.2 J
mol ~' K™, This value reflects an overall increase in
order of the system on adsorption, and thus reflects
a more flexible molecule in solution than when
associated with the stationary phase. At the transi-
tion region (45-55°C) a ASS.,. value of —82.4 J
mol ™" K~' was obtained, indicating an increased
flexibility in solution at these temperatures relative
to the lower temperatures. In contrast, at the higher
temperatures a AS%,. value of —4.8 J mol™! K !
was derived. This value suggests that the molecule is
least flexible in solution at these high temperatures
or, more likely, that a rapidly interconverting time-
averaged structure is being observed. Such a struc-
ture would undergo rapid conformational intercon-
versions both in solution and when bound, hence the
relative change in the ordering of the system would
be relatively small for the association process.

Unlike the results on the C, ¢ phase for this solute,
the magnitude of 482, on the C, phase at J = 0.1
is larger and more negative than the corresponding
valueaty = 0.3. This behaviour indicates that there
is a larger increase in ordering on adsorption in the
presence of a lower organic mole fraction for this
solute.

Glitcagon on Cyg phase. Fig. 8 displays Van 't Hoff
plots for glucagon chromatographed on both C,4
and C, phases at the two extrapolated values of V.
The Van 't Hoff relationship for log £ values at y =
0.1 is non-linear for glucagon chromatographed on
the C, phase. The Van ’t Hoff curve is biphasic,
possessing two distinct regions, at 5-45 and 45—
85°C, with an apparent transition around 50°C. The
A8%.. values derived from these two regions were
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26.1 and —23.7 J mol~! K ™1, respectively. Again,
the decrease in ordering of the system on adsorption
at the lower temperatures can be noted, indicating a
stable solution structure which becomes more flex-
ible on interaction with the stationary phase. At the
elevated temperatures an overall increase in order-
ing of the system is apparent, reflecting a more
flexible solution structure relative to the low-tem-
perature structure. Thermal disruption of solution
structure and hence a gradual increase in the S value
and hence chromatographic contact area observed
on this phase would account for this behaviour.

The Van ’t Hoff relationship for log & values
determined at y = 0.3 was also biphasic, with two
distinct regions spanning 5-45 and 45-85°C, and an
apparent transition at around 50°C. This value is
similar to the transition temperature observed
for the lower organic modifier concentration. The
482 values derived for the lower and higher
temperature regions were — 13.0 and —47.4 Jmol ™!
K ™!, respectively. Again, this result indicates a
flexible molecule in solution at both temperature
ranges, with an overall increase in ordering on
association with the stationary phase in both in-
stances. The relatively larger increase in ordering at
the higher temperatures suggests a more flexible
molecule than at the lower temperatures, again
indicating possible disruption of the solution struc-
ture at the higher temperatures. Further, the influ-
ence of increased organic mole fraction appears to
be the increased flexibility in solution of the solute
molecule, as was observed for B-endorphin on the
C,g phase.

Glucagon on C4 phase. The Van ’t Hoff plot for
glucagon chromatographed on the C, phase at logk
values determined at iy = 0.1 displays a biphasic
relationship. The curve consists of two regions
spanning 545 and 45-85°C, with a transition
around 50°C, which is similar to the’ transitions
observed for glucagon on the C,g phase. Ligand
hydrophobicity therefore does not seem to affect the
observed transition temperature, as was also ob-
served for f-endorphin. The 452, values derived
from these two regions were —97.6 and —169.0 J
mol ™" K™, respectively. These results indicate a
considerably flexible structure at low temperatures
that increases in flexibility with increasing temper-
ature. In both instances the association process
involves significantly large increases in the ordering
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of the system, with a larger degree of ordering at the
higher temperatures, which reflects changes in the
solution structure of glucagon. As was evident with
the other peptidic solutes, the magnitude of the
increase in ordering of the system on adsorption was
much larger on the C, phase than the C, phase.

The Van ’t Hoff plot for glucagon determined for
log % values at iy = 0.3 gives a curve that can be
divided into three regions, 5-25,25-75 and 75-85°C.
The 452, values derived from these temperature
regions were 2.1, —45.4 and 12.6 J mol™! K71,
respectively. These values suggest an initially rigid
molecule undergoing a transition around 50°C
which corresponds to an increase in ordering on
association with the stationary phase and indicates
that at these temperatures the molecule is flexible
in solution. At the higher temperatures a time-
averaged structure is observed with rapid conforma-
tional interconversion both in solution and when
bound to the stationary phase explaining the posi-
tive 452, value obtained.

The difference in magnitude of the 452, for the
two organic modifier concentrations on the butyl
stationary phase demonstrate a general trend of the
ASC... values being more negative at y = 0.1. The
behaviour of glucagon is thus similar to the corre-
sponding case with S-endorphin. It can be concluded
from these observations that glucagon is character-
ized by a higher degree of flexibility in solution at the
lower organic modifier concentration on the C,
phase.

CONCLUSIONS

Overall, the thermodynamic data for bombesin,
B-endorphin and glucagon illustrate transitions in
the 50-60°C region, suggesting that the interactive
structure is dramatically disrupted over this temper-
ature range. This value is also the temperature range
over which helices tend to be disrupted, reiterating
the hypothesis that the amphipathic helical portions
of these molecules are either directly involved in the
interaction between the stationary phase ligands or
are able to stabilize the peptide surface exposed to
the stationary phase ligands. When these helical
conformations are perturbed, the corresponding
change in the hierarchical structure and the inter-
active surface presented to the stationary phase will
rosult in the observed changes in retention behavi-
our.
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The differences in retention and thermodynamic
parameters derived for each solute and the differing
temperature dependencies of these parameters clear-
ly demonstrate that the peptide sequence plays a
crucial role in the interactive properties of peptide
solutes. In this study, bombesin exhibited retention
behaviour which was generally distinct to that
observed with B-endorphin and glucagon. Although
B-endorphin and glucagon are larger molecules than
bombesin, it is not the molecular size per se that
controls the chromatographic behaviour, but rather
the ability of larger molecules to stabilize their
secondary structure without external influences.

For both f-endorphin and glucagon the 4S%soc
values are all more negative at the higher tempera-
tures, that is, the peptides are more flexible in
solution at higher than at lower temperatures. The
large negative value of 4S5, would suggest that on
binding to the hydrocarbonaceous ligands the num-
ber of available conformations of the polypeptide
dramatically decreases. The 4S5, values for these
peptides for the postulated melted structure (i.e., the
high temperature structures) were generally more
negative for the C, phase than the corresponding
values derived from the C,g stationary phase. This
observation means there is a larger relative increase
in the structural ordering of the solutes on their
adsorption to the C, phase than to the C;5 phase,
that is, the peptide is restricted to fewer conforma-
tions when bound to the ligand than for the
corresponding interaction with the C, g ligand. This
is consistent with the proposal that the C, ligand is
rigid as opposed to the more flexible C,5 ligands.

The change in enthalpy follows the same trends as
seen for the changes in entropy. These changes are
presumably a consequence of related changes in
solvation energies as the entropically driven changes
in the solute structure occur.

The factors which stabilize o-helical or any
other secondary structure of a polypeptide include
sequence-specific intramolecular charged interac-
tions, hydrogen bonding and also the amphipathic
arrangement of polar and non-polar residues along
the peptide sequence. The ability to monitor changes
in these stabilizing influences by employing hydro-
phobic stationary phases and varied temperature
gives an insight into the underlying principles of
peptide folding and peptide—surface interactions. In
thisinvestigation the influence of temperature on the



HPLC OF AMINO ACIDS, PEPTIDES AND PROTEINS. CXV.

chromatographic behaviour of several peptide sol-
utes was examined. The temperature range covered
the region where secondary structure is normally
perturbed. The three peptidic hormone solutes stud-
ied have a major portion of their structure stabilized
by a-helices at ambient temperature [8-13]. This
study has shown that conformational transitions,
such as the melting of the solution structure of the
peptide, may be observed by utilizing chromato-
graphic techniques. It is clear that the two different
ligands studied have different abilities to monitor
conformational changes of the solute. This dis-
criminatory ability may be due either to differences
in stabilizing forces associated with the ligand—
solute interaction or to the solvated structure of the
ligand themselves. Structurally disparate ligand sur-
faces would be expected to interact with different
mechanisms [17], which would then be manifested as
different dependencies of S and log k, on tempera-
ture. Similar conclusions have been reached from
evaluating peptide-ligand interactions by principle
component analysis [18]. Generally, it appears that
the C;g stationary phase tended to stabilize inter-
active structures relative to the C, stationary phase.
In addition, increasing the organic modifier concen-
tration resulted in destabilization of the interactive
secondary structures of f-endorphin and glucagon,
but stabilization of the bombesin secondary struc-
ture. The molecular basis of this interaction requires
further analysis of the solution conformation and
dynamics of these peptides, and is the subject of
ongoing investigations.
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liquid chromatography
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ABSTRACT

A direct and specific identification of porcine pancreatic kallikrein by high-performance hydrophobic chromatography is proposed;
the minimum amount which can be injected is 2.5 U. An application to the quantitative determination of the enzyme by high-
performance size-exclusion chromatography is reported; the method is precise with 2 mean coefficient of variation of 2.8% and the
minimum amount which can be injected is 0.02 U of kallikrein. The results obtained with determinations in real biological samples
(porcine pancreatic powder and human urine) are reported. The method is based on direct and specific chromatographic signals and

does not destroy the biological activity of this enzyme.

INTRODUCTION

Kallikrein is a serine protease occurring in vari-
ous tissues and body fluids of humans and other
mammals. Various methods [1-17] have been re-
ported for the determination of kallikrein activity.
Measurement by a synthetic peptide substrate assay
using esters [6-12], e.g. N*-benzoyl-L-arginine ethyl
ester (BAEE) [6], is commonly used; however, these
substrates are not specific for kallikrein, but show a
generic esterase activity.

This paper proposes a direct and specific identifi-
cation of porcine pancreatic kallikrein by high-per-
formance hydrophobic interaction chromatogra-
phy (HPHIC) and an application to the quantita-
tive determination of this enzyme by high-perform-
ance size-exclusion chromatography (HPSEC) in
various batches of commercial products. The deter-
mination of the enzyme is accomplished without the
use of a substrate and possible errors owing to the
presence of compounds with esterase activity are
avoided.

This is a preliminary contribution to the study of
the behaviour of mammalian kallikreins in high-
performance liquid chromatography (HPLC) ow-
ing to the limited number of reports [13-16] describ-
ing the use of HPLC for this analysis.

0021-9673/92/$05.00 ©

EXPERIMENTAL

Reagents and materials

All chemicals were of analytical-reagent grade or
the highest purity available and were stored, when
necessary, as recommended by the manufacturer.
HPLC-grade ammonium sulphate was from Bio-
Rad Labs. (Richmond, CA, USA); porcine pan-
creatic kallikrein was from several lots from Sigma
(St. Louis, MO, USA), Calbiochem-Behring Diag-
nostics (Scoppito L’Aquila, Italy) and Unibios
(Trecate Novara, Italy); aprotinin was from Sigma.
Water was distilled once and then deionized using a
Milli-Q water purification system (Millipore, Bed-
ford, MA, USA). Aprotinin was bound to cyano-
gen bromide (CNBr)-activated Sepharose 4B ac-
cording to the method given by the manufacturer
(Pharmacia, Uppsala, Sweden); prolonged washing
cycles of alternately high and low pH were neces-
sary to obtain an acceptable HPLC background.

Econo columns, 10 x 1.0 cm LD. (Bio-Rad),
were used for the affinity chromatography.

Columns

HPHIC was performed on a 75 x 7.5 mm L.D.
column of Bio-Gel TSK Phenyl-5-PW (Bio-Rad).
HPSEC was performed on a 300 x 7.5 mm LD.

1992 Elsevier Science Publishers B.V. All rights reserved
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Ultropac column of TSK G3000 SW (LKB-Phar-
macia).

Apparatus

An LKB-Pharmacia DfB HPLC System One,
equipped with a Rheodyne 7125 injector, a 100-pul
injection loop and a LC 2249 gradient pump was
connected to a variable-wavelength 2141 monitor.
The UV detector was operated at 220 nm. The out-
put from the detector was displayed on the 2221
integrator (LK B-Pharmacia).

Chromatographic separations

HPHIC was carried out at a flow-rate of 1.0 ml/
min with a 30-min linear salt gradient obtained con-
trolling buffer A (1.8 M ammonium sulphate in 0.1
M phosphate, pH 7.0) and buffer B (0.1 M phos-
phate, pH 7.0) using a solvent programmer at 20—
25°C.

HPSEC was performed using a mobile phase of
0.15 M phosphate buffer in 0.1 M sodium chloride
at a flow-rate of 1.0 ml/min. Bovine serum albumin
(MW 67 000), ovalbumin (45 000), a-chymotrypsi-
nogen (25000) and cytochrome C (12 400) were
used as standards for the calculation of molecular
weight. A linear calibration graph of retention time
versus log molecular weight is shown in Fig. 1.

Inhibition assays

Inhibition assays were performed using BAEE as
a substrate according to the method of Trautschold
and Werle [6]. A Perkin-Elmer Lambda 17 spectro-
photometer was used for absorbance measure-
ments.

5.0
4.8
4.6

log M,
4.4f

T

4.2

1 1 1 i
4'08 I 9 10 11

Retention Time in min

Fig. 1. Calibration graph obtained using protein molecular
weight standards.
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Procedure

Aqueous solutions of porcine pancreatic kallik-
rein, buffered with 0.1 M phosphate (pH 8.0) con-
taining ca. 100 U of enzyme, were prepared and 100
ul, containing about 10 U were directly assayed by
the HPHIC technique.

Samples prepared as above were transferred onto
the aprotinin—Sepharose 4B column (bed volume
ca. 2 ml) previously equilibrated with 0.1 M sodium
hydrogencarbonate in 0.5 M sodium chloride (pH
8.3). The eluate was passed through the same col-
umn twice. The column was then washed with at
least ten bed volumes of the same buffer solution to
remove unbound substances prior to elution. The
kallikrein bound to immobilized aprotinin was fully
recovered by elution with 0.1 M sodium acetate—
acetic acid (pH 4.5) in 1.0 M sodium chloride. At
this pH value, the enzymatic activity does not de-
crease. The resulting solution, ca. 80 ml, was con-
centrated by ultrafiltration through an Amicon
YM-10 membrane to 5.0 ml, and a 100-ul aliquot
was assayed by the HPHIC technique.

Amounts of kallikrein in the 1-10 U range were
processed through the aprotinin column as de-
scribed above and were recovered in 5.0 ml. A
100-ul volume of the resulting solution was assayed
by HPSEC.

Calibration graph :

Aliquots of porcine pancreatic kallikrein result-
ing from the second procedure were standardized
by the BAEE method and analysed by HPSEC as
calibration samples. The calibration graph of peak
area versus units of kallikrein injected (0.02-20) was
obtained from a least-squares linear regression.

RESULTS AND DISCUSSION

Preliminary investigations carried out with re-
versed-phase (RP) HPLC columns were unsuccess-
ful, despite the different hydrophobicities of the
phases used. With the HPHIC column good results
were obtained in terms of resolution, the reproduc-
ibility of peak areas and recovery. Fig. 2 shows the
chromatogram resulting from the direct injection of
an aliquot of a commercial sample. Extraneous sub-
stances, inactive versus aprotinin, can be removed
by processiiig, 4s described under Experimental.
Fig. 3 shows the elution profile obtained; it is typ-
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Fig. 2. Chromatogram of commercial pure porcine pancreatic
kallikrein (2.5 U in 0.1 ml) obtained on Bio-Gel TSK Phenyl
SPW column (75 x 7.5 mm) at a flow-rate of 1.0 ml/min with a
30-min linear gradient of ammonium sulphate concentration
from 1.8 to 0 M in 0.1 M phosphate buffer (pH 7.0). Percentage
of B indicates the percentage of buffer B.

ical for all batches of porcine pancreatic kallikrein
(Sigma and Calbiochem) examined and is charac-
terized by the appearance of peaks a—d. According
to other workers [3], multiple forms are observed
for this enzyme, explained in terms of a intra-chain
split occurring in the various purification steps. The
volume fraction corresponding to the elution profile
of the various peaks of kallikrein (Fig. 3) was exam-
ined for enzymatic activity. As a reference, an
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Fig. 3. Chromatogram of processed pure porcine pancreatic kal-
likrein (2.5 U in 0.1 ml). Conditions as in Fig. 2.
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amount of kallikrein equal to that injected was di-
luted to the same volume fraction with the same
chromatographic eluent mixture; the esterase activ-
ity shown by the chromatographic effluent and by
the reference solution was almost identical, indicat-
ing a quantitative recovery from the HPLC column.
The minimum injectable amount which could be de-
termined by the HPHIC technique was 2.5 U.

Among the active substances which can be ex-
pected in samples containing kallikrein is trypsin,
although this enzyme can be selectively inhibited by
the addition of soybean trypsin inhibitor [3]. Eluate-
fractions corresponding to the single peaks a—d
(Fig. 3) were collected and separately injected for
measurement by HPSEC. All the forms gave the
peak shown in Fig. 4. The molecular weight of this
compound was calculated to be ca. 30 000, compat-
ible with that of porcine pancreatic kallikrein [3].
These results show that the multiple peaks observed
in the elution profile obtained with HPHIC (Fig. 3)
are due to forms of kallikrein with similar struc-
tures.

The response obtained with HPSEC has been
used for the quantitative determination of kallik-
rein in the diluted samples, owing to its higher sensi-
tivity than HPHIC. The results are reported in Ta-
ble I. The minimum amount in the original samples
which can be detected is 1.0 U. The minimum
amount which can be injected is 0.02 U.

These results are promising enough to justify de-
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Fig. 4. Chromatogram of processed pure porcine pancreatic kal-
likrein obtained on TSK G3000 SW column (300- x 7.5 mm)

using a mobile phase of 0.15 M phosphate buffer (rH 7.0)in 0.1
M sodium chloride at a flow-rate of 1.0 ml/min.
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TABLE 1
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EVALUATION OF THE ACCURACY, PRECISION AND RECOVERY OF THE METHOD

Mean coefficient of variation is 2.8%.

Sample Amount of kallikrein Amount of kallikrein C.V. Recovery®
No. processed® (U) found®(U) (%) (%)

1 1.00 0.96£0.043 4.5 96

2 2.00 1.94£0.04 2.6 97

3 5.00 490+0.11 2.2 98

4 8.00 7.60+0.19 2.5 95

5 10.0 9.90+0.22 2.2 99

¢ Standardized by BAEE method.
® Mean + S.D. (n=35).

¢ Calculated from the activity measured in the samples collected after chromatographic elution.

termining the chromatographic behaviour of kallik-
rein in real biological samples such as crude kallik-
rein from procine pancreatic powder (Unibios) and
human urine.

Crude kallikrein ‘

Porcine pancreatic powder was suspended in buf-
fer solution B and filtered through a Minisart NML
Sartorius 0.2-um filter. Figs. 5 and 6 show the chro-
matograms obtained before and after purification
with aprotinin according to the first and second
procedures. In Fig. 5 the elution profile of kallikrein

220nm —

Absorbance

T
0 4 8 12 16

Fig. 5. Chromatogram obtained from porcine pancreatic powder
dissolved in buffer B, filtered through a Minisart NML Sartorius
0.2-um filter and directly injected onto the column. Conditions
as in Fig. 2.

T T U U T . .
20 24 28 32 36 Time/min

is hidden by several peaks of extraneous substances
present in the raw material. Only peak d is predom-
inant in Fig. 6 and the elution profile is similar to
that showed in Fig. 3; the predominance of only
peak d can be explained by the small number of
purification steps undergone by the raw material.

Human urine

The pH of a measured volume of urine (1500 ml)
from a normal subject was adjusted to pH 8.0 by the
addition of 2 M sodium hydroxide. After centrifu-
gation (4390 g) for 10 min, the supernatant was
transferred by a peristaltic pump (P1, Pharmacia,
flow-rate 5.0 ml/min) to the aprotinin—Sepharose
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Fig. 6. Chromatogram of processed kallikrein from the crude
material of Fig. 5. Conditions as in Fig. 2.
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Fig. 7. Chromatogram of processed human urinary kallikrein.
Conditions as in Fig. 4.

4B column. The affinity column was washed with
about 200 ml of equilibrating buffer (0.1 M sodium
hydrogencarbonate in 0.5 M sodium chloride, pH
8.3) before the elution of urinary kallikrein. The en-
zyme was cluted with 0.1 M acetate buffer, pH 4.5,
and collected in 5.0 ml of buffers. The very low
amount of urinary kallikrein recovered does not al-
low a signal to be obtained with the HPHIC col-
umn,

Fig. 7 shows the elution profile obtained by in-
jecting 100 ul of sample onto the HPSEC column.
The molecular weight was calculated to be ca.
45 000, according to the reported value [16,17].

Work is now in progress to establish a precise,
specific and convenient assay for urinary kallikrein.

CONCLUSIONS

From the data presented here, it can be seen that
HPHIC and HPSEC are suitable methods for the
identification and determination of kallikrein. The
procedures provide adequate alternatives to the
sometimes complicated separation techniques and
the unspecific determination currently used. The
methods show an adequate accuracy, which is in-
dicated by the almost complete recovery of kallik-
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rein over the concentration range studied, and does
not destroy the biological activity of this substance.
The method could be used as a control in the pro-
duction of kallikrein; the method is advantageous
because it is based on direct and specific chromato-
graphic signals.
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ABSTRACT

a-Glucosidase is an enzyme widely used in biochemical analytical methods. Aspergillus niger was selected as a potential source for its
production. Conditions for glucosidase production were optimized and the enzyme was isolated from the culture supernatant by
dialysis and anion-exchange chromatography. The activity of the enzyme was determined by maltose hydrolysis to glucose, which was
determined using a glucose-specific electrode or by high-performance liquid chromatography. The isolated enzyme was further charac-
terized by sodium dodecyl sulphate-polyacrylamide gel electrophoresis, substrate specificity and fast protein liquid chromatography.
The Michaelis constant, optimal temperature and stability of the enzyme preparation were determined.

INTRODUCTION

a-Glucosidase  (a-D-glucoside  glucohydrolase,
E.C. 3.2.1.20) [1] is a hydrolytic enzyme which is
used mainly in clinical biochemistry for determina-
tion of a-amylase activity [2-4] in blood and serum.
This determination is important for the diagnosis of
diseases of the gall bladder and pancreas. Fleet et al.
[5] have suggested that there is a relation between
a-glucosidase and human immunodeficiency virus
(HIV) activity.

It is found in many microorganisms, however,
often together with glucoamylase (a-1,4-glucan-
glucohydrolase, E.C. 3.2.1.3). As long as both those
enzymes hydrolyse maltose, they are not always
properly differentiated. Glucoamylase hydrolyses
@-1,4-polysaccharide (glucan) bonds with the release
of glucose. It is also possible to break a-1,6 bonds.
a-Glucosidase hydrolyses «-1,4 or «-1,6 bonds
in short oligosaccharides. Enzymes isolated from
different sources sometimes possess different spec-
ificity towards maltose and isomaltose, and to

0021-9673/92/$05.00 ©

p-nitrophenyl-a-D-glucopyranoside, sometimes dis-
tinguished as maltase and a-glucosidase.

Both extracellular and intracellular «-glucosidase
producers and the substrate specificity and other
characteristics of isolated enzymes are reviewed by
Kelly et al. [6]. The production of a-glucosidase by
selected microorganisms can be enhanced by selec-
tion of a suitable medium, usually containing a
substrate [7,8] of the enzyme reaction as an inducer.

The isolation and purification of enzyme from
fermentation broth is performed after the separation
of cells by centrifugation or filtration. For extra-
cellular enzyme the dialysis of supernatant is recom-
mended [9-11]. Precipitation by ammonium sul-
phate [10,11] or isopropanol [12] has been described
as the next step. Ethanol was not recommended by
Martin-Rendon et al. [13} because it inhibited the
activity of a-glucosidase from Saccharomyces and
Candida. However, precipitation does not separate
the amylase activity, and this is a main goal of the
purification. The enzyme can be further purified by
chromatographic techniques. Gel permeation chro-
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matography [10,14] on Sephadex G-150 has been
applied to the separation of a-glucosidase and
maltase activity in Bacillus licheniformis. lon-
exchange chromatography has been applied to the
separation of a-glucosidase and amylase activity on
DEAE-Bio-Gel A [12].

Measurement of a-glucosidase activity is usually
based on determination of the glucose released by
the enzyme. Glucoamylase can be distinguished by
its ability to hydrolyse starch [15].

The different authors cited above used different
nomenclature for the enzymes which catalyse the
hydrolysis of a-glucosidic bonds. Thus the aim of
our paper was not only to find a quick and simple
method of separating glucosidases with different
specificity, but also the proper characterization of
these enzymes, produced by Aspergillus niger.

. EXPERIMENTAL

Materials

Tested microorganisms were obtained from the
collection of the Department of Biochemistry and
Microbiology, Institute of Chemical Technology,
Prague.

Chemicals

Yeast autolysate, peptone and casein hydrolysate
were from Imuna Sari§ské Michalany, Czecho-
slovakia. p-Nitrophenyl-a-D-glucopyranoside, Coo-
masie Blue R-250, acrylamide, N,N-methylene bis-
acrylamide and sodium persulphate were from Serva,
Heidelberg, Germany. Tris(hydroxymethyl)amino-
methane (Tris) was from Fluka, Buchs, Switzerland,
N,N,N,N-tetramethylenethylenediamine (TEMED)
and sodium dodecyl sulphate (SDS) were from
Sigma, St. Louis, MO, USA, and starch (Zulkovski)
was from Merck, Darmstadt, Germany. Other chem-
icals used were of reagent grade from Lachema,
Brno, Czechoslovakia. Urasol (3.7 mA urany! ace-
tate in 0.15 M sodium chloride) was from the
Oxochrom glucose diagnostic kit (Lachema).

Instruments

Cultivation was performed in an RT-50 rotary
shaker (Developing Workshops, Czechoslovak
Academy of Sciences, Prague, Czechoslovakia). The
cooled centrifuge was a Model K-24 from Janetzky,
Germany. A 195 D UV spectrometer (Spectromom,
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Budapest, Hungary) was usd to measure protein
content. Ultrafiltration membranes were from Mili-
pore, Milford, MA, USA, Dialysis membranes were
from Serva, Heidelberg, Germany. The fast protein
liquid chromatography (FPLC) system with a
Mono-Q HR 5/5 column was from Pharmacia LKB,
Bromma, Sweden. The high-performance liguid
chromatography (HPLC) system used for activity
measurement consisted of a 64 HPLC pump
(Knauer, Bad Homburg, Germany), a 7125 injec-
tion valve (Rheodyne, Palo Alto, CA, USA), and an
RIDK 102 refractometric detector (Laboratory In-
struments, Prague, Czechoslovakia). A 250 x 4 mm
1.D. (Tessek Separon SGX RPS 5 um) with coupled
3 x 30 mm compact glass cartridge guard columns
(Tessek Separon HEMA-BIO 1000 SB 10 um in
hydrogen form) and HEMA-BIO 1000 Q 10 um in
hydroxide form, as well as HEMA-cart DEAE
cartridges were from Tessek, Prague, Czechoslova-
kia. The oxygen-selective electrode and MMP 003
low current measurement instrument were from
Chemoprojekt, Satalice, Czechoslovakia. Vertical
electrophoresis unit EV1 was from Developing
Workshops. The Multitemp 2219 cooling unit was
from LKB, Bromma, Sweden and the OK-104
conductometer and pH meter were from Radelkis,
Budapest, Hungary.

Cultivation media

(a) Complete medium contained 5 g of yeast
autolysate, 3 g of peptone, 3 g of casein hydrolysate,
10 g of glucose and distilled water to 1000 ml.

(b) Czapek-Dox medium contained 2 g of NaNO3,
0.5gof KH,PO,, 0.5 g of K,HPO,, 0.5 g0of MgSO, -
7H,0, 0.01 g of FeSO, - 7TH,0, 10 g of glucose and
distilled water to 1000 ml.

(c) Modified Czapek-Dox medium contained the
same as above except 10 g of glucose were substi-
tuted by 1 g of glucose and 9 g of maltose.

(d) Modified Czapek-Dox medium contained the
same as above except 10 g of glucose were substi-
tuted by 1 g of glucose and 9 g of soluble starch.

Cultivation of microorganisms

A 150-ml aliquot of culture medium was inocu-
lated with 7 ml of inoculum (medium A inoculated
with cells from agar plate for 24 h at 28°C). The
cultivation proceeded for 48 h at 28°C on a rotary
shaker. The cells were then separated by centrifuga-
tion at 1500 g for 20 min at 4°C,
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For the Aspergillus niger, which produced a
pellet-form biomass, another inoculation method
was used. The spores were washed from the agar
plate with sterile distilled water, and the suspension
was filtered and used for medium inoculation.
Cultivation proceeded for 72 h at 28°C on a rotary
shaker. The biomass was then separated by filtration
through a Biichner funnel.

Dialysis

Dialysis was performed against 0.01 M phosphate
buffer (pH 6.5) at 4°C for 16 h with several changes
of buffer. The process was controlled by conduc-
tivity measurement.

Ultrafiltration

The medium after cultivation and dialysis was
ultrafiltered at 4°C through Pellicone membrane
with an exclusion limit of 10* at 0.5 MPa. After
concentration to one-quarter of the original volume
the ultrafiltrate was diluted twice and again concen-
trated to one-quarter of the volume.

Precipitation

The medium remaining after cell separation was
precipitated with solid ammonium sulphate for 20 h
at 4°C. The precipitate was separated by centrifuga-
tion and resolved in 0.1 M phosphate buffer pH 5.8.

Anion-exchange chromatography on HEMA-cart
DEAE

A 5-mlaliquot of dialysed medium was applied on
an equilibrated cartridge (5 ml of distilled water and
5 ml of 0.01 M phosphate buffer pH 6.5) from a
hypodermic syringe and eluted with 3-ml portions of
increasing sodium chloride concentration in phos-
phate buffer.

Anion-exchange chromatography on Mono-Q HR 5/5
column

A 2-ml aliquot of dialysed medium was applied on
a column equilibrated with 0.01 M phosphate buffer
pH 6.5 and eluted with a sodium chloride gradient at
I ml/min. Fractions of 1 ml were collected.

Protein content measurement

The protein content was determined [16] from the
adsorbance at 260 and 280 nm using the formula
1.45 x Aygo — 0.74 x A, (in mg/ml). The cell
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mass was determined gravimetrically after washing
with distilled water and drying to constant weight.

SDS-polyacrylamide gel electrophoresis was per-
formed according to Laemmli {17].

Activity measurement

Enzyme activity was measured by determination
of glucose released from maltose. A 1-ml aliquot of
2% maltose in 0.1 M phosphate buffer pH 5.8 was
incubated with 1 ml of sample for 30 min at 40°C.
The reaction was terminated with 0.5 ml of the
deproteinization reagent Urasol. After 10 min, the
precipitate was separated by centrifugation and the
glucose in the supernatant was determined. Two
blank controls containing no maltose and no en-
zyme were measured simultaneously. Substrate
specificity was measured for p-nitrophenyl-a-D-
glucopyranoside and soluble starch using the same
procedure.

Glucose determination [18]

The oxygen-selective electrode was covered with a
nylon mesh containing immobilized glucose oxidase
and catalase. The determination was performed at
30°C in a mixture of 1.4 ml of phosphate buffer and
0.1 ml of sample. Oxygen depletion was measured
and evaluated from maxima height. The system was
calibrated before each measurement with standard
glucose solutions. Alternatively, HPLC determina-
tion on a 250 x 4 mm L.D. steel column (Tessek
Separon SGX RPS 5 um octadecyl-modified silica
column) was peformed with distilled water as the

TABLE I

EXTRACELLULAR ACTIVITY OF o-GLUCOSIDASE IN
THE MEDIUM AFTER CULTIVATION

Microorganism Activity
(nkat/ml)

Endomyces magnusii 0
Hansenula anomala 51.0
Saccharomyces cerevisiae 71.0
Saccharomyces cerevisiae type Malaga 99.6
Saccharomyces cerevisiae type Palestina 99.6
Schizosaccharomyces pombe 63.9
Aspergillus niger 105.0
Penicillium citrinum 112.4
Penicillium brevicompactum 51.3
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eluent at a flow-rate of 0.5 ml/min with refracto-
metric detection. When coupled with HEMA-BIO
1000 SB and HEMA-BIO 1000 Q guard columns the
system enabled direct injection of buffered samples
without disturbance normally caused by the salts.
The system was calibrated with glucose and maltose.

RESULTS AND DISCUSSION

Cultivation conditions

From nine tested producers (Table I) Aspergillus
niger was selected as a promising source owing to its
high production rate.

Surprisingly, inoculation with a suspension of
spores led to higher activity production than the
classical inoculation with a culture inoculum. Many
smaller uniform pellets were formed, rather than
only a few non-uniform pellets. The activity pro-
duced is compared in Table II.

In agreement with the literature, the highest
activity production was achieved with maltose as a
carbon source (Table III). The maximum activity
was produced after 4 days of cultivation later the
activity decreased (Fig. 1).

Isolation

As the first step in enzyme isolation after filtration
dialysis, ultrafiltration and ammonium sulphate
precipitation were tested. The results are given in
Table IV. Ultrafiltration caused a high loss of
activity, while, probably because of a low protein
concentration, precipitation was unsuccessful, no
filterable precipitate being formed even under 100%
saturation. The filtrate was thus dialysed and further
purified by ion-exchange chromatography on anion
exchangers. The results from HEMA-cart DEAE

TABLE 11

PRODUCTION OF «-GLUCOSIDASE BY A. NIGER AFTER
DIFFERENT INOCULATION METHODS

Method Activity Dry mass  Specific
(nkat/ml)  (g/ml) activity
(nkat per g
of dry mass)
Standard 9.0 0.1 90
Suspension of spores  26.7 0.09 297
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TABLE III

DEPENDENCE OF EXTRACELLULAR a-GLUCOSIDASE
PRODUCTION ON THE CARBON SOURCE

Carbon source Activity
(nkat/ml)
Glucose 7.0

Glucose + starch 11.2
Glucose + maltose 26.7

separation are given in Fig. 2, while the FPLC
separation on Mono-Q column is shown in Fig. 3.
The results are summarized in Tables V and VI

In addition to better recovery in the first case, i.e.,
with DEAE HEMA cartridges, the method is very
quick, simple and does not require special equip-
ment. Good separation of giucosidases with differ-
ent substrate specificity was achieved in two isola-
tion steps, dialysis and ion-exchange chromatog-
raphy, which is a significant simplification in com-
parison with the procedures stated in literature. The
degree of purification achieved in the chromato-
graphic step, especially for maltase fraction, was
very good (10.5).

Characterization

Two active fractions were isolated, the first exhib-
iting maltase activity, the second glucoamylase
activity. Substrate specificity is compared in

30 10
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Dry mass (%)

Activity (nkat/ml)
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2 3 4 5 6 7
Time (days)

Fig. 1. Time dependence of the o-glucosidase production in

Aspergillus niger. O—D0 = Activity; A--- A = dry mass.
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TABLE 1V
EFFECTIVENESS OF FIRST ISOLATION STEPS

Method Activity (nkat/ml)
Before After
Dialysis 24.0 21.5

Ultrafiltration ~ 24.2 13.0
Precipitation 24.0 No precipitate formed

Table VII. The characteristic parameters for both
isolated enzyme fractions are summarized in
Table VIIIL. The dependence of activity on temper-
ature is given in Fig. 4, while the pH dependence of
the crude enzyme preparation is shown in Fig. 5.
According to SDS-PAGE, two and three protein
impurities are present in the enzyme fractions,

UV absorbance Conc. NaCl (mol/)

100 sens 10

50 0.5

0 frr 0.0
Activity
1 1 i 1 1
0 5 10 15 20 25 30
Volume {mi)

Fig. 2. Anion-exchange chromatography on HEMA-cart DEAE.
1 = o-Glucosidase; 2 = glucoamylase. For conditions see
Experimental section.
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UV absorbance Conc. NaCl {mol/)

100 REREER 1))

0 5 10 15 20 25 30

Volume (ml)

Fig. 3. Anion-exchange chromatography on Mono-Q HR 5/5
column. For conditions see Experimental section.

respectively, none of which possessed a-amylase
activity. To obtain a homogeneous preparation,
further purification steps would thus be necessary.

Activity determination by HPLC

As a routine method for activity measurement
the glucose-selective enzymic electrode was used
throughout the work. For comparison, the HPLC

TABLE V

ANION-EXCHANGE CHROMATOGRAPHY ON HEMA-
CART DEAE

Sample Total Total  Specific Purifi- Recov-
activity  protein activity cation ery
(nkat) (mg) (nkat/mg) factor (%)

Applied 71.56 1.25 57.32

Fraction 1 42.00 0.07 600 10.47 9.1

Fraction 2 24.00 041 58.54 1.02 ’
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TABLE VI

ANION-EXCHANGE CHROMATOGRAPHY ON MONO-Q
HR 5/5

Sample Total Total  Specific Purifi- Recov-
activity ~ protein activity cation ery
(nkat) (mg) (nkat/mg) factor (%)

Applied 28.00 0.52 53.85

Fraction 1 13.34 0.05 266.80 4.95 69.07

Fraction 2 6.00 0.11 54.54 1.01 ’

TABLE VII
SUBSTRATE SPECIFICITY OF ISOLATED FRACTIONS

Glucoside = p-nitrophenyl-a-D-glucopyranoside.

Substrate Activity (nkat/ml)

Fraction 1 Fraction 2
Maltose 12.5 7.3
Starch 0 25.0
Glucoside 0 0
TABLE VII1

CHARACTERISTIC PARAMETERS OF ISOLATED EN-
ZYME FRACTIONS

Parameter Fraction 1 Fraction 2
Substrate specificity Maltase Glucoamylase
Weight-average mol. wt.

(SDS-PAGE) 131 000 89 000
Optimal temperature 40°C 60°C
Michaelis constant 7.87 - 1073 mol/l 3.13 - 1072 g/ml
(Substrate) Maltose Starch

Limiting velocity (Vjim)
Remaining activity

12.93 nkat/ml 82.7 nkat/ml

15 days at 4°C 79% 54%
15 days at —20°C 59% 79%
No. of protein impurities 2 3

determination was tested. The HPLC method en-
ables determination of both substrate (maltose) and
product (glucose), and has the potential to deter-
mine higher oligossaccharides also. A comparison of
the results is given in Table IX. The agreement of

K. BRIZOVA et al.
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Fig. 4. Temperature dependence of activity of enzyme fractions.

Highest activity taken as 100%. A---A = Glucoamylase;

H—B = maltase.

both methods is satisfactory; the differences can be
probably explained by a wider substrate specificity
of the enzyme electrode. The chromatograms are
given in Fig. 6. As long as the method takes only a
little longer time to perform (analysis time 6 min)
and the filtrate after protein precipitation is injected
without any pretreatment, it can be an useful
alternative method. The advantages will be better
specificity and use of lower sample volumes.

30

™
=3
L

Activity (nkat/ml)

<
L

0

0 2 4 8 8 10
pH

Fig. 5. pH dependence of crude enzyme activity (before separa-

tion of fractions).
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TABLE IX

COMPARISON OF GLUCOSE DETERMINATION BY EN-
ZYMIC ELECTRODE AND BY HPLC

Sample Electrode HPLC
Enzyme sample

Glucose 6.9 mmol/l  6.14 mmol/l

Maltose 5.88 mmol/l
Blank without enzyme

Glucose 2.2 mmol/l 0.0 mmol/l

Maltose 10.17 mmol/1
Blank without substrate

Glucose 0.5 mmol/t  0.45 mmol/l

Maltose 0.22 mmol/l
Activity 14 nkat/m! 19 nkat/ml
150.00]

2
130.00]
110.00]
1
sn.0n LB .
70.00 |
A A
[
50.00 ' g:00 1:48 3:36 5:24 T
time (min}

Fig. 6. HPLC determination of glucose and maltose for activity
measurement. | = Glucose; 2 = maltose. (A) Measured sample;
(B) blank (no sample); (C) blank (no maltose).

CONCLUSIONS

Two enzyme fractions isolated from Aspergillus
niger exhibited maltase and glucoamylase activities
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as determined by anion-exchange chromatography.
Basic characterization of both fractions was per-
formed.
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ABSTRACT

High-performance liquid chromatography-thermospray mass spectrometry was applied to the analysis of various radiation-induced
decomposition products of thymidine including N-(2-deoxy-f-p-erythro-pentofuranosyl)formamide and the various diastereomers of
5,6-dihydroxy-5,6-dihydrothymidine, 5-hydroxy-5,6-dihydrothymidine and 5,6-dihydrothymidine. This method combines high sensi-
tivity and product resolution, rendering it particularly useful for monitoring the formation of radiation-induced base damage within

DNA.

INTRODUCTION

Measurement of individual base damage within
DNA on exposure to radical agents such as ionizing
radiation and hydroxy! radicals still remains a chal-
lenging analytical problem. Various methods in-
volving either high-performance liquid chromatog-
raphy (HPLC) or gas chromatography (GC) have
been developed for the separation of the complex
mixture of modified DNA components (for recent
reviews, see refs. 1-3). Sensitive detection of DNA
lesions can be achieved by using various methods,
including amperometry [4,5] as well as colorimetric
[6], fluorescent [7] and radioactive [8] post-labell-
ings. Mass spectrometry (MS) is mostly used in
combination with GC analysis [9,10]. On the other
hand, this accurate method of detection has not of-
ten been associated with HPLC, only two examples
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of the application of HPLC-MS to measuring radi-
ation-induced DNA base damage being available in
the literature [11,12].

The main objective of this study was to explore
the possibility of using the on-line HPLC-MS tech-
nique for monitoring the formation of radiation-
mediated decomposition products of the base moie-
ties of nucleic acids. We report here the HPLC-
thermospray (TSP) MS analysis of the main radi-
ation-induced decomposition products of thymine
and its 2’-deoxyribonucleoside obtained in both
acrated and oxygen-free aqueous solutions. The
choice of both base and nucleoside decomposition
products of the same DNA component (thymine)
was dictated by the fact that these compounds may
be obtained either by mild acidic hydrolysis [13] or
by enzymic digestion of modified DNA [1]. This al-
lows a comparative study of the thermospray mass
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spectrometric features of the two classes of com-
pounds with emphasis on the sensitivity of detec-
tion.

EXPERIMENTAL

Chemicals

Thymine and 5,6-dihydrothymine were obtained
from Sigma (St. Louis, MO, USA) Thymidine was
purchased from Genofit (Geneva, Switzerland) and
was used without further purification.

5-Hydroxy-5,6-dihydrothymine was synthesized
according to Nofre et al. [14]. The four cis and trans
diastereomers of 5,6-dihydroxy-5,6-dihydrothymi-
dine were prepared by mild alkaline hydrolysis of
trans-(SR,6R)- and -(55,65)-5-bromo-6-hydroxy-
5,6-dihydrothymidine [15). The 5R and 5S dia-
stereomers of 5,6-dihydrothymidine and 5-hy-
droxy-5,6-dihydrothymidine were obtained by
gamma radiolysis of thymidine in oxygen-free aque-
ous solutions containing cysteine [16]. N-(2-Deoxy-
B-D-erythro-pentofuranosy)formamide was pre-
pared by menadione photooxidation of thymidine
and purified by HPLC [17].

High-performance liquid chromatography

The HPLC separations of the various radiation-
induced decomposition products of thymine and
thymidine were performed using an HP 1090 system
(Hewlett-Packard). Octadecylsilyl silica gel ODS 1
(100 mm x 4.6 mm 1.D.) and/or ODS-2 (50 x 4.6
mm 1.D.) reversed-phase analytical columns were
packed with 3- and 5-um particles, respectively
(Whatman, Hillsboro, OR, USA). Samples were in-
troduced using a Rheodyne (Berkeley, CA, USA)
Model 7125 injection valve equipped with a 100-ul
loop. The isocratic mobile phase was 0.1 M ammo-
nium acetate (pH 6) at a flow-rate of 0.8 ml/min.

Thermospray mass spectrometry

The HPLC-TSP-MS system consisted of an HP
5988A quadrupole mass analyser (Hewlett-Pack-
ard) and a Vestec (Houston, TX, USA) thermo-
spray interface equipped with a CC 100 Cryocool
immersion cooler. Acquisition and treatment of the
spectrometric data were achieved with an HP 9000
Model 216 computer. The conditions used for the
TSP-MS analysis were as follows: filament, “mode
on”; stem temperatuic, 140°C with a tip temper-
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ature of 220°C; electron multiplier voltage, 2500;
temperature of the source, 300°C; and calibration of
the spectra was achieved by using polypropylene
glycol.

RESULTS AND DISCUSSION

The thymidine decomposition products which
were analysed include the SR and 5§ diastereomers
of 5,6-dihydrothymidine and 5-hydroxy-5,6-dihy-
drothymidine, the four cis and trans diastereomers
of §,6-dihydroxy-5,6-dihydrothymidine and N-(2-
deoxy-B-D-erythro-pentofuranosyl)formamide. In
addition, 5,6-dihydrothymine, 5-hydroxy-5,6-dihy-
drothymine and cis-5,6-dihydroxy-5,6-dihydrothy-
mine, the corresponding racemic 5,6-saturated thy-
mine derivatives and thymidine were also included.
It is worth noting that N-(2-deoxy-f-D-erythro-pen-
tofuranosyl)formamide and the four diastereoiso-
meric thymidine glycols are two of the three main
classes of decomposition products of thymidine
arising from both hydroxyl radical reactions [18-20]
and electron transfer processes [21,22]. The latter
oxidation reaction, which may be initiated by both
high-intensity laser pulses and photosensitization
[22], involves the transient formation of a pyrimi-
dine radical cation [21,22]. It is also interesting that
the SR and 55 diastereomers of 5,6-dihydro-
thymidine and 5-hydroxy-5,6-dihydrothymidine
were found to be the main radiation-induced de-
composition products of thymidine in deaerated
aqueous solutions when cysteine, a known radio-
protector agent, was present [14].

HPLC-TSP-MS of thymidine

HPLC-TSP-MS was performed in either the pos-
itive or negative-ion mode (Figs. 1 and 2). It is in-
teresting to note an almost complete lack of frag-
mentation in the negative-ion spectrum with a pre-
dominant quasi-molecular ion at m/z 301 M +
CH;COO) ™ and a relatively minor fragment at m/z
125 (thymine ~H)~. In the positive-ion mode the
fragment corresponding to the cleavage of the N—
glycosidic bond at m/z 127 (thymine + H)™ is the
base peak. However, a significant quasi-molecular
ion at m/z 243 (M + H)™" is also observed.
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Fig. 1. Scale corrected thermospray mass spectrum in the posi-
tive-ion mode of thymidine. HPLC and TSP conditions as de-
scribed under Experimental.

Comparative HPLC-TSP-MS analysis of the SR
.and 5§ diastereomers of S-hydroxy-5,6-dihydrothy-
midine and 5,6-dihydrothymidine

The positive-ion thermospray mass spectra of the
5R and 5S diastereomers of 5-hydroxy-5,6-dihy-
drothymidine are presented in Figs. 3 and 4. The
two spectra are almost identical, indicating that the
stereochemistry at C-5 does not exert any signif-
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Fig. 2. Scale corrected thermospray mass spectrum in the nega-
tive-ion mode of thymidine.

Q

HNJtECH’
“OH
100 261 )\ "

0 N H
80 RO 0
o 60
¢ HO
s 40
2
3 2 278
Pl o AT
150 200 250 300 350
Mass /Charge .

Fig. 3. Scale thermospray mass spectrum (positive-ion mode)
obtained from (5R)-5-hydroxy-5,6-dihydrothymidine.

icant influence on the fragmentation pattern. Both
molecules show little fragmentation with character-
istic quasi-molecular ions at m/z 261 (M + H)*
(base peak) and m/z 278 (M + NH,)*.

It is of interest that the positive- and negative-ion
spectra of the 5R and 5§ diastereomers of 5,6-di-
hydrothymidine exibit a predominant quasi-molec-
ular ion at m/z 245 (M + H)* and m/z 303 (M. +
CH3COO)™, respectively (data not shown). No
fragmentation of the pyrimidine ring is observed. In
addition, we note a complete lack of any fragment
corresponding to the release of the free base sub-
sequent to the cleavage of the N-glycosidic bond.
The only additional significant peaks which were
detected are the ions at m/z 262 (M + NH,)* and
mfz 243 (M — H)~, which exhibit relative intensi-
ties of 17-25% and 5-8% in the positive- and nega-
tive-ion spectra, respectively. Again, the mass spec-
tra of the SR and 5§ diastereomers are. identical.

The thermospray mass spectra of the racemic 5,6-
dihydrothymine and 5-hydroxy-5,6-dihydrothy-
mine exhibit two major peaks, which correspond to
the quasi-molecular ions (M + H)* and (M +
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Fig. 4. Scale thermospray mass spectrum (positive-ion mode)
obtained from (55)-5-hydroxy-5,6-dihydrothymidine.
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Fig. 5. (a) Total ion chromatogram (TIC) profile of (—)-zrans-
(55,65)- and (+)-cis-(5S,6R)-5,6-dihydroxy-5,6-dihydrothymi-
dine. (b) Scale corrected thermospray mass spectrum (negative-
ion mode) of (+)-cis-(5R,6S)-5,6-dihydroxy-5,6-dihydrothymi-
dine. (c) Scale corrected thermospray mass spectrum (negative-
jon mode; of (—)-trans-(58,68)-5,6-dihydroxy-5,6-dihydrothy-
midine.

NH,)™" in the positive-ion mode and (M — H)~
and M + CH;3COO)~ in the negative-ion mode.

HPLC-TSP-MS analysis of the cis and trans dia-
stereomers of 5,6-dihydroxy-5,6-dihydrothymidine
Fig. 5a shows the total ion chromatogram ob-
tained from the HPLC-TSP-MS analysis of a mix-
ture of the (—)-trans-(5S5,65)-and (+)-cis-(55,6R)-
5,6-dihydroxy-5,6-dihydrothymidine in the nega-
tive-ion mode. The two modified nucleosides are
well separated (« = 2.9), the trans diastereomer be-
ing eluted faster than the corresponding C-6 epimer
[6]. The fragmentation pattern of each of the two
diastereomers is similar. We note in particular the
presence of the two characteristic pseudo-molecular
jons at #/z 275 M — H)™ and m/z 335 (M +
CH;COO)~ (Fig. 5b and c). The main difference
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between the two spectra concerns the intensity of
the fragment m/z 218, which corresponds to the
cleavage of the N~glycosidic bond (base — H +
CH;COO)~. Under these conditions, the trans-
(6S)-diol appears to be more thermally unstable
than the cis-(6R)-diol. Similarly, the dehydration
process (m/z 257) which is likely to involve the loss
of the hydroxyl group at C-6 [23] is higher for the
trans-diol. Intense pseudo-molecular ions at m/z
277 (M + H)" and m/z 294 (M + NHy)" were
observed when the two thymidine glycols were ana-
lysed in the positive-ion mode (data not shown).

HPLC-TSP-MS analysis of N-(2-deoxy-2-§-D-
erythro-pentofuranosyl)formamide

The positive-ion mass spectrum of N(2-deoxy-f-
D-erythro-pentofuranosyl)formamide is shown in
Fig. 6. Very little fragmentation occurs, the relative
intensity of the ion at m/z 134 (1-amino-2-D-eryth-
ro-pentose) being only 10%. The two main frag-
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Fig. 6. Scaled thermospray mass spectrum (positive-ion mode)
and total ion chromatogram (TIC) profile of N-(2-deoxy-f-p-
erythro-pentofuranosyl)formamide.
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Fig. 7. Total ion chromatogram (TIC) profile of a mixture of
nucleobases and nucleosides: (1) 5-hydroxy-5,6-dihydrothymine,
(2)  (5R)-5-hydroxy-5,6-dihydrothymidine, (3) (58)-5-hy-
droxy-5,6-dihydrothymidine, (4) 5,6-dihydrothymine, (5) thy-
mine, (6) (5R)-5,6-dihydrothymidine, (7) (55)-5,6-dihydrothymi-
dine and (8) thymidine.

ments correspond to the characteristic quasi-molec-
ular ions at m/z 162 (M + H)* and m/z 179 (M +
NH,)*. It is also interesting that the base peak in
the negative-ion spectrum is the quasi-molecular
ion at m/z 220 (M + CH3COO)~ (data not shown).

Analysis of a complex mixture of radiation-induced
decomposition products of thymine and thymidine by
thermospray mass spectrometry in line with reversed-
phase HPLC

Fig. 7 shows the total ion chromatogram ob-
tained by reversed-phase HPLC-TSP-MS analysis
of a complex mixture of eight radiation-induced de-
composition products of thymine and thymidine. A
complete separation of the modified bases and nu-
cleosides was achieved on the ODS-3 column [24] in
less than 16 min by using 0.1 A ammonium acetate
as the mobile phase. The following compounds
were separated in decreasing order of elution: 5-hy-
droxy-5,6-dihydrothymine (1) > (5R)-5-hydroxy-
5,6-dihydrothymidine (2) > (55)-5-hydroxy-5,6-
dihydrothymidine (3) > 5,6-dihydrothymine (4) >

TABLE I

DETECTION LIMITS OF BASES AND NUCLEOSIDES IN
THE POSITIVE- AND NEGATIVE-ION MODES

Compound Amount (ng)
Thymidine 0.1-0.3
5,6-Dihydroxy-5,6-dihydrothymidines S
5-Hydroxy-5,6-dihydrothymidines 0.1
5,6-Dihydrothymidine 0.2

Thymine 0.1

thymine (5) > (5R)-5,6-dihydrothymidine (6) >
(55)-5,6-dihydrothymidine (7) > thymidine (8).

Quantitative aspects and sensitivity: selective ion
monitoring measurements

The sensitivity of detection of the modified bases
and nucleosides analysed by the HPLC-TSP-MS
method is significantly increased by using the selec-
tive ion monitoring (SIM) technique under opti-
mized conditions of measurement (source temper-
ature varying from 275 to 300°C according to the
compounds analysed, mode “on”). The detection
limits of several compounds were determined by
measuring the predominant pseudo-molecular ion
by using the SIM technique and are listed in Table
I. The detector response was linear with the amount
of the compounds being analysed, as illustrated for
the SR diastereomer of 5-hydroxy-5,6-dihydrothy-
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Fig. 8. Relationship between peak area on the SIM chromato-
gram and amount of (5R)-5-hydroxy-5,6-dihydrothymidine in
the (O0) positive- and (M) negative-ion modes.
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midine (Fig. 8). Similar behaviour was observed for
the other radiation-induced decomposition prod-
ucts of thymine and thymidine.

CONCLUSIONS

Reversed-phase HPLC-TSP-MS is a powerful
technique, combining efficient product separation
with detection sensitivity, for the accurate detection
of radiation-induced decomposition products of
thymine and thymidine. The method is an interest-
ing alternative (and probably a complementary
tool) to the GC-MS method [7], which requires a
derivatization step prior to the analysis. It is likely
that a similar range of sensitivity is provided by
both techniques, depending, however, on the nature
of the compounds to be analysed. In this respect, it
is worth noting that the sensitivity of detection of
the thymine glycol is relatively poor, irrespective of
the HPLC-MS or GC-MS approach used. On the
other hand, HPLC-TSP-MS has the potential to
detect one 5,6-dihydrothymine or 5-hydroxy-5,6-di-
hydrothymine residue per 10° nucleobases within
20-30 pug of DNA, which is similar to the sensitivity
offered by the HPLC-amperometric assay [4,5]. It
should be mentioned that accurate determination of
modified nucleobases and nucleosides would re-
quire, for both methods, the use of internal isotop-
ically enriched standards. '

Interesting and useful applications of the HPLC-
TSP-MS assay involve DNA repair studies (deter-
mination of substrate specificity for repair enzymes)
and the search for modified bases within cellular
DNA. This complements the array of existing
methods, including the specific HPLC-electro-
chemical assay [4,5] and the HPLC—>2P post-labell-
ing method [8].

ACKNOWLEDGEMENTS

This work was supported in part by grants from
the Centre National d’Ftudes Spatiales (90/312),
the France—~Québec Exchange Programme and the
Medical Research Council of Canada.

M. BERGER et al.

REFERENCES

1 P. Vigny and J. Cadet, in A. Favre, R. M. Tyrrell and J.
Cadet (Editors) From Photophysics to Photobiology, Elsevier,
Amsterdam, 1987, p. 123.

2 J. Cadet and P. Vigny, in H. Morrison (Editor), Bioorganic

Photochemistry, Vol. 1, Wiley, New York, 1990, p. 1.

M. Dizdaroglu, Free Rad. Biol. Med., 10 (1991) 222.

4 R. A. Floyd, J. J. Watson, P. K. Wong, D. H. Atmiller and

R. C. Rickard, Free Rad. Res. Commun., 1 (1986) 163.

M. Berger, C. Anselmino, J.-F. Mouret and J. Cadet, J. Lig.

Chromatogr., 13 (1990) 199.

6 J. R. Wagner, M. Berger, J. Cadet and J. E. van Lier, J.

Chromatogr., 504 (1990) 191.

7 M. Sharma, H. C. Box and D. J. Kelman, Chem.-Biol. Inter-

act., 74 (1990) 107. )

8 J.-F. Mouret, F. Odin, M. Polverelli and J. Cadet, Chem.

Res. Toxicol., 3 (1990) 102.
9 A. F. Fuciarelli, B. ]. Wegher, E. Gajewski, M. Dizdaroglu
and W. F. Blakely, Radiat. Res., 119 (1989) 219.

10 W. G. Stillwell, H.-X. Xu, J. A. Adkins, J. S. Wishnol and S.
R. Tannenbaum, Chem. Res. Toxicol., 2 (1989) 94.

11 A.J. Alexander, P. Kebarle, A. F. Fuciarelli and J. A. Ra-
leigh, Anal. Chem., 59 (1987) 2484.

12 J. Cadet, M. Berger, C. Decarroz, A. Shaw, J. R. Wagner, E.
Keskinova and D. Angelov, in A. Y. Spasov (Editor), Lasers
and Applications, World Scientific, Singapore, 1987, p. 508.

13 M. Polverelli, M. Berger, J.-F. Mouret, F. Odin and J. Cadet,
Nucleosides Nucleotides, 9 (1990) 451.

14 C. Nofre, A. Cier, R. Chapurlat and J.-P. Mareschi, Bull.
Soc. Chim. Fr., (1965) 332.

15 J. Cadet, J. Ulrich and R. Téoule, Tetrahedron, 31 (1975)
2657.

16 J. Cadet, M. Berger, P. Demonchaux and J. Lhomme, Radi-
at. Phys. Chem., 32 (1988) 197.

17 R.J. Wagner, J. E. van Lier, C. Decarroz, M. Berger and J.
Cadet, Methods Enzymol, 186 (1990) 502.

18 R. Téoule, Int. J. Radiat. Biol., 51 (1987) 573.

19 C. von Sonntag, The Chemical Basis of Radiation Biology,
Taylor and Francis, London, 1987.

20 G. W. Teebor, R. J. Boorstein and J. Cadet, Int. J. Radiat.
Biol., 54 (1988) 131.

21 D. J. Deeble, M. N. Schuchmann, S. Steenken and C. von
Sonntag, J. Phys. Chem., 94 (1990) 8186.

22 J. Cadet, M. Berger, C. Decarroz, J.-F. Mouret, J. E. van
Lier and R. J. Wagner, J. Chim. Phys., 88 (1991) 1021.

23 J. R. Wagner, J. E. van Lier, C. Decarroz and J. Cadet, Bio-
electron. Bionerg., 18 (1987) 155.

24 J. Cadet, M. Berger and L. Voituriez, J. Chromatogr., 238
(1982) 488.

(]

w



Journal of Chromatography, 593 (1992) 139-146
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2414

Improved determination of individual molecular species of
phosphatidylcholine in biological samples by high-
performance liquid chromatography with internal

standards

Alfredo Cantafora* and Roberta Masella

Laboratory of Metabolism and Pathological Biochemistry, Istituto Superiore di Sanitd, Viale Regina Elena 299, 00161 Rome (lialy)

ABSTRACT

Phosphatidylcholine isolated from samples of bile, liver and plasma was converted into 1,2-diradylglycerobenzoate molecular species
by hydrolysis with phospholipase C and reaction with benzoic anhydride. Up to seventeen molecular species were separated and
determined by reversed-phase high-performance liquid chromatography with detection at 230 nm. The major improvement introduced
here was the use of distearoylphosphatidylcholine as the internal standard, which corrected the results for incomplete hydrolysis and
benzoylation. Other improvements concerned the clean-up of benzoyl derivatives and the chromatographic separation. The analytical
results obtained were validated by comparison with the results of either lipid phosphorus or gas chromatographic determinations.

INTRODUCTION

There are three different approaches to the high-
performance liquid chromatographic (HPLC) de-
termination of the molecular species profile of bi-
ologically relevant phospholipids, namely the sep-
aration of intact phospholipids, both unmodified
[1-8] and modified [9-12], and UV-absorbing deriv-
atives of" partially hydrolysed phospholipids (i.e.,
the 1,2-diradylglycerols) [13-19].

The determination of unmodified intact phos-
pholipids, in spite of its simplicity, has not gained
wide acceptance because of problems relating to the
detection of the molecular species with a low degree
of acyl unsaturation, as pointed out in previous re-
ports on the determination of molecular species in
bile phosphatidylcholine [7,8].

The determination of intact phospholipids based
on postcolumn fluorescence derivatization with 1,6-
diphenyl-1,3,5-hexatriene is attractive {12]. How-
ever, a particular apparatus is required and the de-
termination is likely to be affected by molecular spe-

0021-9673/92/$05.00 ©

cies-related changes in interaction between the fluo-
rescent probe and the phosphatidylcholine micelles
formed by the water enrichment due to the post-
column flow. Consequently, methods in which the
phospholipids are converted into diradylglycerols
tagged with a UV chromophore have been often
preferred in practical applications [20,21], in spite of
the more complex and critical analytical procedure
required. Further, it is claimed that the UV-tagged
diradylglycerol subclasses (i.e., the alk-1-enylacyl,
alkylacyl and diacyl species) are more easily sep-
arated by thin-layer chromatography (TLC) and
determined [15] than the diradylglycerol acetates
described by Nakagawa and Horrocks [14].

In this study, we introduced various improve-
ments to existing methods for the determination of
the diradylglycerobenzoates derived from biologi-
cal phosphatidylcholines. The major improvement
was the introduction of an internal standard (the
distearoylphosphatidylcholine) that gave quantita-
tive results corrected for partial hydrolysis and ben-
zoylation. Other improvements concerned the pro-
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cedure of derivative purification and the chromato-
graphic conditions used for obtaining a chromato-
graphic profile of the molecular species well suited
for the analysis of bile, plasma and liver phosphati-
dylcholines.

EXPERIMENTAL

The molecular species of phosphatidylcholine, di-
palmitoyl (16:0-16:0), distearoyl (18:0-18:0), palmi-
toyloleoyl (16:0-18:1), palmitoyllinoleoyl (16:0~
18:2) and palmitoylarachidonoyl (16:0-20:4), the
diarachidine and the phospholipase C (from Bacil-
lus cereus) were purchased from Sigma (St. Louis,
MO, USA). The species oleoyllinoleoyl (18:1-18:2),
stearoyllinoleoyl (18:0-18:2) and stearoyl arachido-
noyl (18:0-20:4) were isolated by preparative col-
umn chromatography from purified soy and egg
lecithins as described previously [7]. The 1,2-diara-
chidine isomer was isolated from diarachidine using
borate-impregnated TLC plates as described by
Christie [22]. Methylheptadecanoate and silica gel
60 TLC plates were purchased from E. Merck
{Darmstadt, Germany) and benzoic anhydride and
4-pyirrolidinopyridine from Fluka (Buchs, Switzer-
land). Other chemicals of analytical-reagent grade
and solvents of HPLC grade were purchased from
Carlo Erba (Milan, Italy).

Bile samples were mixed with isopropanol (1:5,
v/v) and centrifuged to remove proteins. Phosphati-
dylcholine was isolated from this alcoholic solution
by TLC with the solvent system chloroform-metha-
nol-acetic acid—water (65:25:15:4, v/v). The band of
phosphatidylcholine was scraped from the silica gel
and eluted with 10 ml of chloroform-methanol-wa-
ter (60:40:6, v/v/v).

Lipid extracts from liver and plasma samples
were prepared with chloroform—methanol (2:1, v/v)
according to Folch et al. [23]. Phosphatidylcholine
was isolated by TLC as described above.

Phosphatidylcholine was converted into the cor-
responding diradylglycerol by enzymatic hydrolysis
with phospholipase C as described previously [24].
Briefly, the sample of bile phosphatidylcholine was
mixed with 100 ug of distearoylphosphatidylcho-
line. The solvent was evaporated under nitrogen
and the residue was dissolved in 0.5 ml of 4-(2-hy-
droxyethyl)-1-piperazineethanesulphonic acid
(HEPES) buffer (pH 7.3) containing 0.4 mAM zinc

A. CANTAFORA, R. MASELLA

chloride, 1 mM mercaptoethanol and 20 units of
phospholipase C (from B. cereus). The mixture was
maintained under continuous stirring in a shaking
water-bath for 3 h at 37°C. The diradylglycerol was
extracted three times with 2-ml portions of diethyl
ether. The extracts were combined and mixed with
100 pg of 1,2-diarachidine and the solvent was
evaporated under nitrogen. The benzoate derivative
of diradylglycerol molecular species was prepared
by a modification of the method described by Blank
et al. [19]. Briefly, 0.3 ml of reaction mixture (10 mg
of benzoic anhydride and 25 ug of 4-pyrrolidinopy-
ridine dissolved in 1 ml of anhydrous benzene) was
added to the sample and allowed to stand for 90
min at room temperature. The reaction was stopped
by adding 1 ml of concentrated ammonia solution.
The benzoate derivative was extracted with three 2
ml portions of n-hexane to eliminate the excess of
benzoic acid. The pooled extracts were passed
through a cartdridge filled with 1.5 g of diatomace-
ous earth (Extrelut, E. Merck), which was wetted
prior to use with 2 ml of 1 M hydrochloric acid. The
cartridge was washed with 3 ml of n-hexane. The
n-hexane was collected and evaporated under nitro-
gen. The residue was dissolved in 100 ul of the mo-
bile phase for HPLC.

HPLC analysis was performed with an apparatus
produced by Gilson Medical Electronics (Middle-
ton, WI, USA), equipped with an UV detector set at
230 nm. The column used was a Spherisorb ODS-2,
5 pm (250x4.6 mm I1.D.) (Phase Separations,
Queensferry, Clwyd, UK), maintained at 38 =+
0.1°C by an electronic thermostat. The mobile phas-
es tested during the study contained methanol, eth-
anol, isopropanol, water and acetonitrile in differ-
ent proportions. For bile samples the best results
were obtained with methanol-acetonitrile-ethanol—
water (29:21:47:2.8, v/v) at a flow-rate of 1 ml/min.

The relative retention times (RRT) of molecular
species contained in mixtures of authentic stan-
dards were calculated by dividing the retention time
of each peak by that of the peak given by 1,2-dia-
rachidine benzoate. A linear graph was constructed
between log RRT and the total number of hydro-
phobic carbon atoms in the fatty acid side-chains of
the disaturated molecular species of diacylglycero-
benzoate tested [5]. The total hydrophobic carbon
number (HCN) for the unsaturated molecular spe-
cies was calculaicd by interpolation of the linear
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graph using its log RRT value. The unsaturated
species showed, in comparison with their saturated
parent compounds,’a reduction in the HCN values
that were used for the prediction of the elution se-
quence of molecular species [5,7].

The identity of unknown peaks and the valida-
tion of the results obtained by the HPLC determi-
nation were made by the gaschromatographic (GC)
determination of the fatty acid methyl esters pre-
pared from either phosphatidylcholine or diradyl-
glycerobenzoate fractions, as described previously

[7).
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RESULTS AND DISCUSSION

The HPLC of molecular species of diradylglyce-
robenzoates derived from biological phosphatidyl-
cholines suffered from both qualitative and quanti-
tative problems due to the complexity of natural
mixtures and the analytical procedures applied, re-
spectively.

The study of the qualitative problems started
from an attempt to separate the complex mixture of
1,2-diradylglycerobenzoates derived from bile
phosphatidylcholine in a manner comparable to
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Fig. 1. Chromatographic separations of the six molecular species of diradylglycerobenzoates derived from the major molecular species
of bile phosphatidylcholine with four different mobile phases: (A) acetonitrile-isopropanol (80:20, v/v); (B). acetonitrile-methanol—
ethanol (70:12:18, v/v/v); (C) acetonitrile-methanol-ethanol (15:34:51, v/v/v) with 2.8% of water added; (D) acetonitrile-methanol—
ethanol (30:28:42, v/v/v) with 3.0% of water added. Peaks: | = 16:0-20:4; 2 = 18:1-18:2; 3 = 16:0-18:2; 4 = 18:0-20:4; 5 = 16:0-18:1;
6 = 18:0-18:2.
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that described previously for intact molecular spe-
cies of human and rat bile [7,8]. This was done by
studying the effects of modifications of the mobile
phase described previously for the separation of
1,2-diradylglycerobenzoates derived from liver
phospholipids [16] [acetonitrile-2-propanol (80:20,
v/v] on the separation of the major molecular spe-
cies of bile phosphatidylcholine. Some significant
steps in the optimization process are illustrated in
the four chromatograms shown in Fig. 1. This se-
quence showed that acetonitrile improved the reso-
Iution between 2-arachidonoyl and 2-linoleoyl spe-
cies while water and methanol are required for the
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Fig. 2. HPLC separation of the molecular species of 1,2-dira-
dylglycerobenzoates derived from phosphatidylcholine of rat
bile and human bile under the analytical conditions described
under Experimental. The identification of the molecular species
corresponding to each peak is reported in Table II; rs is the peak
relative to distearoylphosphaudylelivline and is that relative to
1,2-diarachidine.
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separation between the pairs of species 18:1-18:2/
16:0-18:2 and 16:0-18:1/18:0-18:2.

HPLC under the final chror.natographic condi-
tions of the diradylglycerobenzoates derived from
either human or rat bile phosphatidylcholines gave
the results shown in Fig. 2. The same conditions
also allowed good separations of liver and plasma
phosphatidylcholines whose molecular species dis-
tributions were considered to be metabolically re-
lated to that of bile (Fig. 3).

The RRTs and the capacity factors (k") measured
with standard mixtures of molecular species with
different degrees of acyl unsaturation are reported
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Fig. 3. HPLC separation of the molecular species of the 1,2-
diradylglycerobenzoates derived from phosphatidylcholine of
rat liver and human plasma under the analytical conditions de-
scribed under Experimental. The identification of the molecular
species corresponding to each peak is reported in Table I; rs is
the peak relative to distearoylphosphatidylcholine and is that
relaiive to 1,2-diarachidine.
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TABLE I

CAPACITY FACTORS (k'), RELATIVE RETENTION
TIMES (RRT) AND HYDROPHOBIC CARBON NUM-
BERS (HCN) OBTAINED WITH STANDARD MIXTURES
OF PHOSPHATIDYLCHOLINE MOLECULAR SPECIES

Molecular Degree of k' RRT* HCN
species unsaturation

14:0-14:0 0 5395 0220  28.00°
16:0-16:0 0 9.581 0364  32.00°
18:0-18:0 0 16.674 0.608  36.00°
20:0-20:0 0 27868 1.000  40.00°
16:0-18:1 1 9.450 0362  31.96°
18:0-18:1 1 12.604 0.468  33.96°
16:0-18:2 2 7.516 0295 30.39°
18:0-18:2 2 9.901 0375  32.39°
18:1-18:2 3 7.170 0283 30.02°
16:0-20:4 4 6.849  0.270  29.61°
18:0-20:4 4 8.844 0341  31.61°

* RRT was calculated by dividing the retention time of each
species by the retention time of the 20:0-20:0 species (41.8 +
0.87 min).

» Total number of hydrophobic carbon atoms in the fatty acyl
side-chains.

¢ Calculated by the relationship HCN = 18.218 log RRT +
39.978, which was obtained by the linear regression of log
RRT vs. the total number of hydrophobic carbon atoms in the
fatty acyl side-chains of the disaturated molecular species.

in Table I. Table I also shows the HCN values for
unsaturated molecular species as calculated by the
linear regression of HCN vs. log RRT reported in
the footnote.

* The quantitative aspects of this method were
studied without assumptions about the yield of ei-
ther enzymatic hydrolysis or the benzoylation reac-
tion. The objective evaluation of the quantitative
results was realized by the addition of two analyt-
ical standards during the preparation of the dira-
dylglycerobenzoate derivatives. Specifically, at the
beginning of the procedure, to the phospholipid
sample was added a known amount of the molec-
ular species distearoylphosphatidylcholine that had
the characteristics of an internal standard. This
standard was virtually absent in the samples under
consideration (below 0.2% of the molecular species
distribution in many unspiked samples analysed)
and gave a completely resolved chromatographic
peak. The distearoylphosphatidylcholine produced
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an amount of 1,2-distearine related to the yield of
enzymatic hydrolysis. However, its peak area was
proportional to the amount of phosphatidylcholine
converted into diacylglycerobenzoate throughout
the procedure. To calculate the yield of the enzy-
matic hydrolysis, we added, after the hydrolysis a
known amount of 1,2-diarachidine, a diacylglycerol
species that could not be derived from the sample.
Indeed, 1,2-diarachidine was used as an internal
standard for calculating the amount of 1,2-distea-
rine formed. This allowed us to verify that the yield
of enzymatic hydrolysis, which had been reported
to proceed near to completion (yield 98.6%) [25],
was actually much lower (88.0+6.7%, as deter-
mined in twelve separate experiments). This differ-
ence, which was probably explained by changes in
the quality of the enzyme or the purity of the sub-
strate, demonstrated the importance in the use of
distearoylphosphatidylcholine as internal standard
of taking into account the actual degree of hydroly-
sis. Another observation that emphasized the im-
portance of the internal standard was derived from
a comparison of replicate samples. In many instanc-
es, even if the amounts of phospholipids calculated
with the internal standard (distearoylphosphatidyl-
choline) were in good agreement, the absolute areas
of the peaks were clearly different. A possible expla-
nation was provided by experiments with mixtures
of pure molecular species of diacylglycerols. In
these experiments, the yield of benzoylation, which
had been reported to be quantitative [26], was
found to be affected by the presence of moisture,
alcohols and salts in the reaction medium (data not
shown).

The possibility that differences in the degree of
unsaturation of the molecular species affected the
determination was ruled out by comparing the cali-
bration graphs (peak area vs. amount of molecular
species) of three species with different degrees of
unsaturation (dipalmitoyl-, palmitoyloleoyl- and
palmitoyllinoleoylphosphatidylcholine). These
graphs were linear over a wide range of amounts
and had similar slopes (data not shown). This was
in agreement with the findings of Snyder and Kirk-
land [27], who reported similar molar absorptivity
values for saturated and unsaturated diacylglycerol
derivatives. These facts indicated that the peak ar-
eas did not need any specific correction for calculat-
ing either the distribution or amount of molecular
species.
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TABLE I

A. CANTAFORA, R. MASELLA

PERCENTAGE DISTRIBUTION OF MOLECULAR SPECIES OF PHOSPHATIDYLCHOLINE IN HUMAN BILE AND IN
SAMPLES OF RAT BILE, LIVER AND PLASMA SAMPLES

The values reported represent the mean £ S.D. of three separate determinations on each sample.

No. Molecular Human bile Rat bile Rat liver Human plasma
species

1 16:1-20:4 n.d.? 0.7+0.24  n.d. n.d.

2 16:1-16:1 n.d. 2.84£0.38 n.d. n.d.

3 14:0-20:4 n.d. 074017 nd. nd.

4 16:1-18:2 0.5+0.12 0.7+0.18 nd. 04+0.12

5 14:0-18:2 0.7+0.09 1.8£0.11 1.3+0.10 2.7+£0.16

6 16:0-22:6 9.740.61 3.4+0.21 22+0.14 4.6+0.22

16:0-18:3

7 18:1-20:4 324+0.34 1.0+£0.22 0.6+0.16 nd.

8 16:0-20:4 9.9£0.57 10.1+0.79 17.1+£1.01 12.7+£0.86

9 18:1-18:2 3.84+0.25 8.14£0.51 1.3+0.16 0.5+0.12
10 16:0-18:2 441+2.88  469+3.23 199+1.28  28.1+143
11 16:0-20:3 0.5+0.09 0.3+0.10 1.1+£0.10 8.4+0.72
12 18:0-20:4 1.4£0.12 4.1+£0.18  29.84+1.52 6.3+0.42
13 16:0-18:1 20.6+1.06 11.3+£0.77 8.3+0.46 18.9+0.95
14 18:0-18:2 3.74+0.14 4.6+0.21 14.3+0.77 12.1+£0.99
15 18:0-20:3 0.3£0.10 0.3+£0.10 0.6+0.10 1.84+0.10
16 18:0-18:1 0.8+£0.12 1.5+£0.20 2.6+0.18 3.7+0.24
17 20:0-18:2 0.6+0.10 1.740.12 [.1£0.08 nd.

“nd. = < 02%.

Table II reports the distribution of molecular
species obtained for samples of rat bile and liver
and human bile and plasma by HPLC determina-
tion (run in triplicate). The average relative stan-
dard deviation (R.S.D.) was ca. 11%. However, if

TABLE II1

we excluded the contribution given by species which
represented less than 1% of the distribution, the
R.S. D. had a more acceptable value of 6%, without
appreciable differences due to the type of sample.
The molecular species distributions determined

COMPARISON BETWEEN MEAN FATTY ACID DISTRIBUTION DEDUCED FROM MOLECULAR SPECIES COMPOSI-
TION DETERMINED BY HPLC AND THAT FOUND BY GC ANALYSIS OF FATTY ACID METHYL ESTERS

Fatty Rat bile Human bile Rat liver Human plasma
acid

HPLC GC HPLC GC HPLC GC HPLC GC
14:0 1.2 I.1 0.4 04 0.6 1.2 1.4 1.0
16:0 36.3 36.9 42.4 44.2 243 219 36.3 36.3
16:1 34 2.9 0.2 1.2 nd* 0.5 0.2 0.8
18:0 53 6.0 3.1 3.6 23.5 229 11.9 132
18:1 11.0 10.9 14.3 15.8 6.4 7.2 11.5 13.5
18:2 319 324 26.3 24.7 18.8 17.3 219 199
18:3 0.8 1.0 24 0.5 0.6 0.4 1.1 0.9
20:0 0.8 0.2 0.3 0.3 0.5 0.3 n.d. 0.2
20:3 0.3 0.2 0.4 0.9 0.9 0.7 5.1 4.6
20:4 8.2 7.9 73 6.8 23.7 26.6 . 8.8
22:6 0.8 0.5 24 1.6 0.6 1.0 1.1 1.0

“nd. = < 02%.
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TABLE IV
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COMPARISON BETWEEN QUANTITATIVE RESULTS FOR PHOSPHATIDYLCHOLINE BY HPLC (SUM OF ALL MO-
LECULAR SPECIES) AND GC OR LIPID PHOSPHORUS DETERMINATIONS

Results are reported as mean + S.D. of three separate determinations on each sample.

Sample Units HPLC GC Lipid
phosphorus
Human bile mg/ml 4.0+0.25 3.9+0.22 3.8+0.23
Rat bile mg/ml 0.4+0.03 0.4+0.02 0.4+0.02
Rat liver mg/g 9.9+0.87 10.5+0.54 9.5+0.39
Human plasma mg/ml 0.7+£0.04 0.74+0.03 0.7£0.03

by the present HPLC method were validated by
comparison between the fatty acyl composition de-
duced from the HPLC distribution and that found
by GC determination of fatty acid methyl esters.
The results of this comparison, shown in Table III,
indicate that, for the major fatty acids, the differ-
ence between the theoretical and experimental pro-
portions is 7.2% of the value found by GC. This
value can be considered acceptable as it is only
slightly higher than the average R.S.D. found in
replicate analyses.

The quantitative results were validated by com-
parison of the amounts determined by HPLC with
either GC or lipid phosphorus determinations.
These results, reported in Table IV, did not show
significant differences. The quantitative result was
also verified by the use of standard mixtures of mo-
lecular species, which indicated agreement between
the theoretical and found values to within +5.5%.

The clean-up of the derivative with a diatomace-
ous earth cartridge also contributed to obtaining
these results. This step eliminated any residue of
reagents and gave chromatograms with a stable
baseline and without spurious peaks.

In conclusion, the use of the analytical standard
but also with modifications of both sample prep-
aration and chromatographic separation of ben-
zoate derivatives of diradylglycerobenzoate allowed
a reliable determination of both the qualitative and
quantitative compositions of molecular species of
phosphatidylcholines derived from liver, bile and
plasma extracts.
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Determination of benzene metabolites in urine of mice by
solid-phase extraction and high-performance liquid

chromatography
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ABSTRACT

A method was developed for quantitative measurement of trans,trans-muconic acid, catechol, hydroquinone and phenol in urine.
Hydrolysis of esterified and glucuronized phenolic compounds was effected by specific enzymes. The hydrolysed mixture was purified
and separated by solid-phase extraction with an anion exchanger, followed by extraction with diethyl ether. By using a clean-up
procedure the natural background from mouse urine could be reduced, so that the detection limit of the metabolites was in the range
3-60 mg/l. Optimization of the chromatographic conditions resulted in a short high-performance liquid chromatography analysis time.
Phenol had the longest retention time of about 10 min. The clean-up procedure could also be used for phenylmercapturic acid, an
additional benzene metabolite, but for sensitive high-performance liquid chromatographic detection of phenylmercapturic acid other

conditions are necessary.

INTRODUCTION

Benzene is an important organic chemical, widely
used in industry. Chronic exposure to benzene can
cause leukaemia in humans, and it is a carcinogen at
many organs in animals [1,2]. In the body, benzene
is metabolized by the microsomal cytochrome
P-450 monooxygenase system into benzene epox-
ide. This benzene epoxide is metabolized in three
different pathways which end in excretion of trans,
frans-muconic acid, phenylmercapturic acid and
different phenols. Various techniques have been re-
ported for the separation, quantitation and identifi-
cation of benzene metabolites to elucidate the
chemical pathogenesis of benzene toxicity. Most of
the described procedures could detect only single
metabolites. Gad El-Karim et al. [3] found a high-
performance liquid chromatography (HPLC) meth-
od able to analyse the four benzene metabolites in
‘the urine of mice, but the retention times were quite
long. Sabourin et al. [4] used HPLC too, but
worked with radiolabelled benzene. This is not pos-
sible in most laboratory environments. In partic-

0021-9673/92/305.00 ©

ular, it is not suitable for analyses in human mon-
itoring (which is important for occupational med-
icine). This publication describes a procedure for
the identification of trans,trans-muconic acid, cate-
chol, hydroquinone and phenol from the urine of
mice. Using solid-phase extraction the background
of the chromatograms was reduced and therefore
the analysis time was considerable shorter.

MATERIALS AND METHODS

Chemicals

Methanol was supplied by LAB-SCAN and
trans,trans-muconic acid by Fluka. All other chem-
icals were from Merck. All chemicals were of the
highest purity available. For hydrolysation, three
enzymes were used: f-glucuronidase/arylsulphatase
(Merck, 4114), arylsulphatase (Sigma, S 1629) and
p-glucuronidase (Boehringer, 127051).

Phosphate solutions were prepared from an
aqueous 5 mmol/l K4PO, solution which was treat-
ed with concentrated phosphoric acid to pH 3.4 and
pH 7.

1992 Elsevier Science Publishers B.V. All rights reserved
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Urine source

Groups of 16 female BDF-1 mice weighing 20-25
g were housed in metabolism cages designed for
urine collection. Animal rooms were maintained at
24°C with a relative humidity of 50%. Rooms were
on a 12-h light-dark cycle. Water was provided ad
libitum. During the inhalation period no food was
present in the cages. The mice were exposed to 300
ppm benzene for 6 h a day, 5 days a week. The urine
(300 ppm urine) was collected for 24 h in phyco-
erythrin (PE)-coated vials containing 30 mg of as-
corbic acid to avoid oxidation of urine. Urine was
stored at —20°C until analysis.

Determination of urinary benzene metabolites

Hydrolysation. A 0.125-ml aliquot of mice urine
was diluted with water to 4 ml and adjusted to pH
4.5 with ascorbic acid. The diluted urine was treated
with three enzymes: '

Sample 1: 0.0125 ml of S-glucuronidase/arylsul-
phatase (Merck, 4114). '

Sample 2: 0.0125 ml of arylsulphatase (Sigma, S
1629).

Sample 3: 0.0125 ml of B-glucuronidase, predilut-
ed with water (1:6, v/v) (Boehringer, 127051).

H. SCHAD et al.

Hydrolysation was performed at 37°C for 48 h.
This hydrolysation procedure is not necessary for
unconjugated metabolites.

Sample 4: urine was thawed at room temper-
ature, diluted, acidified and applied to the anion
exchanger.

Separation by anion exchanger

After hydrolysation of urine, 4 m! of the samples
were applied to an anion exchanger. The anion ex-
changer was a Bond Elut extraction cartridge filled
with 500 mg of SAX sorbent (Analytichem Interna-
tional) previously conditioned with 3 ml of metha-
nol and 3 ml of distilled water. After application of
the urinary samples, the cartridge was washed with
3 ml phosphate solution (pH 7) to elute the fraction
of phenols (I). The next eluent was 3 ml of 0.5 M
aqueous sulphuric acid for the trans,trans-muconic
acid fraction (IT).

Ether extraction

Ether extraction was performed at a pH less than™
3 after acidification of the phenol fraction (I) with
concentrated hydrochloric acid. Each fraction was
treated separately. The fractions were vortexed
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Fig. 1. Chromatogram of a standard solution of catechol (90 mg/l), hydroquinone (186 mg/1), phenol (300 mg/l) and muconic acid (7.5

mg/l).
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three times with 5 ml of diethyl ether. The ether
layers were removed, combined and evaporated to
dryness at 30°C and 400 hPa and the residue dis-
solved in 1 ml of 1% aqueous phosphoric acid. A
20-ul volume was injected for HPLC analysis.
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Chromatographic conditions

Analysis was carried out by HPLC with an ODS
column (250 x 4.6 mm I.D.) filled with Nucleosil
ODS, 5 pum particle size (Bischoff). The detector
(SM 4000, LDC Analytical) was set at 270 nm and
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Fig. 2. Chromatograms of 300 ppm urine (a) after hydrolization, (b) after solid-phase extraction (fraction I), and (c) after evaporation

(fraction I).
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0.01 AUFS. The eluent was a solution of pH 3.4 With a flow-rate of 1 ml/min the retention time of
phosphate solution-methanol (70:30, v/v). The de- hydroquinone was 3.2 min, of trans,trans-muconic
tector was connected to AXXIOM integrating soft- acid 3.9 min, of catechol 5.2 min, and of phenol 9.3
ware. min. The duration of an analytical cycle was 45 min.
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Fig. 3. Chromatograms of 300 ppm urine (a) after solid-phase extraction (fraction II), (b) after evaporation (fraction II) and (c) after
evaporation at a wavelength of 250 nm for detection of phenylmercapturic acid.
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RESULTS AND DISCUSSION

We tried to establish an HPLC method which
enables the simultaneous identification of four ben-
zene metabolites in urine. We found the optimum
HPLC conditions to be an ODS column and an
isocratic solvent of methanol and phosphate solu-
tion. The retention time of ¢rans,trans-muconic acid
could be influenced by changing the pH of the sol-
vent. An increase in the pH from 1 to 7 reduces the
retention time from 7 to 2 min. Under the condi-
tions mentioned in the Materials and Methods sec-
tion separation of the four metabolites was opti-
mized (Fig. 1). The advantage was that the reten-
tion time of phenol, the last metabolite in the chro-
matogram, was around 10 min and this therefore
guaranteed a short analysis time [3].

For the isolation of benzene metabolites from
urine, a clean-up procedure was necessary to dis-
criminate sufficiently between natural background
and metabolite signals (Fig. 2a). The purification
embraced a solid-phase extraction (anion ex-
changer) and a liquid-liquid extraction with diethyl
ether. The SAX column separated trans,trans-mu-
conic acid from phenols. The trans,trans-muconic
acid fraction could be injected directly into the
HPLC system, because ether extraction does not
significantly improve the chromatogram (Fig. 3a
and b). However extraction with diethyl ether had
the advantage that the trams,trans-muconic acid
fraction could be concentrated if necessary. For the
phenol fraction (I) the ether extraction was indis-
pensable, because there was an important back-
ground reduction, especially in the neighbourhood
of the hydroquinone signal (Fig. 2b and c).

The detection limits (3 X signal-to-noise ratio) of
the benzene metabolites are: catechol 7 mg/l, hydro-
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quinone 60 mg/l, phenol 36 mg/l and trans,trans-
muconic acid 3 mg/l.

By using enzymes it was possible to differentiate
between conjugated (glucuronides and sulphate es-
ters) and unconjugated metabolites. Nevertheless,
the trans,trans-muconic acid peak was depressed
when using enzymes and the rate of recovery was
reduced below 50%. Since trans,trans-muconic acid
in the urine of mice is not conjugated [3], the acid
could be detected using a non-enzymatic method.
Overloading of the 500-mg SAX column occurred
when using 1 ml of 300 ppm urine, because
frans,trans-muconic acid was then also found in the
phenol fraction (I).

Using different amounts of native mice urine (1,
0.5, 0.25 ml) the recovery rates for benzene metabo-
lites showed considerable variations. This problem
needs further investigation.

In addition to the four benzene metabolites,
phenylmercapturic acid has a remarkable role in
benzene metabolism. This acid from the glutathione
pathway could be isolated using the same clean-up
procedure as for trans,trans-muconic acid. How-
ever, the HPLC method used used was not sensitive
enough, because there was an unknown signal in
the chromatogram which interfered with thé phen-
ylmercapturic acid signal (Fig. 3c). There will be a
further publication dealing with this problem.
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ABSTRACT

5-Hydroxymethylfurfural (HMF) was determined without interferences in juices, honey, syrup, tomato paste, grape juice concentrate
and dehydrated pear by anion-exclusion chromatographic separation and UV detection at 285 nm. The samples were mixed with water,
filtered and injected without extensive sample treatment, which is normally required in conventional spectrophotometric or reversed-
phase high-performance liquid chromatographic methods. HMF at the 50 ppb level was determined with a signal-to-noise ratio of 6.
The recovery of HMF added to honey was 98% at the 10 ppm level and 91% at 30 ppm.

INTRODUCTION

5-Hydroxymethylfurfural (HMF) is the end prod-
uct of acid-catalyzed hexose dehydration [1] and is
often used as an index of deteriorative changes in
tomato paste [2], honey [3] and fruit products [4-6].
Its accurate determination in fruit products is there-
fore important. In honey, HMF is used as an
indicator of adulteration with acid-converted invert
syrups [7] or of a heating history.

Spectrophotometric methods have been used for
many years for HMF [8-11]. The original Winkler
method [8] involves toxic p-toluidine, and is compli-
cated by uncertainty in the color measurement [10].
The AOAC method for honey relies on the reaction
of hydrogensulphite with HMF and has not been
applied to other foods or citrus products. Experi-
mental errors are expected if other compounds that
absorb at 284 nm and react with hydrogensulphite
are present at appreciable concentrations.

Recently, several reversed-phase (RP) high-per-
formance liquid chromatographic (HPLC) methods

0021-9673/92/$05.00

have been published [12-14] using UV detection at
280-285 nm. Jeuring and Kuppers [12] determined
HMF in spirits and honey with minimum sample
treatment. Extensive sample treatment [precipita-
tion with potassium hexacyanoferrate(III), Carrez1,
and zinc sulphate, Carrez II, centrifugation, and
filtration] was needed for citrus juices [13] and
tomato products [14]. Lee ez al. [13] added another
step, namely elution with ethyl acetate from a C-18
cartridge following washing with hexane, to remove
contaminants in orange juice, and reported a detec-
tion limit of 50 ppb®.

We have been using ion-exclusion chromatog-
raphy (IEC) with photodiode-array (PDA) detec-
tion to monitor changes in food constituents taking
place as a result of high-temperature/short-time
processing. We noticed that HMF is eluted late from
the anion-exclusion column, free from any interfer-
ence, even if a complex food extract is injected
without the precipitation step. Consequently, we

“ Throughout the article the American billion (10%) is meant.

© 1992 Elsevier Science Publishers B.V. All rights reserved
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describe in this paper the advantages of the IEC
method over the RP-HPLC method, and demon-
strate that HMF in complex foods and beverages
can be determined by IEC with a high specificity and
sensitivity without extensive sample clean-up.

EXPERIMENTAL

Sample treatment

All juice, juice drink, honey, syrup and tomato
paste samples were purchased from a local store.
Grape juice concentrate was obtained from a manu-
facturer. Freeze-dried pears are a component of
Meal, Ready-to-Eat (MRE), a military ration.

Aseptically processed juice, honey or syrup sam-
ples were diluted tenfold with deionized water,
filtered through a 0.45-um nylon 66 membrane filter
(Alltech, Deerfield, IL, USA) and injected into
either an IEC or a RP-HPLC system without further
treatment. Tomato juice, orange juice and grape
juice concentrate were diluted ten- or twentyfold
with water, centrifuged for 2 min in a Brinkmann
(Westbury, NY, USA) Model 5414 Eppendorf cen-
trifuge if necessary, filtered and injected. Freeze-
dried pears were homogenized with a twentyfold
excess of water using Polytron (Brinkmann) and
filtered as above.

Chromatographic analysis

For IEC, an Alltech Mode! 325 metal-free pump
was used to deliver 10 mM sulphuric acid eluent at a
flow-rate of 0.8 ml/min. A Wescan anion-exclusion
HS (sulphonated polystyrene-divinylbenzene) col-
umn (100 x 4.6 mm 1.D.) and an anion-exclusion
guard cartridge (Wescan Instruments, Deerfield, IL,
USA) were used. The sample was injected through a
20-ul loop of a Rheodyne injector. The UV detector
was either a Waters (Milford, MA, USA) Model 990
PDA detector or a Schoeffel Model SF770 variable-
wavelength UV detector. When the PDA detector
was used, the UV spectra were obtained in the
wavelength range 190-350 nm every 6 s. The three-
dimensional (3-D) data were stored in a NEC
PowerMate 2 computer and manipulated to obtain a
3-D plot, a contour diagram, a chromatogram at
285 nm or a UV spectrum of a chromatographic
peak. The wavelength of the Schoeffel detector was
set at 285 nm. The signal obtained at the 0-0.0!
absorbance range setting was fed into a Spectra-
Physics Model 4270 integrator.

H.-J. KIM, M. RICHARDSON

A Waters uBondapak C, 5 column (250 x 4.6 mm
ID.) and an RP guard cartridge were used for
RP-HPLC. A Rheodyne injector with a 50-ul loop
was used. The Waters Model 510 pump delivered
acetonitrile-water (3:97) at a flow-rate of 1.6 ml/
min. The Schoeffel detector was used at 285 nm.

A standard solution of HMF (Aldrich, Milwau-
kee, WI, USA) in deionized water was injected
alternately with the samples and the peak heights
were compared.

Recovery study

Recovery of 10 and 30 ppm of HMF from honey
was studied by both IEC and RP-HPLC. Six 2-g
aliquots of honey were weighed into six 50-ml
beakers. To two of these beakers 2.0 ml of deionized
water were added (control). A 2.0-ml volume of
10 ppm HMF solution was added to two other
beakers and 2.0 ml of 30 ppm HMF solution to the
two remaining beakers." The contents were mixed
with a spatula and left at room temperature for
5 min. Water (16 ml) was added to each beaker and
the contents were mixed and filtered. The filtrate
from the 30 ppm spiked sample was further diluted
twofold before injection. Each filtrate was injected
twice. The height of the HMF peak was compared
with that of a 2 ppm standard HMF solution. The
recovery experiment by the IEC method was re-
peated with honey a few days later. The recovery of
30 ppm HMF from orange juice was studied by the
IEC method on another day.

RESULTS AND DISCUSSION

We first observed elution of HMF from the IEC
column, using a PDA detector, while analyzing
heat-processed fruit samples. The spectrum of the
compound that eluted relatively late from the col-
umn (4 min from a high-speed column) showed the
characteristic double maxima (230 and 285 nm) of
HMF. The compound was collected after the detec-
tor and analyzed by gas chromatography-mass
spectrometry (GC-MS). The parent molecular
weight of 126 and the typical electron impact
fragments with m/z of 109, 97 and 69 for HMF were
observed [15]. When authentic HMF was injected, it
was eluted at the same retention time. Subsequently,
IEC with fixed-wavelength detection at 285 nm was
routinely used.
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Fig. 1. Chromatograms of ca. 2 ppm of HMF in diluted honey
(tenfold), obtained by (left) the RP-HPLC and (right) the IEC
method. RP-HPLC: Waters yBondapak C,g column (250 x
4.6 mm L.D.), acetonitrile-water (3:97) as eluent at a flow-rate of
1.6 ml/min. IEC: Wescan anion-exclusion/HS column (100 x
4.6 mm LD.), 10 mM H,SO, as eluent at a flow-rate of
0.8 ml/min. UV detection at 285 nm.

HMF was eluted at ca. 4 min after injection in
both RP-HPLC (long column, 1.6 ml/min) and IEC
(short column, 0.8 ml/min). Fig. 1 shows HMF
peaks corresponding to ca. 2 ppm in honey, diluted
tenfold and injected without Carrez precipitation.
Even though the chromatogram given by the IEC
method is cleaner, there is also no interference in the

TABLE I

RECOVERY OF ADDED HMF FROM HONEY BY RE-

VERSED-PHASE AND ION-EXCLUSION CHROMATOG-
RAPHY

Sample RP-HPLC* IEC?
Observed Recovered Observed Recovered
(ppm) {(ppm) {ppm) (ppm)
Honey, 21.5 - 19.4 -
control (0.6) 0.3)
Honey, 31.2 9.7 28.6 9.2
10 ppm spike (0.6) 0.3) 0.4) 0.2)
Honey, 50.0 28.5 47.6 28.2
30 ppm spike (2.0) (1.4) (0.9) 0.7)

* Average of four determinations with standard deviation in
parentheses.

b Average of eight determinations with standard deviation in
parentheses.
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Fig. 2. Chromatograms of 10 ppm of HMF added to tomato juice
and diluted tenfold, obtained by (left) the RP-HPLC and (right)
the IEC method.

RP-HPLC method. On average, 21.5 and 19.4 ppm
of HMF were obtained by the RP-HPLC and IEC
methods, respectively (Table I, control). The recov-
ery results in Table I show that the recovery of 10
and 30 ppm of HMF added to honey is satisfactory
by both methods. The relative standard deviation of
the recovery during the day was ca. 2% by the IEC
method. When 30 ppm of HMF were added to the
orange juice, 29.7 ppm were recovered by the IEC
method. The recovery of 30 ppm of HMF on three
different days, two from honey and one from orange
juice, ranged from 91 to 99%.

The chromatogram for tomato juice obtained by
the RP-HPLC method was much more complex,
and quantitation of HMF was subject to an uncer-
tainty because of the interfering peaks. Approxi-
mately 1 ppm of HMF in the juice was measured by
the IEC method. Fig. 2 shows results obtained by
both methods for tomate juice spiked with 10 ppm of
HMF and diluted tenfold before injection. It ap-
pears that further sample treatment, such as Carrez
precipitation, is needed for the RP-HPLC analysis
[14]. The chromatogram on the right demonstrates
that accurate determination of HMF without pre-
cipitation is possible by the IEC method. A similar
chromatogram was obtained for tomato paste and
102 ppm of HMF was measured.

Lee et al. [13] noted that orange juice contains
compounds that are eluted with the HMF by the
RP-HPLC method. They used Carrez precipitation
and elution with ethyl acetate from a C, 5 cartridge,
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Fig. 3. Chromatograms of orange juice with (right) and without
(left) addition of 10 ppm of HMF after twentyfold dilution,
obtained by the IEC method.

following a hexane wash. The ethy] acetate had to be
dried before chromatography. When orange juice
(reconstituted from frozen juice) was diluted twenty-
fold with water, filtered and injected, the chromato-
gram shown on the left in Fig. 3 was obtained by the
IEC method. The chromatogram was relatively
clean around 4 min, and a small peak corresponding
to about 0.05 ppm of HMF was observed (1 ppm in
the juice). When the juice was spiked with 10 ppm of
HMF and diluted twentyfold, a peak corresponding
to 0.55 ppm, shown on the right, was obtained as
expected. When the orange juice filtrate was ana-
lyzed by the RP-HPLC method using acetonitrile—
water (3:97) as eluent, no significant interference
was observed.

The method was applied to a variety of aseptically
processed juice drinks, and HMF concentrations
ranging from 2.0 to 19.4 ppm were obtained. The
chromatograms were very clean, and no interference
was observed with any samples tested. HMF was
" also observed withoutinterference in syrup (12 ppm),
grape juice concentrate (22 ppm) and dehydrated
pears stored at 38°C for 1 year (34 ppm).

At the highest sensitivity setting of the UV
detector (0-0.01 absorbance range), a signal-to-
noise ratio of 6 was observed when 50 ppb HMF
solution was injected. The peak height between 0
and 10 ppm was lincar with a correlation coefficient
of 0.99. The HMF solution was stable in water for
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several hours at room temperature. The detector
response was also very stable; therefore, automated
analysis should be possible.

The IEC separation has been successfully used for
the determination of weak acid anions, such as
sulphite [16,17], nitrite [18-20] and ascorbic acid
[21]. The polymeric resin of the IEC column is also
widely used for carbohydrates. This paper demon-
strates that a rapid and accurate determination of
HMF, which is an important carbohydrate degrada-
tion product and a useful quality indicator in food
and beverage products, is possible without extensive
sample treatment when IEC is used with UV detec-
tion.
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ABSTRACT

The intracellular amounts of several inositol tris-, tetrakis- and pentakisphosphates and inositol hexakisphosphate were determined
in resting and stimulated cells from human T-lymphocyte lines. The inositol polyphosphates were separated by anion-exchange high-
performance liquid chromatography and were detected on-line by a recently developed post-column dye system. In the human T-
lymphocyte cell line Jurkat, basal intracellular concentrations ranged between 25+ 10 pmol per 10° cells for inositol 1,4,5-trisphosphate
to 6380 355 pmol per 10? cells for inositol hexakisphosphate. Similar basal concentrations were observed in the human T-lymphocyte
cell line HPB.ALL, with the exception that inositol hexakisphosphate was approximately 665 - 10 pmol per 10° cells. Stimulation of the
human T-lymphocyte cell line Jurkat via the T-cell receptor by a monoclonal antibody directed against the T-cell receptor-CD?3
complex induced time-dependent changes in the intracellular concentrations of multiple inositol polyphosphate isomers, including
inositol 1,3,4-trisphosphate, inositol 1,3,4,5-tetrakisphosphate, inositol 1,3,4,6-tetrakisphosphate, an as yet unidentified inositol tetra-
kisphosphate isomer, inositol 1,3,4,5,6-pentakisphosphate, inositol 1,2,3,4,6-pentakisphosphate and DL-inositol 1,2,4,5,6-pentakis-
phosphate. Inositol 1,4,5-trisphosphate increased only transiently after 5 min, whereas pL-inositol 1,4,5,6-tetrakisphosphate (deter-

mined as the enantiomeric mixture) increased after 20 min.

INTRODUCTION

It is now widely accepted that inositol polyphos-
phates play an important role in the process of
transmembrane signalling [1,2]. In particular, inosi-
tol 1,4,5-trisphosphate [Ins(1,4,5)P3] causes the re-
lease of Ca2* from intracellular stores and the in-
creased cytosolic Ca?* concentration initiates a
number of cell-type specific physiological re-
sponses. In this paper, InsP,, InsP3, InsP,, InsPs,
InsPs represent myo-inositol bis-, tris-, tetrakis-,
pentakis- and hexakisphosphate with isomeric posi-
tioning of phosphate groups as indicated and as-
sumed to be D-isomers.

Ins(1,4,5)P5 has been described as playing a key
part in the activation of T-lymphocytes [3]. These
cells act as effector cells and are an important regu-
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latory element directing the function of the immune
system. _

To measure changes in Ins(1,4,5)P; and other in-
ositol polyphosphate, most workers have used con-
ventional anion-exchange separation and radioac-
tive detection in samples from cells previously la-
belled with myo-[*Hlinositol [4-6]. The disadvan-
tages of these systems are: (i) the inability to mea-
sure real intracellular concentrations as labelling to
isotopic equilibrium is not achieved in most sys-
tems; (ii) the discontinuous detection system (col-
lecting of fractions, liquid scintillation counting)
limits the separation efficiency; (iii) the lack of sensi-
tivity for the on-line detection of myo-[*Hlinositol
phosphates by radioactivity detectors.

Two post-column systems for the detection of
non-radioactively labelled phosphorylated com-
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pounds have been published [7-10]. Although the
first system was not sensitive enough for the deter-
mination of trace amounts of inositol phosphates
(detection limit approximately 800 pmol InsP; per
sample) [7,8], the second, the so-called “metal-dye
detection” system [9,10] has already proved to be
useful for the determination of the intracellular
concentrations of inositol phosphates in HL-60
cells {11]. This post-column dye system, first de-
scribed by Mayr [9], is based on the competition
between anionic compounds eluting from the col-
umn and the dye 2-(4-pyridylazo)resorcinol for
complex formation with Y3*. Although the dye-
Y3** complex absorbs strongly at 520 nm, there is
diminished absorption when the eluting anionic
compounds compete for Y** binding. Inverting the
analogue signal from the detector then leads to
chromatogram with “positive” peaks. :

This paper reports the determination of basal in-
tracellular concentrations of inositol polyphos-
phates in the human T-cell lines Jurkat and
HPB.ALL using the metal-dye detection system. In
response to stimulation of the T-cell receptor—CD3
complex, increases were observed in the intracellu-
lar concentrations of Ins(1,4,5)P;, Ins (1,3,4)Ps,
Ins(1,3,4,5)P4, Ins(1,3,4,6)P,4, Ins(1,4,5,6)P, and/or
Ins(3,4,5,6)P, (determined as the enantiomeric mix-
ture), an additional undefined InsP, isomer, Ins-
(1,2,3,4,6)P5 and Ins(1,3,4,5,6)Ps. In contrast, the
intracellular concentration of Ins(1,2,4,5,6)P5 de-
creased with stimulation.

EXPERIMENTAL

Materials

Ins(1,3,4)P; was purchased from Calbiochem
(Frankfurt, Germany). Ins(1)P;, Ins(1,4)P,, Ins-
(1,4,5P;, 1Ins(1,3,4,5P,, Ins(1,2,5,6)P4, Ins-
(1,4,5,6)P, and Ins(1,3,4,5,6)P5 were from Boehr-
inger Mannheim (Mannheim, Germany). InsP¢ and
alkaline phosphatase were from Sigma (Taufkir-
chen, Germany) YCl; - 6H,0 was purchased from
Janssen (Nettetal, Germany). Hydrochloric acid
and triethanolamine, both of analytical-reagent
grade, were from Merck (Darmstadt, Germany). 2-
(4-Pyridylazo)resorcinol was from Serva (Heidel-
berg, Germany). Doubly distilled water or Milli-Q
water (Millipore-Waters, Eschborn, Germany) was
used throughout the experiments. The monoclonal
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antibody to CD3, OKT3, was purified from hybrid-
oma supernatant on protein A-Sepharose. Ins-
(1,3,4,6)P4 was obtained by phosphorylation of Ins-
(1,3,4)P; in a rat liver homogenate [12].

Culture of the human T-lymphocyte cell lines Jurkat
and HPB.ALL

The cells were cultured in RPMI-1640 medium
(Gibco-BRL, Eggenstein, Germany) supplemented
with 10% fetal calf serum, penicillin (100 U/ml),
streptomycin (50 ug/ml), L-glutamine (300 mg/ml)
and 4-(2-hydroxyethyl)-1-piperazineethanesul-
phonic acid (HEPES) (20 mM) at 37°C with 5%
carbon dioxide in air. The cell density in flasks con-
taining 200 ml of medium was between 1.5 - 10°
cells per ml of fresh culture and 1.5 - 10° cells per ml
of culture ready to be harvested.

Stimulation protocol and extraction of inositol phos-
phates

The cells (approximately 2-108-4-108 cells per 200
ml of medium) were harvested by centrifugation (6
min, 18°C, 450 g) and resuspended in 10 ml of fresh
RPMI-1640 medium (as above) and were kept at
37°C for 10 min. Buffer (for control values) or
OKT3 (final concentration 10 pg/ml) was then add-
ed for different periods of time. Two minutes before
the end of the incubation period, the cells were pel-
leted (2 min, 450 g). The supernatant was decanted
and the cells were lysed by the addition of 1 ml of
ice-cold perchloric acid (10%, v/v). The perchloric
acid extract was immediately vortex-mixed and
freeze-thawed twice in liquid nitrogen. The per-
chloric acid extracts were left on ice for 30 min to
extract the soluble inositol phosphates. Then the
precipitated protein was removed by centrifugation
(10 min, 8800 g) and the supernatant was titrated to
pH 4-5 by the addition of potassium hydroxide so-
lution (small volumes of the following concentra-
tions were added successively: 7, 3.5, 1.75 and 0.875
M). The samples were left on ice for 30 min and
then centrifuged to remove the potassium perchlo-
rate precipitate (10 min, 8800 g).

Sample preparation for determination by high-per-
Sformance liquid chromatography (HPLC)
Nucleotides were removed from the samples by
extraction with charcoal as described previously
[11]. Directly before injection into the HPLC sys-
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tem, the samples were filtered through disposible
filters (0.45 um; Schleicher and Schiill, Dassel, Ger-
many). The solid-phase extraction method that was
originally introduced with the metal-dye detection
system [9] was not used for two reasons: (i) the in-
ositol phosphates were extracted from the cell pellet
so that no interference from salts or buffers from
the medium was expected; (ii) to avoid the acid-
catalysed migration of phosphate groups on the in-
ositol ring [11].

HPLC separation and determination by the metal-
dye detection system

The determination of the inositol phosphates was
carried out with a Kontron Instruments HPLC sys-
tem consisting of two pumps (Model 420), two mi-
cro-mixing chambers (Model 494) and a UV-visible
detector (Model 430) equipped with two MonoQ
columns (5 x 0.5 cm; Pharmacia, Freiburg, Ger-
many) in line. System control and data acquisition
were performed with the computerized MT1-sys-
tem/D450-software from Kontron Instruments
(Munich, Germany).

The separation of inositol phosphates was
achieved by an upward concave gradient as de-
scribed previously [9]. The composition of the
eluents was: A, 0.02 mM HCI-13.5 uM YCl5; B, 0.4
M HCI-21 uM YCl;. The dye solution, C [350 uM
2-(4-pyridylazo)resorcinol, 1.6 M triethanolamine,
pH 9.1], was pumped by a third HPLC pump
(Beckman 110B, Munich, Germany) and mixed
with the column eluate in a ratio of 1:2 by a micro-
mixing chamber with a dead volume of 800 ul
(Model 494, Kontron Instruments). This modifica-
tion was introduced to reduce the baseline noise and
resulted in a better sensitivity than with a T-junc-
tion and a knitted coil. The detector was auto-ze-
roed at the start of each chromatogram. The absor-
bance was measured at 520 nm and the analogue
signal inverted, baseline-substracted and integrated
by the MT1/D450-system.

Semi-preparative isolation of InsPs isomers

Phytic acid (0.2 g; Fluka, Buchs, Switzerland)
was hydrolysed in 1.5 ml of sodium acetate solution
(0.2 M, pH 4.0 with acetic acid) at 100°C for 6 h.
Then a 50-ul portion was diluted with 1 ml of doub-
ly distilled water and separated by anion-exchange
HPLC as described above. Peak 7 (Fig. 1A) was
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collected, lyophilized and dissolved in 4.5 ml of
doubly distilled water and a 100-u1 aliquot was re-
chromatographed (Fig. 1B). A 1.5-ml portion was
then separated as above. Peaks 4-8 were collected,
lyophilized and dissolved in 300 ul of doubly distill-
ed water. Aliquots (30 ul diluted with 1 ml of doub-
ly distilled water) were rechromatographed (Fig.
1C-G). The yields of purified InsPs isomers were
1.2-2.4 ymol.

RESULTS

Evaluation of the analytical system

When carrying out the sample preparation proce-
dure with a standard mixture of inositol pentakis-
phosphates and InsPs, the recovery of all isomers
was greater than 838% [mean 94+5.2% (n = 8)].
These experiments also confirmed published data
[11] that there is no acid-catalysed migration of
phosphate groups under such conditions. In addi-
tion, some samples from cells were spiked with pr-
Ins(1,2,3,4,5)P5 as an internal standard. Recoveries
of about 96% indicate no loss due to catabolism of
the sample, e.g. by acid-stable phosphatase activ-
ities.

By monitoring the column eluate at 260 nm with-
out using the post-column dye system, three char-
coal extractions were necessary to remove the nu-
cleotides from cell samples. To rule out that any of
the peaks were due to elution of nucleotides or oth-
er polyanionic compounds (e.g. polysulphated sub-
stances), control samples were treated as follows.
First, HPLC separation with a wavelength setting
of 260 nm without using the post-column dye sys-
tem was used to detect the remaining nucleotides. It
was found that the nucleotides were eluted before
Ins(1,3,4)P; and did not interfere with the detection
of later eluting compounds. Secondly, control sam-
ples were treated with alkaline phosphatase. After
adjusting the pH to 8 with triethanolamine, the
samples were reacted with 12 U of alkaline phos-
phatase at 37°C for 24 h. Alkaline phosphatase
treatment led to the disappearence of all peaks des-
ignated as inositol polyphosphates.

The linear regression analysis of the calibration
graphs for several inositol polyphosphate isomers
revealed r values >0.99 in the range of 50 pmol to
1.5 nmol (Table I). When relating the slope of the
calibration graphs to the number of phosphate
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Fig. 1. Semi-preparative isolation of InsP isomers. Samples were separated by anion-exchange HPLC on MonoQ columns (50 x 5
mm, two columns in-line; Pharmacia) by an upward concave gradient from 0.02 mM HCI-13.5 uM YCl, to 0.4 M HCI-21 uM YCl,.
The flow-rate through the columns was 1.2 ml/min whereas the dye solution [350 uM 2-(4-pyridylazo)resorcinol, 1.6 M triethanolamine,
pH 9.1j was pumped at 0.6 ml/min. The absorbance of the mixture was measured on-line at 520 nm. A 50-ul aliquot of an InsP
hydrolysate containing InsP, to InsP, was separated (A), peak 7 was collected (A), lyophilized and dissolved in 4.5 ml of doubly
distilled water and a 100-pl aliquot was rechromatographed (B), resulting in the resolution of pr-Ins(1,4,5,6)P, (B, peak 4), Ins-
(1,2,3,4,6)P, (B, peak 5), pL-Ins(1,2,3,4,5)P (B, peak 6), pL-Ins(1,2,4,5,6)P; (B, peak 7) and Ins(1,3,4,5,6)P; (B, peak 8). A 1.5-mi
portion was then separated as above. Peaks 4-8 were collected, lyophilized and dissolved in 300-u1 of doubly distilled water. Aliquots of
30 4l diluted with 1 m! of doubly distilled water were then rechromatographed (C-G).
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TABLE I

CALIBRATION GRAPHS FOR INOSITOL POLYPHOS-
PHATES DETERMINED BY THE METAL-DYE DETEC-
TION SYSTEM

Mixtures of standard Ins([,4)P,, Ins(1,4,5)P,, Ins(1,3,4,5)P,,
Ins(1,4,5,6)P,, Ins(1,3,4,5,6)P, and InsP in the range 50-1500
pmol were determined on a MonoQ column (100 x 5 mm, Phar-
macia) as described under Experimental. Linear regression anal-
ysis of the signal (mV min) as a function of the amount (pmol)
gave the values in this table.

Inositol polyphosphate  Slope Intercept

Ins(1,4)P, 0.0319 0.1321  0.9995
Ins(1,4,5)P, 0.0549 0.0893  0.9995
Ins(1,3,4,5)P, 0.0670 —0.5710  0.9998
Ins(1,4,5,6)P, 0.0687 —0.1460  0.9990
Ins(1,3,4,5,6)P 0.0819 —0.6000  0.9929
InsP, 0.0943 —0.0850  0.9999

groups on the inositol ring, a linear correlation was
found (s, = 0.01518n,+0.00573, r = 0.9909, where
s, is the slope of the calibration graphs and #p is the
number of phosphate groups).

Determination of multiple inositol polyphosphates in
human T-cell lines

In the human T-cell line Jurkat at least eleven
inositol polyphosphates could be separated by
HPLC and on-line metal-dye detection (Fig. 2).
The isomeric identity of several compounds was de-
termined by (i) comparing the retention times with
commercially available standards and (ii) by the ad-
dition of the commercially available compounds to
cell extracts before analysis. Ins(1,4)P,, Ins(1,3,4)-
P3, Ins(1,4,5)P;, Ins(1,3,4,5)P,, the enantiomeric
pair Ins(1,4,5,6)P4—Ins(3,4,5,6)P,, Ins(1,3,4,5,6)P5
and InsP were clearly identified by this method. In
addition, two further InsP, isomers and two InsPs
isomers were found (Fig. 2, peaks 8, 10, 12, 13). One
of the InsP, isomers (Fig. 2, peak 8) was identified
as Ins(1,3,4,6)P, as it had an identical retention
time to the standard compound that was prepared
by phosphorylation of Ins(1,3,4)P5 in rat liver ex-
tracts [12]. The second peak (Fig. 2, peak 10) etuted
between 1Ins(1,3,4,5P, and Ins(1,4,5,6)P,—Ins-
(3,4,5,6)P4. As no standard substance with the same
retention time was available, the isomeric identity
could not be determined.
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Fig. 2. HPLC determination of inositol polyphosphates from
Jurkat T-lymphocytes. Samples from resting and stimulated cells
(stimulation time is given on the right-hand side) were processed
and analysed using the same conditions as in Fig. 1. Mixing of
the column eluate and the dye solution was carried out in a
micro-mixing chamber. The absorbance was measured at 520 nm
and the inverted analogue signal was transferred to the comput-
erized data system D450/MT1. Peaks were identified by co-chro-
matography with commercially available standards. Peaks: 1 =
InsP, + P; 2 = Ins(1,4)P,; 3-5 = 2, 6 = Ins(1,3,4)P,; 7 =
Ins(1,4,5)P;; 8 = Ins(1,3,4,6)P,; 9 = Ins(1,3,4,5)P,; 10 = InsP,
with unclear isomeric identity; 11 = Ins(1,4,5,6)P,—Ins(3,4,5,6)-
P; 12 = Ins(1,2,3,4,6)P,, 13 = Ins(1,2,4,5,6)P,; 14 = Ins-
(1,3,4,5,6)P, and 15 = InsP,.

Two additional peaks (Fig. 2, peaks 12 and 13)
were detected between the standards Ins(1,4,5,6)P,
and Ins(1,3,4,5,6)Ps. The first of these (Fig. 2, peak
12) eluted 1.4 min behind Ins(1,4,5,6)P,, whereas
the second (Fig. 2, peak 13) eluted 2 min before
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Ins(1,3,4,5,6)Ps. The two compounds are probably
InsP; isomers for several reasons: (i) in the original
system [9,10] Ins(1,4,5,6)P, was shown to be the
slowest eluting InsP, isomer followed by Ins-
(1,2,3,4,6)Ps; (ii) InsPs isomers prepared by the acid
hydrolysis of phytic acid (see under Experimental)
eluted between standard Ins(1,4,5,6)Ps and stan-
dard InsPs and were identified according to their
elution positions as Ins(1,2,3,4,6)Ps, DL-Ins
(1,2,3,4,5)Ps, pL-Ins(1,2,4,5,6)P5 and Ins(1,3,4,5,6)-
Ps [10]; (iii) the first compound from Jurkat samples
co-eluted with the Ins(1,2,3,4,6)P5s standard while
the second co-eluted with standard DL-Ins-
(1,2,4,5,6)P5. According to these results the com-
pounds found in Jurkat extracts are probably Ins-
(1,2,3,4,6)P5 and pL-Ins(1,2,4,5,6)Ps.

The basal concentrations of individual inositol
polyphosphates from Jurkat T-cells varied over
more than 2 orders of magnitude from 25+ 10 pmol
per 10° cells (n = 4) for Ins(1,4,5)P; to 6380+ 355
pmol per 10° cells (n = 4) for InsPs (Table I). In
unstimulated cells Ins(1,3,4,5)P, was not detected
under the conditions used. Ins(1,4,5,6)P4—Ins
(3,4,5,6)P, was predominant among the InsP; and
InsP, isomers in resting cells at 525+ 50 pmol per
10 cells (n = 4), whereas the concentration of each
of the other InsP; and InsP, isomers was less than

TABLE II
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Fig. 3. HPLC determination of inositol polyphosphates from
HPB.ALL T-lymphocytes. A sample from unstimulated
HPB.ALL T-lymphocytes was analysed using the same condi-
tions as in Fig. 2. Peaks: 1 = InsP, + P; 2 = Ins(1,4)P,, 3,4 =
7, 5 = Ins(1,4,5,6)P,~Ins(3,4,5,6)P,; 6 = Ins(1,2,3,4,6)P;; 7 =
Ins(1,2,4,5,6)P; 8 = Ins(1,3,4,5,6)P,; 9 = InsP.

100 pmol per 10° cells. Interestingly, of the InsPs
isomers, the putative pL-Ins(1,2,4,5,6)Ps and Ins-
(1,3,4,5,6)P5 were approximately 24- and 16-fold
higher than the amount of the putative Ins-
(1,2,3,4,6)Ps isomer.

TIME COURSE OF INOSITOL POLYPHOSPHATES IN JURKAT T-LYMPHOCYTES STIMULATED BY THE MONOCLO-
NAL ANTIBODY OKT3 VIA THE T-CELL RECEPTOR-CD3 COMPLEX

The analysis of inositol polyphosphates was carried out as described in Fig. 2 and under Experimental.

Inositol polyphosphate

Concentration (mean + S.D., n = 4) (pmol per 10° cells)

0 min 5 min 20 min
Ins(1,3,4)P, 70 £ 10 460 + 115° 340 £ 30°
Ins(1,4,5)P, 25+ 10 170 £ 15° 255
Ins(1,3,4,6)P, 35 £ 20 240 + 30¢ 250 + 20°
Ins(1,3,4,5)P, - 570 + 105° 850 + 15°
InsP, () 10+ 5 185 £ 50¢ 190 £ 15°
Ins(1,4,5,6)P,—Ins(3,4,5,6)P, 525 + 50 525 = 70 850 + 25¢
Ins(1,2,3,4,6)P, 115 £ 30 355 + 30° 305 + 20°
Ins(1,2,4,5,6)P, 2740 £ 125 1790 + 155° 1865 + 85¢
Ins(1,3,4,5,6)P, 1855 + 90 2190 + 165° 2090 + 115°
InsP, 6380 + 355 6860 + 255 6680 + 320
7 p < 0.01 (Student’s ¢-test).
<7

b p < 0.05 (Student’s r-test).
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In the human T-lymphocyte cell line HPB.ALL
similar basal concentrations of inositol phosphates
were seen. The intracellular concentration of InsPg
was about ten-fold lower in this cell line (Fig. 3).

Stimulation of Jurkat T-lymphocytes by the
monoclonal antibody to CD3, OKT3 (10 ug/ml),
revealed a complex pattern of mass changes in the
different inositol polyphosphates (Fig. 2, Table II).
The intracellular concentrations of Ins(1,3,4)P; and
Ins(1,4,5)P; were increased transiently (Fig. 2),
whereas the concentrations of the InsP, isomers
{Ins(1,3,4,6)P4, Ins(1,3,4,5)P, and the unidentified
isomer] remained raised for 20 min. In contrast, Ins-
(1,4,5,6)P4 and/or Ins(3,4,5,6)P, (identified as the
enantiomeric mixture) remained at the control level
for 5 min, but increased within 20 min (Fig. 2). Of
the InsPs isomers, an increase in Ins(1,2,3,4,6)P;
and Ins(1,3,4,5,6)Ps within 5 min was noticed,
which remained raised for 20 min also (F ig. 2). The
very high level of InsPg also increased after stim-
ulation. However, a significant effect could be ob-
served only transiently after 3 min (data not
shown). In contrast, Ins(1,2,4,5,6)Ps did not in-
crease, but decreased continuously for 20 min in
response to stimulation by the antibody to CD3.

DISCUSSION

These results clearly show that the anion-ex-
change HPLC separation and post-column dye Sys-
tem [9,10] are suitable for the determination of in-
tracellular concentrations of inositol polyphos-
phates in human T-lymphocyte cell lines. It could
be shown that T-cell receptor—CD?3 stimulation in
intact Jurkat T-lymphocytes results in changes of
the intracellular concentration not only of Ins-
(1,4,5)P; and Ins(1,3,4,5)P, but of numerous inosi-
tol polyphosphates. Whereas the basal concentra-
tion or the receptor-mediated formation of some
inositol polyphosphates was observed in other cell
types [13-16], a novel finding is that an InsPs iso-
mer, probably Ins(1,2,3,4,6)Ps, is formed in re-
sponse to stimulation in the human T-cell line Jur-
kat. Also, the receptor-mediated decrease of Ins
(1,2,4,5,6)Ps in response to stimulation is a novel
observation. Ins(1,2,4,5,6)Ps probably serves as a
source for TnsPg as it has been observed that Ins-
(1,2,4,5,6)Ps rather than the other InsPs isomers is
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phosphorylated to InsP by a cytosolic extract from
Jurkat T-lymphocytes [17).

A receptor-mediated increase of the intracellular
concentration of Ins(1,3,4,5)P,, Ins(1,3,4,6)P,, Ins-
(3,4,5,6)P4, Ins(1,3,4,5,6)P5 and InsP¢ has been de-
scribed in the human myeloid cell line HL-60 [11].
However, the time courses of the intracellular con-
centrations of these individual isomers in HL-60
cells on stimulation with formyl-Met-Leu-Phe were
very different from those observed in Jurkat T-cells,
indicating different regulatory mechanisms. In par-
ticular, in HL-60 cells there was a significantly fas-
ter synthesis of Ins(1,3,4,5)P,, Ins(1,3,4,6)P, and
Ins(3,4,5,6)P,, with a peak value at 1-2 min and a
rapid decrease to control values within 5 min [11].
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ABSTRACT

Calendula officinalis and Sambucus nigra flowers were analysed by reversed-phase high-performance liquid chromatography (RP-
HPLC) and micellar electrokinetic capillary chromatography (MECC). RP-HPLC was performed on C; Aquapore RP 300 columns
with eluents containing 2-propanol and tetrahydrofuran. MECC was carried out on 2 72-cm fused-silica capillary using sodium dodecyl
sulphate and sodium borate (pH 8.3) as the running buffer. The results obtained by these techniques are compared.

INTRODUCTION

Flavonoids are a widespread group of natural
products and in recent years different investigations
on their biochemical and pharmacological proper-
ties have been reported [1].

Flavonoids are mainly described for their ability
to inhibit a variety of enzymes [2] and for their rad-
ical scavenging [3] and anti-inflammatory [4] activ-
ity. Their analysis is therefore of prime importance,
and so far high-performance liquid chromatogra-
phy (HPLC) has been the main method used.

According to our strategy [5], flavonoids from
Betula folium, Ononis spinosa, Helichrysum italicum,
Ginkgo biloba, Anthemis nobilis, Equisetum arvense,
Orthosiphon spicatus and Solidago virgaurea can be
sharply separated by elution on Cg columns with
‘systems  containing 2-propanol .and tetra-

0021-9673/92/$05.00 ©

hydrofuran. Recently [6], we reported the separa-
tion of flavonol-3-O-glycosides from Ginkgo biloba
by micellar electrokinetic capillary chromatography
(MECC). Extending this investigation, in this work
Calendula officinalis and Sambucus nigra flowers
were analysed by RP-HPLC and MECC.

EXPERIMENTAL

Materials

The reference compounds a, b, € and h (Table I)
were purchased from Extrasynthese (Genay,
France). Astragalin (i) was already available in this
laboratory [7]. Calendula officinalis and Sambucus
nigra flowers were obtained from Milanfarma (Mi-
lan, Italy). All other chemicals were of HPLC
grade.

1992 Elsevier Science Publishers B.V. All rights reserved
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TABLE 1

FLAVONOL-3-O-GLYCOSIDES FROM CALENDULA OF-
FICINALIS AND SAMBUCUS NIGRA

R=H Kaempterol (K]

R=0H Quercetin [Q}

R =0CHy4 Isarhamnetin {f}
Compound Peak
1-3-O-glucoside a
1-3-O-6-rhamnosylglucoside (I-3-O-rutinoside) b
1-3-0-2-rhamnosylglucoside (I-3-O-neohesperidoside) c
1-3-0-26-rhamnosylrutinoside d
Q-3-0O-6-rhamnosylglucoside (rutin) e
Q-3-0-2-rhamnosylglucoside (Q-3-O-neohesperidoside) f
Q-3-0-28-rhamnosylrutinoside g
Q-3-O-glucoside (isoquercitrin) h

i

K-3-O-glucoside (astragalin)

Equipment

HPLC. HPLC analyses were performed on a Wa-
ters Assoc. (Milford, MA, USA) liquid chromato-
graph equipped with a Model U6K universal in-
jector and a Model 510 pump connected to a Model
HP 1040A photodiode-array detector (Hewlett-
Packard, Waldbronn, Germany). The analytical
column was a 7-um Cg Aquapore RP 300 cartridge
(220 x 2.1 mm) and the semi-preparative column
was a 7-um Cg Aquapore RP 300 (250 x 7 mm
1.D.) (Applied Biosystems, San Jose, CA, USA).

The eluent for Calendula officinalis flowers was
2-propanol-tetrahydrofuran—-water (10:5:85) at a
flow-rate of 0.4 ml/min [in semi-preparative runs,
the flow-rate was 4 ml/min and the peaks were col-
lected by means of a Gilson Model 201 fraction col-
lector (Biolabo Instruments, Milan, Italy)]. The
eluent for Sambucus nigra flowers was 2-propanol-
tetrahydrofuran-water (12:4:84) at a flow-rate of
0.4 ml/min.

MECC. The separations were performed using a
Applied Biosystems Model 270A capillary electro-
phoresis apparatus equipped with a 72 ecm % 50 ym
I.D. fused-silica capillary. The buffer was 20-25
mM sodium borate (pH 8.3) and 40-60 mM sodium
dodecy! sulphate (SDS). The other conditions were
voltage 277 V/cm, temperature 27°C, injectivn 1-s

P. PIETTA et al.

aspiration (4 nl) and detection at 260 and 320 nm.
The data were analysed on a Shimadzu (Kyoto, Ja-
pan) CR3A data processor.

Sample preparation

Calendula officinalis. Dried flowers (2 g) were ex-
tracted with 20 ml of 50% methanol at room tem-
perature for 24 h. The clear filtrate was evaporated
to dryness under vacuum and the residue was dis-
solved in 3 m! of methanol. A 1-ml volume of this
solution was diluted with 2 ml of water and applied
to a previously activated (5 m! of methanol fol-
lowed by 5 ml of water) Sep-Pak C, cartridge. Af-
ter washing with 3 ml of water and 3 ml of 30%
methanol, the flavonoid fraction was eluted with 5
ml of 70% methanol. The eluate was evaporated to
dryness and the residue was dissolved in 1 ml of
30% methanol. ’

Sambucus nigra. Dried flowers (2.5 g) were ex-
tracted with 50 ml of 50% methanol at room tem-
perature for 48 h. After filtration, the solution was
evaporated to dryness under vacuum and the resid-
ue was dissolved in 2 ml of methanol. A 0.5-ml vol-
ume of this solution was processed as described
above.

Hydrolysis
Acid hydrolysis was carried out in sealed tubes at
100°C for 45 min with 0.5 mg of d glycoside dis-

1201 LC 340 nm
128 d

801
4

4 b

602+

mAU

491

%] ‘/
Time (min )

Fig. 1. Typical chromatogram of Calendula officinalis flower ex-
tract. Column, 7-um Cy Aquapore RP 300 cartridge (220 x 2.1
mm 1.D.); eluent, 2-propanol-tetrahydrofuran-water (10:5:85);
flow-rate, 0.4 mi/min. For peaks, see Table I.
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attenuation, 16 mV full-scale. For peaks, see Table I.

Fig. 2. Typical electropherograms of Calendula officinalis flower extract. Conditions: capillary 72 cm x 50 um L.D. fused silica; voltage,
277 V/em; buffer, (A) 60 mM SDS-20 ma borate (pH 8.3) and (B) 40 mM SDS-25 mM borate (pH 8.3); detection, 260 nm;
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solved in 0.2 ml of M HCl and 0.8 m] of methanol.
Isorhamnetin was detected by HPLC [8], whereas
glucose and rhamnose were detected as acetyl deriv-
atives by gas chromatography [9].

RESULTS AND DISCUSSION

Calendula officinalis

Different flavonol-3-O-glycosides have recently
been identified in Calendula officinalis flowers [10],
and their structures elucidated by NMR and mass
spectrometry (Table I). A typical chromatogram of
an extract is shown in Fig. 1. Peaks a and b were
identified as isorhamnetin-3-O-glucoside and iso-
rhamnetin-3-O-rutinoside, respectively, by co-chro-
matography with authentic specimens; moreover,
the identity was confirmed by comparing their on-
line UV spectra with those of corresponding stan-
dards. Also the peaks c and d gave spectra typical of
isorhamnetin glycosides. The major peak d was iso-
lated and on acid hydrolysis isorhamnetin and
rhamnose and glucose (in the ratio 2:1) were detect-
ed, thus indicating that this peak was the previously
reported  isorhamnetin-3-O-2%-rhamnosylrutino-
side [10].

Owing to its chromatographic and spectrophoto-
metric characteristics, peak ¢ can be considered as
the fourth described isorhamnetin derivative, i.e.,

LC 3480 nm
60

]
50

40

mAY

307
207 II

181 i
U

2 i
23

Time (min )
Fig. 3. Typical chromatogram of a Sambucus nigra flower ex-
tract. Column as in Fig. 1; eluent, 2-propanol-tetrahydrofuran,
water (12:4:84); flow-rate, 0.4 ml/min. For peaks, see Table L.
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Fig. 4. UV spectra of isoquercitrin (h), astragalin (i) and peaks 1
and II in Fig. 3.

isorhamnetin-3-O-neohesperidoside. Peaks e, f and
g gave one-line UV spectra typical of quercetin. Of
these peaks, the low and partially resolved peak e
was identified as rutin by co-chromatography with
a standard. Peaks f and g can be assigned as the
previously reported quercetin-3-O-neohesperido-
side and quercetin-3-0-2°-rhamnosylrutinoside on
the basis of their chromatographic behaviour and
UV spectra.

Typical electropherograms obtained from Calen-
dula officinalis flower extract using two different
running buffers are shown in Fig. 2. MECC allowed
confirmation of the presence of rutin (peak e) and
the detection of isoquercitrin (peak h). Analogous-
ly, peak a, b and d were identified by comparison
with authentic specimens. Owing to the lack of on-
line spectral information, the identification of the
other three peaks was not possible.

Sambucus nigra

Rutin and isoquercitrin (Table I) are the main
flavonolglycosides of Sambucus nigra flowers {11].
These compounds were sharply separated by iso-
cratic eluton (Fig. 3) and their identities were con-
firmed by co-chromatography and on-line UV spec-
tral comparison with rutin and isoquercitrin stan-
dards. A small peak due to astragalin was also iden-
tified. As shown in Fig. 4, peaks I and II gave UV
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Fig. 5. Typical electropherograms of Sambucus nigra flower extract, with detection at (A) 320 and (B) 260 nm. Conditions as in Fig. 2A.
For peaks, see Table 1.
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spectra with a minimum at 260 nm and a maximum
near 320 nm, thus excluding a flavonol structure.

MECC of Sambucus nigra flowers extracts yield-
ed a baseline separation within 12 min (Fig. 5).
Peaks e, h and i were assigned by comparison with
standards, whereas peaks I and I were identified by
differential UV absorption at 260 and 320 nm.

From these results, it can be concluded that
MECC can be used as a complementary technique
with HPLC for the analysis of flavonol-3-O-glyco-
sides from Calendula officinalis and Sambucus nigra
flowers. However, technological improvement of
capillary electrophoresis apparatus for on-line UV
spectra is needed to achieve the same analytical da-
ta as HPLC.
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High-performance liquid chromatographic method with
fluorescence detection for the determination of total

homocyst(e)ine in plasma
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ABSTRACT

A high-performance liquid chromatographic method for the determination of total plasma homocyst(e)ine [H(e)] after reduction with
sodium tetrahydroborate and precolumn derivatization with o-phthaldialdehyde is described. The analyses, carried out on a reversed-
phase C, 4 column, were based on spectrofluorimetric detection. The sensitivity was | pmol per injection and the intra- and inter-assay
relative standard deviations were 1.8% and 5%, respectively. The plasma H(e) concentration determined in 40 healthy volunteers
(20-60 years old) was 12.4 + 2.9 uM (mean + S.D.), in good agreement with reference values.

INTRODUCTION

Homocysteine [HCys] is a thiol-containing amino
acid produced during the transsulphuration path-
way of methionine [1,2]. In the last decade attention
has been focused on a possible role of H(e) metabo-
lism in the pathogenesis of atherosclerosis. The pos-
sibility that mild impairments of homocyst(e)ine
[H(e)] levels may be a risk factor for vascular dis-
eases in some patients has been suggested by studies
on homocystinuria. This disease, due to cystathio-
nine f-synthase (EC 4.2.1.22) deficiency in the ho-

mozygous form, or to defects in the remethylation

of HCys to methionine for vitamin B,, or folate
deficiency, was shown to be frequently associated
with several vascular diseases in infancy and child-
hood [1-7]. Experimental studies [8,9] demonstrat-
ed that the abnormal accumulation of this amino
acid in tissues and blood has injurious effects on the
endothelial cells, inducing vascular damage.

One of the major problems encountered in stud-
ies on the potential atherogenic role of H(e) was the
development of an accurate and simple assay, able
to screen, in a normal population, subjects having a

congenital predisposition to occlusive vascular dis-
case. Several approaches to the analysis of H(e)
have been described, including gas chromatogra-
phy-mass spectrometry (GC-MS) [10], radioen-
zymic assay [11] and high-performance liquid chro-
matography (HPLC). The last technique, which is
the most widely applied, may be combined with dif-
ferent detectors such as post-column ninhydrin de-
rivatization and spectrophotometric detection in
the visible range [12-14], electrochemical detection
[15-18] or precolumn derivatization and spectroflu-
orimetric detection [19-23].

The most recently described precolumn labelling
agent is monobromobimane (mBrB), a fluorogenic
thiol-specific reagent [19-22]. However this deriv-
atization, characterized by the formation of inter-
fering adducts, requires different clean-up steps to
remove the mBrB hydrolysis products [20,22]. In
view of this fact we tested o-phthaldialdehyde
(OPA) as derivatizing agent, already used previous-
ly for amino acid analyses [24,25]. The OPA fluo-
rophore rapidly links the primary amino groups of
amino acids, giving derivatized products; that could
be detected with high sensitivity, and was previous-

0021-9673/92/305.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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ly found to be suitable for the determination of par-
ticular amino acids present in very low concentra-
tions in the urinary matrix [25].

This paper describes a simple and sensitive
HPLC method with OPA precolumn derivatization
for the determination of total homocyst(e)ine in
plasma.

EXPERIMENTAL

Chemicals

Homocysteine, OPA, sodium tetrahydroborate
(NaBH,) and 2-mercaptoethanol (2-MCE) were
obtained from Fluka (Buchs, Switzerland) and ho-
mocysteic acid from Sigma (St. Louis, MO, USA).
Iodoacetic acid, propionic acid and dimethyl sul-
phoxide (DMSO) were purchased from Janssen
Chimica (Beerse, Belgium). All chemicals and sol-
vents were of analytical-reagent grade and were ob-
tained from BDH (Poole, UK). Doubly distilled
water and solvents were filtered, prior to use,
through a 0.45- or 0.22-um filter Millipore (Bed-
ford, MA, USA).

Reagents and solutions

NaBH, (3 M) was dissolved in NaOH (0.1 M),
then mixed with DMSO (2:1, v/v) and stored in a
glass vial at 4°C. The solution was prepared freshly
every week. Iodoacetic acid solution (9.3 mg/ml)
was prepared every day in boric acid (0.1 M, pH
9.5). The derivatization solution was made by dis-
solving 5 mg of OPA in 100 ul of methanol and then
adding 0.9 ml of sodium borate buffer (400 mM, pH
9.5) and 3 ul of 2-MCE. The concentrations of ho-
mocysteine and homocysteic acid standard solu-
tions in 0.1 M HCI were 0.4 and 1.2 mM, respec-
tively. For the preparation of stock sodium pro-
pionate buffer, propionic acid (15.68 ml) and an-
hydrous disodium hydrogenphosphate (49.6 g)
were dissolved in water with stirring. The solution
was titrated exactly to pH 6.5 with a few drops of
NaOH (2 M), diluted to 11 with water and stored at
room temperature.

Apparatus

The HPLC System Gold (Beckman, Palo Alto,
CA, USA) consisted of a Model 126 pump connect-
ed through a Modcl 406 analog interface with a
Model LS-3 fluorescence detector (Perkin-Eimer,
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Norwalk, CT, USA). The spectrofluorimeter was
set at a fixed scale of 10 and operated at excitation
and emission wavelengths of 230 and 417 nm, re-
spectively.

Chromatographic conditions

The Beckman Ultraspere ODS analytical (5 pm)
column (250 x 4.6 mm 1.D.) was protected by a
Brownlee (Santa Clara, CA, USA) Spheri 5-ODS (5
pm) guard column (30 x 4.6 mm I.D.). The mobile
phase consisted of two eluents: A [water—stock sodi-
um propionate buffer—acetonitrile (60:30:10)] and B
[water—acetonitrile-methanol (45:30:25)]. The flow-
rate was 1.4 ml/min. The analysis was carried out
with 100% solvent A. After the elution of HCys
(about 22 min), the proportion of solvent B was
increased to 90% over 2 min and held for 10 min,
then decreased to 0% in 2 min and after 5 min the
HPLC system was ready for next run. The total
analysis time was 35 min.

Derivatization procedure

For the determination of homocyst(e)inemia, the
reduction and cleavage of protein-bound HCys
were performed by adding to 200 ul of plasma 300
ul of water, 300 pl of 9 M urea (pH 9.0), 10 ul of
homocysteic acid solution as internal standard, 30
pl of n-amyl alcohol antifoaming agent and 45 ul of
NaBH,~DMSO solution. The samples were incu-
bated at 50°C for 30 min and deproteinized with 500
ul of 6% perchloric acid. After centrifugation, 500
ul of the supernatant were mixed with 100 ul of 40
mM iodoacetic acid and 100 ul 3 M NaOH and then
200 ul were derivatized with 100 ul of of OPA solu-
tion. After exactly 1 min, because of the instability
of the derivatives [25], 20 ul were injected into the
column.

Plasma sample preparation

Whole blood specimens were collected in sterile
Vacutainer tubes containing sodium citrate. After
centrifugation at 1500 g for 15 min, the plasma sam-
ples were immediately frozen and stored at —20°C
until analysis. :

Plasma samples were not reduced with NaBH,
prior to the derivatization step, to quantify the non-
protein-bound homocysteine.
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RESULTS

Sample preparation

In order to obtain the maximum yield of the
OPA-H(e) derivative, the optimum NaBH, con-
centration was initially determined. The reducing
agent, in fact, is necessary for cleavage of the pro-
tein-bound sulphur-containing amino acids and to
keep the thiols in a reduced form. Testing various
NaBH, concentrations (34408 mM in the reduc-
tion step) with normal (15 uM) and above-normal
(35 uM) H(e) plasma samples, a plateau in the yield
of H(e) between 103 and 204 mM (Fig. 1) was ob-
served. When concentrated homocystine solution
(200 pM homocysteine equivalents) was used, the
plateau was reached with 204 mM NaBH,. To
avoid the formation of interfering adducts NABH,
solution was usually prepared freshly every week.

Different excitation and emission wavelengths
were chosen, compared to our previous work on
amino acid analysis [24,25], because the HCys—
OPA derivative shows a higher fluorescence intensi-
ty. Under these conditions a very large interfering
peak in the initial part of the chromatogram due to
S-sulphosalicylic acid was observed, so we preferred
to use 6% HCIO, for deproteinization.

An essential condition for the formation of a
thio-substituted isoindole is the reinstatement of a
basic pH (pH > 9) [26], so addition of 3 M NaOH
is necessary to buffer the acidity of the samples.

0.5
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Fig. 1. Influence of NaBH, in homocyst(e)ine determination.
Increased concentrations of NaBH, were used to analyse A = a
normal plasma sample (15 pM); B = a plasma sample contain-
ing an above normal concentration of H(e) (35 uM); C = homo-
cystine standard solution (200 M homocysteine equivalents).
The concentration of NaBH, on the abscissa refers to the
amount present in the reduction step.
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To stabilize OPA derivatives, which can produce
non-fluorescent adducts by intermolecular sulphur—
oxygen rearrangement [27], 2-MCE was added to
OPA solution. The low volume of 2-MCE used
(3:1000, v/v) in the last step of sample derivatization
precluded its possible contribution to a reduction of
plasma disulphide bonds, allowing the application
of this method also for the determination of free
homocysteine (Fig. 2D).

To prevent the subsequent reoxidation of the
thiols and above all to strengthen the weak
OPA-H(e) bond, the reaction mixture, immediately
after deproteinization, was treated with iodoacetic
acid (50 mM) for S-carboxymethylation.

HPLC analysis

The determination of HCys was initially per-
formed by an isocratic run, using a mixture of 50
mM disodium hydrogenphosphate buffer (pH 7.4)
and acetonotrile (89:11) as described by Cooper and
Turnell [28] for plasma cystine analysis. As HCys
eluted very close to the surrounding peaks, to im-
prove the separation, different percentages of aceto-
nitrile (ranging from 8% to 12%) and various pH
values and ionic strengths were tested (data not
shown). '

The best resolution of HCys was observed by us-
ing a buffer (pH 6.5) containing sodium hydrogen-
phosphate (105 mM), propionic acid (75 mM) and
10% of acetonitrile. 'Applying these conditions,
HClys eluted at 22 min and was well separated from
the asparagine and serine peaks (Fig. 2).

Linearity, precision and sensitivity

Quantitative assay was performed by means of
calibration graphs, obtained from an aqueous solu-
tion of homocysteine in the range 0-320 uM. The
relative fluorescence intensities of OPA-homocys-
teine/internal standard were plotted as a function of
homocysteine concentration (Fig. 3). The response
of the detector was linear in the tested range and
linear regression analysis yielded y = 0.0061x +
0.030 with a correlation coefficient of 0.999. When
increased amounts of HCys were added to normal
plasma samples, and immediately processed ac-
cording to the present method, a linear relationship
(r =0.999, y = 0.007x + 0.17) was observed be-
tween the peak area of OPA—H(e) and the concen-
tration of HCys added to human plasma (Fig. 3).
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Fig. 3. Linearity of the assay for OPA-homocyst(e)ine in (A) a
standard mixture and (B) a normal plasma sample. The integrat-
ed peak areas, normalized to the internal standard, were plotted
versus the amount of homocysteine standard added.

The within-day reproducibility of the assay for
total H(e) was determined by injecting aliquots (n
= 8) of the same plasma sample, and the between-
day reproducibility was calculated from the analysis
of the same plasma sample for seven consecutive
days. The relative standard deviations (R.S.D.)
were 1.8% and 5%, respectively.

To determine the recovery of the method, differ-
ent amounts of HCys (1-64 nmol) were added to
200-ul aliquots of the same pooled plasma. The av-
erage recovery was 94 + 17% (mean = S.D.). The
lower limit of sensitivity was | pmol injected, equiv-
alent to a plasma concentration of 0.7 uM.

Influence of anticoagulants

In order to study the possible interference of anti-
coagulants on plasma H(e) determination, whole
blood specimens, withdrawn by venipuncture from
five healthy donors, were collected in different Vac-
utainer tubes containing EDTA, heparin and sodi-
um citrate. The mean levels found were 12.24 +
0.70,11.86 = 1.11 and 11.84 & 1.36 uM for EDTA,
heparin and sodium citrate, respectively, showing
no statistical differences among the three different
treatments (p > 0.05, Student’s ¢-test). We adopted
sodium citrate as anti-coagulant, as it is commonly
used in the coagulation laboratory of our Institute.

Plasma reference values

In order to define the physiological plasma H(e)
levels, we determined this amino acid in plasma
samples withdrawn by venipuncture from 40 fasting
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healthy subjects (2060 years old). The mean H(e)
concentration was 12.4 + 2.9 uM (S.D.), which was
consistent with literature values [2,10,18,21].

DISCUSSION

A sensitive and reproducible assay for total plas-
ma homocyst(e)ine with OPA derivatization and
HPLC analysis has been developed. As HCys, in
normal human plasma, is predominantly bound
with proteins (particularly to albumin) [11], we em-
ployed NaBH, as a disulphide reducing agent. Af-
ter deproteinization with HCIO,, plasma samples
were treated with 50 mM iodoacetic acid for S-car-
boxymethylation. The blocking of the sulphydryl
groups, in fact, involves the formation of a very
stable fluorescent isoindole product {28], providing
reproducible analytical values.

The OPA reaction is highly pH dependent and at
pH < 9.0 no reaction occurs [26], therefore the ad-
dition of 3 M NaOH after the deproteinization step
is necessary to ensure a high derivatization yield
(more than 94%).

The OPA derivatization method shows a very
good sensitivity (1 pmol per injection), similar to
other HPLC procedures [17,20,21]. No problems of
interference from the reducing agent and a great
saving of time over mBrB derivatization [21] were
observed. In addition, the fluorescence intensity of
the OPA-HClys derivative is sufficiently high to de-
termine the free form also. H(e) determination was
carried out on a commercial reversed-phase column
at room temperature without requiring the utiliza-
tion of special and expensive chromatographic ap-
paratus or column heating [20]. The use of an in-
ternal standard with respect to other procedures
[20,21,23] contributed to improving the precision of
the method.

The average concentration of total plasma H(e)
determined with our method was 12.4 + 2.9 uM (n
= 40). This value was in good agreement with H(e)
levels obtained applying different other analytical
techniques including GC-MS (7-22 uM) [10], a ref-
erence analyser (11.5 + 0.9 uM) [2] or HPLC in
combination with either mBrB derivatization (16.15
+ 5.4 uM) [21] or electrochemical detection (10.0
+ 3.2 uM) [18].

These data confirm the validity of this specific
and reproducible method, allowing its accurate ap-
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plication in clinical research. The evaluation of the
potential atherogenic properties of H(e), made pos-
sible by the present method, will be investigated by
an accurate definition of normal plasma H(e) range
and by the determination of H(e) levels in patients
afflicted with different cardiovascular diseases. This
study will allow us to evaluate the potential athero-
genic properties of H(e).
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ABSTRACT

A method for the extraction, separation and evaluation of betalaines, the pigments of bood-red Opuntia ficus indica grown in Sicily,
was studied. Tests with different solvent systems showed that extraction of the pigments with water—ethanol was the most complete. For
the preparative separation of the betalaines, reversed-phase low-pressure column chromatography on an octadecylsilica bonded phase
(RP-18) was the most suitable. Using phosphate buffer (pH 5)-methanol (85:15) the major yellow and red-violet pigments were sharply
separated and recovered in good purity. Elution with the same mixture in the ratio 70:30 separated three minor yellow and red-violet
components. The amounts of the yellow pigment were evaluated spectrophotometrically at 475 nm and of the red-violet pigment at 538
nm. For the evaluation of the purity of the recovered pigments, a reversed-phase high-performance liquid chromatographic method was
applied using a LiChrosorb Select B column eluted with 0.1 M phosphate buffer (pH 5)-methanol (85:15), with spectrophotometric
detection at 538 nm for the red pigments and 475 nm for the yellow pigment. The yellow pigment obtained was pure indicaxanthin,
whereas in the red-violet pigments betanin and isobetanin were identified with another not yet characterized betalainic glucoside.

INTRODUCTION

Since the official EEC regulations have restricted
the use of synthetic red colorants as additives in
food, and the harmful ones have been banned, there
has been a growth of interest in the application of
natural pigments.

Betanin, also called #‘beetroot red”, is accepted,
among the natural pigments, by EEC and Italian
regulations in force with the Sigle E162. It is used
mainly to colour foods not requiring thermal treat-
ment, such as yoghurt, confectionery, ice-cream,
syrups and sausages. Betanin is the major com-
pound of a group of glucosides called betacyanins
whose aglycones are the enantiomers betanidin and
isobetanidin, as shown in Fig. 1. The structures
were elucidated by Wyler’s group [1,2].

Betacyanins are the pigments of plants of the or-
der Centrospermae, where they represent a taxo-
nomic chemical constituent, like anthocyanins in
some other plants. Betacyanins are frequently asso-
ciated with yellow betaxanthins of similar biogen-

0021-9673/92/805.00  ©

esis; the term betalaines includes the two classes of
pigments. Various workers [3-5] have listed 44 be-
tacyanins, which represent 37 plants in seven fam-
ilies; other new betacyanins were identified by sur-
veying further 34 species of Cactaceae {6]. In Opun-
tia ficus indica, Piatelli and co-workers [7,8] identi-
fied and characterized two main pigments: a red-
violet betanin, usually accompanied by minor
amounts of its C-15 diastereoisomer isobetanin [7],
and a yellow indicaxanthin [8] (Fig. 1).

Our studies of new sources of betanin colorant
started with Phytolacca decandra berries, grown in
Italy [9]. Extraction of the pigment was very simple,
but it was necessary to remove a toxic saponin. The
product obtained was tested for its pigmenting
power and for its stability in model soft and alco-
holic drinks [10].

Within a research programme of the Italian Min-
istry of Agriculture and Forestry for the develop-
ment of tropical fruit cultivation and utilization in
southern Italy, the pigments of blood-red prickly
pear (Opuntia ficus indica) were of interest. We have

1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Prickly pear major pigments: 1 = betanin; 2 = isobetanin; 3 = indicaxantin.

therefore studied the modes of extraction and the
evaluation of these pigments by using solid-phase
techniques and high-performance liquid chromato-
graphic (HPLC) analysis.

EXPERIMENTAL

Prickly pear Sanguigno fruits (Opuntia ficus in-
dica L.) grown in Sicily were used. They were post-
harvest ripened until the maximum colour values of
the surface were reached: L* = 43.12 + 1.03, ¢* =
22.16 + 1.55, b* = 9.07 + 1.22 (CIE 1976 L*, a*,
b* system). The fruits were peeled before homogeni-
zation.

Extraction of pigments

A 50-g amount of homogenized pulp was shaken
with 100 ml of the following extracting solutions:
{1 water; (2 dilute citric acid {pH 4.5); (3) cithanol-

water (80:20); and (4) ethanol-dilute citric acid (pH

4.5) (80:20). After 5 min of magnetic stirring, the
suspensions were centrifuged for 15 min at 1200 g.
The extractions were repeated three times until
there was total decolorization of the residue. The
aqueous extracts were diluted to 500 ml in volu-
metric flasks. Before dilution of the aqueous-alco-
holic extracts, the ethanol was removed by vacuum
evaporation at 50°C in a rotary evaporator.

The spectra of the extracts were scanned in the
visible range with a Philips PU 8800 spectropho-
tometer and the concentration of the pigments was
estimated using As3g (1%) = 1120 for betanin [1,2]
and 4475 (1%) = 650 calculated from log A = 4.63
for indicaxanthin [8].

Thin-layer chromatography (TLC)

Preparative silica gel 60 plates (E. Merck, code
13895), 20 x 20 cm, 1 mm layer thickness, and cel-
lulose plaies (E. Merck, code 15275), 20 x 20 cm,
0.5 mm layer thickness, were used with two mobile
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phases: acetic acid-methanol (40:60) and acetic
acid—-propanol-water (20:60:20), NH; F;s4 analyt-
ical HPTLC plates (F. Merck, code 15647) were
used with the following mobile phases: 0.1 M phos-
phate buffer (pH 4 and 5) and 0.1 M phosphate
buffer (pH S5)-acetonitrile (50:50, 60:40, 70:30,
80:20 and 90:10).

Low-pressure column chromatography (LPLC)

Preliminary tests were made with glass columns
(10 cm x 2 cm [.D.), eluting by applying nitrogen
pressure at the top in darkness. With LiChroprep
NH; (E. Merck, code 13974), the mobile phases
tested were 0.1 M phosphate buffer (pH 5)-aceto-
nitrile (60:40, 70:30 and 80:20). With ICN Silica
RP-8 and RP-18 (32-63) 60A (ICN Biochemicals,
code 05010), the mobile phases tested were 0.1 M
phosphate buffer (pH S)»-methanol (75:25, 80:20,
85:15 and 90:10).

Reversed-phase preparative column chromatography
of the pigments

The above RP-18 phase was packed ina 50 cm X
5 c¢m [.D. column, then eluted by applying nitrogen
pressure in dim light. Elution was performed in two
steps, first with 0.1 M phosphate buffer (pH 5)-
methanol (85:15) and second with 0.1 M phosphate
buffer (pH 5)-methanol (70:30). The column was
than flushed with isopropanol and conditioned
again with the first eluent for a new separation.

HPLC of pigments
A Jasco HPLC system consisting of a Jasco Mod-

&l 880 Pu pump, a Rheodyne Model 7125 injector

nd a Jasco Model 870 UV — VIS spectrophotomet-
ic detector was used. A Hibar RT 250-4, LiChro-
korb RP-Select B (25cm x 5 um IL.D.). (E. Merck,
‘ rt. 19608) column was used, eluting with 0.1 M
‘phosphate buffer (pH 5)-methanol (85:15) at a
*flow-rate of 0.5 ml/min.
~ For each sample the detection was applied at 475
and 538 nm (0.08 a.u.f.s.) using two runs to identify
the yellow (Y) and red-violet (V) constituents at
their particular absorption maxima.

Preparation of purified standards from a commercial
red beet betanin concentrate

A commercial red beet betanin concentrate (IFF
code 6200), purified by the already described pre-
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parative techniques, was used as a standard for be-
tanin and isobetanin. The fractions obtained were
subjected to HPLC using the above method.

Enzymatic hydrolysis of glucosides in the pigments

To distinguish aglycones from glucosides, the vi-
olet pigments were treated with f-glucosidase ac-
cording to Piattelli and Minale [7] and Schwartz
and Von Elbe [11]. Volumes of 10 ml of violet frac-
tion V and of red beet extract were incubated at
37°C with 5 ml 0.001% pS-glucosidase (Boehringer
Mannheim, code 105422). Samples were removed
immediately and at 30-min intervals and injected
into the HPLC system to follow the disappearance
of the glucoside peaks.

RESULTS AND DISCUSSION

Extraction of pigments

The visible absorption spectrum of the aqueous—
alcoholic extract of the prickly pear was the same as
that of the pressed juice. The presence of both yel-
low pigments absorbing at 475 nm and red-violet
pigments absorbing at 538 nm was observed. The
average amount obtained for the yellow pigments
was about 40 mg per 100 g of fresh pulp and for the
red-violet pigments, about 14 mg per 100 g, i.e.,
with a ratio of about 3:1. The yields of the pigments
extracted using the solvents tried were not signif-
icantly different. Ethanol-water (80:20) extraction
was chosen, because this solvent can recover the
pigments completely from the pulp without co-ex-
tracting polysaccharides and other alcohol-insolu-
ble solids. This simplifies the further purification of
the coloured extracts.

Preparative chromatography of pigments

TLC. Preliminary tests were carried out by TLC
on different adsorption layers using several solvent
systems. The Ry values are given in Table 1. The
visible spectra of the red bands eluted both on silica
gel and on cellulose indicated that this band was a
mixture of violet and yellow compounds. The ami-
no-bonded silica phase showed the best separation
of the violet and yellow pigments in a shorter time
than the other two phases. TLC was not considered
for preparative purposes, because the coloured
bands quickly faded after evaporation of the sol-
vent even when protected from light and oxygen.
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TABLE I
TLC RESULTS
Stationary Eluent R, Development
phase time
Violet Red Yellow (min)
Silica gel Acetic acid~methanol 0.88 0.42 0.23 40
(40:60)
Cellulose Acetic acid—propanol-water 0.22 0.80 1.00 60
(20:60:20)
NH,-silica gel 0.1 M phosphate buffer (pH S)-acetonitrile 0.80 - 0.06 20
(70:30) )

Preparative liquid chromatography. As the weak
anion-exchange capactity of amino-bonded silica
gave the best results for the TLC separation of the
yellow from violet pigments, this phase was tried in
a column for preparative purposes. RP-8 and
RP-18 phases, already utilized in the preparative
HPLC of beetroot betanins [11], were also tested.
All the solvent systems were at pH 5 because be-
tanin has its maximum absorption and its highest
stability at this pH. The results of these trials are
given in Table II. With RP-18 the total elution of
pigments was obtained by using two eluents with
different concentrations of the organic modifier.
The first eluent cluted the two major components,
the yellow-orange fraction Y and 'the violet fraction
V, successively. The less polar pigments that re-
mained at the top of the column were eluted with
the second eluent.
~ According to the absorption spectra reported in
Fig. 2, fractions Y and V appeared as single col-
oured substances, whereas fractions FR, FV and

TABLE II
PREPARATIVE LIQUID CHROMATOGRAPHIC RESULTS

FO appeared as mixtures of minor yellow and red
violet pigments in different proportions (Fig. 3).

As the minor components were considered to be
unimportant for utilization purposes, our research
was developed to recover and to study the major
fractions Y and V, choosing chromatography on an
RP-18 column and single elution with 0.1 M phos-
phate buffer (pH 5)-methanol (80:15) for prepara-
tive purposes. The best means of removing the re-
sidual substances from the column was by flushing
with isopropanol.

HPLC of Y and V fractions

Yellow fraction Y. HPLC separation on an end-
capped RP-8 phase (LiChrosorb RP Select B) with
detection at 475 nm displayed a single peak for this
fraction. According to Piattelli ez al. [8], this com-
pound should be identified as indicaxanthin from
the retention time and the absorption spectrum.

Red-violet fraction V. HPLC separation unde
the same conditions as above, with detection at 538%

RO s

Stationary phase  Eluent

Order of elution

NH,-silica 0.1 M phosphate buffer (pH S)-acetonitrile (80:20)
RP-§ silica As above
RP-18 silica

2nd eluent: 0.1 M phosphate buffer (pH 5)-methanol (70:30)

Ist eluent: 0.1 M phosphate buffgr (pH 5)-methanol (85:15)

Poorly separated

Two band: yellow and red violet (mix-
ture of violet and yellow).

Two bands: Y = yellow-orange; V =
violet

Three minor bands: FR = rose; FV
= red-violet; FO = orange
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A

2'5*’ Y FRACTION

2.0+

V FRACTION

A nm
Fig. 2. Absorption spectra of yellow (Y) and violet (V) bands
eluted from the RP-18 column with 0.1 M phosphate buffer (pH
5)-methanol (80:15).

nm, showed three major peaks eluting at 6.47 min
(peak A), 11.05 min (peak B) and 28.30 min; other
smaller peaks present are believed to be degrada-
tion products. The same HPLC procedure was also
applied to a previously purified commercial betanin
concentrate. Comparing the retention times of the
peaks of the two chromatograms of the prickly pear

A
2.0
FV
FO
;
7 1.5t
‘ : : —
375 475 538 650
Anm

Fig. 3. Absorption spectra of the less polar bands FR = rose, FV
= red violet and FO = orange, eluted from the RP-18 column
with 0.1 M phosphate buffer (pH 5)-methanol (70:30).
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pigments and that of red beet, we can identify peak -
A as betanin and peak B as isobetanin, while the
peak at 28.30 min is not present in the beetroot ex-
tract.

Evidence in support of this identification was
provided by treatment of both the betanin extracts,
Opuntia ficus indica (V) and beetroot, with S-gluco-
sidase. According to Schwartz and Von Elbe [11],
the enzymatic hydrolysis of betanin and isobetanin
gives rise to aglycone peaks that have higher reten-
tion values than to their parent compounds. As
shown in Fig. 4, enzymatic hydrolysis of the beet-
root extract yields betanidin and isobetanidin exclu-
sively (peaks Al and B1). A same trend is observed
in Fig. 5 for the hydrolysed fraction V: peaks A and
B, which diminished, are the betacyanin glucosides,
whereas the peaks Al and B1 are the corresponding
less polar aglycones. Hence the compounds present
in that red-violet fraction V were identified as A =
betanin (6.47 min), Al = betanidin (10.05 min), B
= isobetanin (11.05 min) and B1 = isobetanidin
(18.64 min). The different order of elution of be-
tanins and betanidins compared with the reported

0.08
AUFS Al
A B
81
E
=
(-]
™
w
<
W
a
I L |
10.15] 18.64
Lo/\._..‘_Lw_b
1 | 1 1
0 6.47 11.08
TIME (min)

Fig. 4. HPLC of beetroot extract before (b) and after (a) treat-
ment with f-glycosidase: A = betain; B = isobetanin; Al =
betanidin; Bl = isobetanidin.
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Fig. 5. HPLC of the V fraction before (b) and alter (a) treatment
with f-glucosidase: A = betain; B = isobetanin; Al = betani-
din; Bl = isobetanidin; peak at 28.30 min = a not previously
quoted betanin glucoside.

[11] can be attributed to the difference in polarity
between RP-8 used here and RP-18 used previously
[11]. Hence the interactions of these compounds
with the stationary phase may change.

For the red-violet compounds with a retention
time of 28.30 min, we could not find any informa-
tion in the literature. It was less polar than the other
betanins, it absorbed between 538 and 540 nm at
pH 5 and it was hydrolysable by ff-glucosidase. The
absorption spectrum and the RP-HPLC analysis
exclude the identification of this peak as neobeta-
nin, an orange compound claimed by Strack et al.
[12] as a major constituent of Opuntia ficus indica
pigments. That this substance could be a glucoside
of a low-polarity betacyanin is the only possible
suggestion at present.

E. FORNI et al.
CONCLUSIONS

The red-violet major pigment extracted from blood-
red prickly pear presented some differences from
the red beet betanin concentrate. It is constituted
mainly of betanin and of another betacyanin gluco-
side, with traces of isobetanin and isobetanidin,
while the red beet colorant concentrate contains
mainly betanin and isobetanin, in about equal
amounts.

The selected techniques of extraction with an
aqueous—alcoholic solvent and preparative column
chromatography on RP-18; allowed us to recover
the two major yellow and red violet pigments from
blood-red prickly pears. By using an aqueous-alco-
holic extraction medium, the enzymatic activity can
be hampered, and also polysaccharides and other
alcohol-insoluble compounds are left behind in the
residue pulp. Moreover, this method avoided the
formation of artifacts. In fact, only traces of isobe-
tanin and isobetanidin were found, indicating that
the epimerization was minimized during the prepar-
ative process [5,7,11]. Hence reversed-phase low--
pressure chromatography can be used for both-
practical and research purposes without causing al-
terations.

The developed isocratic RP-HPLC method was
suitable for monitoring the composition of both the
yellow and red-violet compounds. With this meth-
od, in the red-violet fraction a so far uncharacter-
ized betacyanin glucoside was observed. According
to our results (not shown), the optimum stability of {
the pigments was at pH 5. This pH proved to be
efficient for the separation of the compounds with} -
an end-capped fine particle size, slightly polar RP-
phase, such as the LiChrosorb Select B column used
here. ) 5

The purity of the peaks was also checked using}
diode-array spectrophotometric detection, conﬁrm—\‘,
ing the high resolution of this column. The exten-!
sion of this method to the determination of the de-'
tected compounds is being developed.
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ABSTRACT

Norepinephrine, epinephrine and dopamine in urine were measured by an automated liquid chromatographic method. After sample
purification on a column containing silica~immobilized boronic acid, which showed great affinity for catecholamines at neutral pH, the
catecholamines were eluted by backftushing with an acidic mobile phase and transferred to a cation exchanger for separation. Detection
was performed electrochemically and the relative standard deviation was 2% for the analysis of endogenous concentrations in human

urine.

INTRODUCTION

Liquid chromatography with electrochemical or
fluorimetric detection has attained wide acceptance
for assay of catecholamines in urine. Most often
extensive purification of the complex urine sample
is required prior to the chromatographic separa-
tion. Extraction methods utilizing organic solvents
[1,2], cation-exchange resin [3-5], aluminium oxide
[6-9], immobilized boronic acid [10,11] or combina-
tions of these techniques [12—14] have been used.
Automated methods have also been applied, using
ASPEC (automatic sample preparation with extrac-
tion columns, Gilson) or coupled-column systems
[15-20]. In this paper we have adapted the same
approach for determination of catecholamines as
previously demonstrated for vanilmandelic acid
(VMA) in urine [21]. a-Hydroxycarboxylic acids,
like VMA, bind to boronic acid at a low pH, while
catechol compounds containing vicinal cis-diols
form cyclic boronate esters at neutral pH. By com-
bining affinity to boronate and cation-exchange
chromatography a highly selective chromatograph-
ic system was obtained, enabling a simple analysis
by direct injection of urine samples.

0021-9673/92/$05.00

EXPERIMENTAL

Chemicals and reagents

Hydrochloric acid, ethylenediaminetetraacetic
acid (EDTA) and all buffer substances were of ana-
lytical-reagent grade (Merck, Darmstadt, Germa-
ny) and methanol was of high-performance liquid
chromatography (HPLC) grade (Rathburn, Walk-
erburn, UK). Epinephrine (E) bitartrate, norepine-
phrine (NE) bitartrate, dopamine (DA) hydrochlo-
ride, metanephrine (MN) hydrochloride and VMA
were obtained from Sigma (St. Louis, MO, USA),
a-methyldopamine (MDA) hydrochloride from
Merck Sharp and Dohme (Rahway, NJ, USA) and
dihydroxyphenylethylene glycol (DOPEG) and 3-
methoxy-4-hydroxyphenylethylene glycol (MO-
PEG) piperazine salt from Regis (Morton Grove,
IL, USA).

Chromatographic system

A scheme of the chromatographic system is pre-
sented in Fig. 1. It comprised three Model 2150
pumps (LKB, Bromma, Sweden), a Model 465 au-
tosampler with a refrigerated sample tray (Kon-
tron, Zirich, Switzerland) and 0.75-ml injection

© 1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Coupled-column liquid chromatographic system. P1, P2
and P3 = pumps; M1, M2, M3 and M4 = mobile phases !
(phosphate buffer pH 7.0, 7=0.01), 2 (phosphate buffer pH 3.0-
3.5, I=0.1, containing 0.3 mM EDTA and 5-25% methanol), 3
and 4 (phosphate buffer pH 3.2, 7=0.01); Inj = autoinjector;
Col I = SelectiSpher-10 Boronate; Col 2 = Nucleosil 5SA; V1,
V2, V3 and V4 = six-port valves; D = detector; I = integrator;
w = waste. For further details, see text.

vials of polypropylene with attached stoppers (Mi-
lian Instruments, Geneva, Switzerland), a Model
4270 integrator (Spectra-Physics, San Jose, CA,
USA), a Model 7010 six-port vatve (Rheodyne, Ber-
keley, CA, USA) and three Model C6W six-port
valves with a high-speed switching unit mounted on
an air actuator (Valco, Schenkon, Switzerland).
Two of the valves, V1 and V2, were controlled by
the integrator and the switching times were 12 and
17.5 min for valve 1-and 13.5 and 25 min for valve 2
(Table I). Valve V3 was controlled by the autosam-
pler and switched after the last set of samples had
been injected. The fourth valve, V4, was switched

B.-M. ERIKSSON, M. WIKSTROM

TABLE I
SCHEME OF COLUMN-SWITCHING EVENTS

Time after Switch  Event

injection  valve

(min) No.

0.0 The sample is injected onto column 1

12.0 1 Columns 1 and 2 are connected. Column
1 is backflushed with an acidic mobile
phase and the analytes are transferred
to column 2

13.5 2 Columns 1 and 2 are disconnected from
each other
Column 1 is washed

17.5 1reset Column 1 is reconditioned until the next
injection

25 2 reset  After the chromatogram is completed the

next sample is injected

manually to enable direct injection onto the sep-
aration column in recovery studies. The columns
were packed with SelectiSpher-10 Boronate (35 X
2.1 mm I.D.) (Skandinaviska GeneTec, Kungs-
backa, Sweden) and Nucleosil 5SA (100 X 4.6 mm
I.D.) (Machery-Nagel, Diiren, Germany).

The neutral mobile phase (pH 7.0; ionic strength,
I=0.01) contained disodium hydrogenphosphate
(2.65 mM) and sodium dihydrogenphosphate (2.10
mM) and the acidic phase (pH 3.2; I=0.1) con-
tained sodium dihydrogenphosphate (100 mM),
phosphoric acid (15 mM), EDTA (0.3 mM) and
methanol (5-25%). For washing of the boronate
column a phosphate buffer solution (pH 3.2;
I=0.01) was used. The water was deionized and fil-
tered through a Milli-Q system (Millipore, Mols-
heim, France), and prior to use the mobile phases
were degassed and filtered through a 0.45-um MF
Millipore filter. The flow-rates were 1.0 ml/min and
the eluent from the cation-exchange column was
monitored with an ESA Model 5100A Coulochem
electrochemical detector (Environmental Sciences,
Bedford, MA, USA), with a Model 5011 analytical

~cell operated at +0.00 V and +0.30 V and a Model

5020 guard cell operated at +0.35 V.

Analytical procedure
Urine samples were acidified with 5 M hydro-
chloric acid to pH 4 before storage at —20°C. After
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thawing, the urine samples were mixed and centri-
fuged for 2 min at 1000 g. A 150-ul volume of a
urine sample or a reference solution of the cate-
cholamines (200 nM) in 1 mM hydrochloric acid
was transferred to an injection vial and placed in the
autosampler. Addition of a 20-ul volume of an in-
ternal standard solution of MDA (10 uf) in 1 mM
hydrochloric acid was performed by the autosam-
pler. It was also programmed to adjust the pH of
the sample to 7 by adding 80 ul of a solution of 250
mM disodium hydrogenphosphate containing 10
mM EDTA (pH 8) and then mixing the sample by
three repetitive pipettings. The injection volume
was 20-200 ul.

RESULTS AND DISCUSSION

Retention capacity of boronic acid-substituted silica

In a previous study [21] we used immobilized bo-
ronic acid to isolate VMA from urine samples. A
complex between the boronate matrix and the a-hy-
droxycarboxylic acid was formed at low pH. We
also studied the retention of related compounds on
the boronic acid packing material at pH between
2.1and 7.7. The results of some representative com-
pounds and of the catecholamines are shown in
Figs. 2 and 3. The catecholamines were strongly re-
tained at neutral pH, while the 3-O-methylated
amines (MN) and the neutral catechol compounds
(DOPEG) were less retarded. The acids (VMA) and
the O-methylated neutral compounds (MOPEG)
were practically unretained at a neutral pH.

Column switching

For purification and concentration of the urine
sample, we utilized the ability of the boronate ma-
trix to strongly retain the catecholamines at pH 7.
After injection of the sample, the boronate column
was washed for 12 min with a neutral mobile phase.
Valve V1 was then switched and the column back-
flushed with an acidic phase, which rapidly des-
orbed the catecholamines and transferred them to
the cation exchanger, where separation was per-
formed. The time schedule for switching of the
valves is reported in Table I. After 0.5~1.5 min of
backflushing, the boronate column was disconnect-
ed from the separation column by switching of
valve V2. While the catecholamines were separated
on the cation exchanger and detected, the boronate
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Fig. 2. Influence of pH of the mobile phase on the retention of
some catechol derivatives. Stationary phase: SelectiSpher-10
Boronate. Mobile phase: phosphate buffer (/=0.01) pH 2.1, 3.1,
6.0, 7.1, 7.7 (----) and citrate buffer (/=0.01) pH 3.1, 4.1, 5.1, 6.0
(—); * = log k' values lower than —1. Key: O = MN; A =
DPOPEG; O = VMA; A = MOPEG.
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Fig. 3. Influence of pH of the mobile phase on the retention of
catecholamines. Conditions as in Fig. 2. Key: O = E; A = NE;
O = DA; & = MDA.
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column was washed backwards for 4 min with a
buffer solution of pH 3 and, after resetting of valve
V1, reconditioned with the neutral mobile phase
until the next injection. When the chromatogram
was completed, valve V2 was reset and the next
sample was injected. When all the samples had been
chromatographed valve V3 was switched in order to
flush the boronate column with a buffer solution of
pH 3, until the next set of samples was to be ana-
lyzed. This was done to promote a long lifetime of
the boronate column. It seems as if the column in
the long run tolerated the buffer solution of pH 3
better than the buffer solution of pH 7.

Chromatography

The retention capacity of the boronate phase was
tested by coupling the column outlet directly to the
detector. Owing to the high affinity of the catechol-
amines for the boronic acid material at pH 7, the
column could be washed for more than 12 min with-
out any loss of analyte. The catecholamines were
then desorbed at an acidic pH and eluted onto the
cation exchanger. For analysis of catecholamines in
biological samples, cation-exchange chromatogra-
phy has proved to be more selective than reversed-
phase chromatography [6,7,14]. Owing to varia-
tions in the retention capability between different
batches of cation-exchange material, the pH of the
mobile phase was varied between 3.0 and 3.5 and
the content of methanol used was 5-25%. A more
acidic pH of the mobile phase promoted the de-
sorption of the catecholamines from the boronate
matrix, but then an interfering peak appeared in the
chromatogram. Its capacity factor (k') at pH 1.8
was 10.6 but only 1.9 at pH 2.9. The retention times
of the catecholamines were practically unchanged
in this pH range. In order to avoid contamination
of subsequent chromatograms, owing to incomplete
desorption of the boronate column, a 4-min wash-
ing step using a buffer solution of pH 3 was in-
troduced after each injection. A chromatogram of a
human urine sample obtained after column switch-
ingis shown in Fig. 4. The peak eluting between NE
and E could easily be moved by adjusting the meth-
anol content of the mobile phase. After a couple of
months the cell response of the electrochemical de-
tector had declined, but it was restored by washing
with 6 M nitric acid.

B.-M. ERIKSSON, M. WIKSTROM

I 3.2nA
DA

NE

MDA
E
L—L'-' x4
| T T
o 112 15 20 min

Fig. 4. Chromatogram of a human urine sample containing 220
nM NE, 34.3 nM E and 960 nM DA. Injected sample 120 ul;
potential +0.30 V. Mobile phase 2: phosphate buffer pH=3.2,
I=0.1, containing 0.3 mM EDTA and 21% methanol. Other
chromatographic conditions as in Fig. 1.

Stability

It was important that the adjustment of the sam-
ples to pH 7 was performed just before injection of
the 20- to 200-ul volume, owing to instability of the
catecholamines at this pH. By adding 10 mM
EDTA to the 250 mM disodium hydrogenphos-
phate solution (pH 8.0), the catecholamines were
kept stable at pH 7 for at least 30 min. The urine
samples and the standard solutions in 1 mM hydro-
chloric acid were stable for more than 24 h in the
cold injection vials.

Recovery and precision

Peak areas of standard solutions recorded after
injection into the coupled-column system were com-
pared with those recorded after direct injection on-
to the cation-exchange column. The recoveries ob-
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TABLE 11
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DETERMINATION OF NOREPINEPHRINE, EPINEPHRINE AND DOPAMINE IN URINE SAMPLES BY THE AUTO-
MATED COUPLED-COLUMN METHOD (I) AND BY THE EARLIER PRESENTED LIQUID CHROMATOGRAPHIC

METHOD (II) [6]

The values are expressed as nmol/mmol creatinine; R.S.D. = relative standard deviation.

Epinephrine

Sample Norepinephrine Dopamine
I 11 R.S.D. (%) I II R.S.D. (%) 1 II R.S.D. (%)
1 28.4 279 1.2 343 3.52 1.8 179 181 0.8
2 23.9 22.4 4.6 4.65 4.55 1.5 137 135 1.0
3 29.8 29.6 0.5 5.29 5.45 2.1 187 187 0.0
4 20.0 20.6 2.1 4.70 3.84 14.2 147 150 1.4
5 28.1 29.4 3.2 3.76 2.95 17.0 106 108 1.3
6 426 425 0.2 6.15 5.75 4.8 278 276 0.5
7 24.4 244 0.0 3.88 3.56 6.1 185 189 1.5
8 14.8 13.9 4.4 238 229 2.7 104 99 35
9 217 29.4 42 15.4 159 23 137 146 4.5
10 30.2 30.5 0.7 6.95 6.42 5.6 187 202 5.5
11 21.3 209 1.3 483 3.96 14.0 172 180 32
12 19.0 22.1 10.7 1.37 1.66 13.5 116 132 9.1
13 30.4 30.8 0.9 5.39 5.16 3.1 152 153 0.5
14 19.8 19.8 0.0 3.30 2.90 9.1 163 162 0.4
tained were 98.3+4.1, 97.44+4.7, 100.0+2.7 and ACKNOWLEDGEMENT

105.0£2.8% for NE, E, DA and MDA, respective-
ly (n=15). The recovery from urine samples deter-
mined by standard addition of 55-220 nM was
100.0+4.2% for all three catecholamines (n=09).
The ratios of the peak height of the analyte to that
of the internal standard, MDA, in the reference
samples were measured and the median value was
used for calculation of the urine concentration. The
relative standard deviations for human urine sam-
ples containing 220 nM NE, 34.3 nM E and 960 nM
DA were 2.0, 2.1 and 1.3%, respectively (n=15),
and for aqueous standard samples, at concentra-
tions of 220 nM, the values were 1.9, 1.6 and 0.71%
(n=15). The limit of quantitation for epinephrine in
human urine was 5 nM with a relative standard de-
viation of 10% (n= 10), and the method was linear
up to at least ten times the concentration of the
reference solution used in the analytical procedure.
The accuracy of the method was tested by analysing
some of the samples using our earlier published
method [6], which is based on purification by alumi-
na before cation-exchange liquid chromatography.
Good agreement between the two methods was
found, as shown in Table II.

We thank Dr. Bengt-Arne Persson for valuable
discussions of the manuscript and Mr. Bengt Kull
for performing the creatinine analyses.
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Determination of cinnamic acid and paeoniflorin in
traditional chinese medicinal preparations by high-
performance liquid chromatography

Kuo-Ching Wen, Cheng-Yu Huang and Fang-Su Liu

National Laboratories of Foods and Drugs, Department of Health, Executive Yuan, 161-2 Kuen- Yang Street, Nankang, Taipei

(Taiwan)

ABSTRACT

A high-performance liquid chromatographic method for the determination of cinnamic acid in Cinnamomi ramulus and paeoniflorin
in Paeoniae radix was established. The samples were separated by a LiChrospher RP-18 column with water-acetonitrile—methanol—
acetic acid (61:34:5:0.1 or 80:15:5:0.1, v/v) as the mobile phase at a flow-rate of 1.0 ml/min. Cinnamic acid and paconiflorin were
determined by UV detection at 280 and 250 nm, respectively. The method was applied to determine the optimum conditions for the
extraction of the traditional Chinese medicinal preparation Huang Chi Chien Chung Tong, which contains Cinnamomi ramulus and
Paeoniae radix. The results indicate that the best extraction conditions involved the use of an ultrasonic bath at 60°C for 30 min. In this
experiment, butyl paraben and methyl paraben were used as the internal standards for cinnamic acid and paeoniflorin, respectively. A
good and reproducible separation of cinnamic acid and paeoniflorin was obtained within 15 min. The method was also applicable to

other preparations that contain Cinnamiomi ramulus and Paeoniae radix such as Guey Chi Chia Long Ku Muu Li Tong, Kuei Chi Chien

Chung Tong and Tang Kuei Chien Chung Tong,

INTRODUCTION

Traditional Chinese medicines, especially the
concentrated type, are widely used and suitable
assay methods are therefore needed for quality
control purposes. In Japan, since 1985, the Ministry
of Health and Welfare has required that all concen-
trated herbal preparations submitted for inspection
and registration should include a content analysis
with at least two chemical components as markers
[1]. It has also regulated that all concentrated herbal
preparations produced by pharmaceutical factories
should be compared with the standard decoction®
and the resulting difference in content of their
marker components should be within 4 30%. How-

¢ Standard decoction: to raw herb materials representing [-day’s
dosage add a twentyfold weight excess of water and boil for
more than 30 min until the liquid has reduced to half of the
original volume. Filter the liquid to obtain the preparation.

0021-9673/92/$05.00

ever, as our knowledge of the effective components
of traditional Chinese medicines is still limited and
the chemical compositions are very complicate, to
determine accurately the contents of traditional
Chinese medicine is very difficult. Research in this
area is progressing in order that the process of
Chinese medicine manufacture can be established on
a scientific basis.

Huang Chi Chen Chung Tong is a prescription
often used to treat physical weakness, and was
studied in this work. Two components, cinnamic
acid (present in Cinniamomi ramulus) and paeoni-’
florin (present in Phaeoniae radix) were selected for
analysis; their structural formulae are shown in
Fig. 1. High-performance liquid chromatography
(HPLC) was employed to establish the optimum
conditions for determination [2-8], which hopefully
would serve as a reference for determining the
contents of other prescriptions containing Cinna-
momi ramulus and Paeoniae radix. In this experi-

© 1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structures of marker components.

ment, we also examined the effects of different
extraction times and temperatures on the extracted
amounts of cinnamic acid and paeoniflorin. The
effects of various processess of concentration, dry-
ing and the addition of other excipients are also
discussed.

EXPERIMENTAL

Materials

According to ref. 9, the following materials are
needed to prepare Huang Chi Chen Chung Tong:
Cinniamomi ramulus, 3 g, Paeoniae radix, 6 g;
Zingiberis rhizoma, 3 g, Zizyphi fructus, 3 g; Gly-
cyrrhizae radix, 3 g Astragali radix, 1.5 g; and
Saccharum granorum, 20 g. Other Chinese concen-
trated herbal preparations containing Cinniamomi
ramulus and Paeoniae radix include Huang Chi
Chen Chung Tong, Guey Chi Chia Long Ku Mum
Li Tong and Kuei Chi Chen Chung Tong.

Chemicals and reagents

Reference standards of trans-cinnamic acid and
paeoniflorin were purchased from Nacalai Tesque
(Kyoto, Japan). The internal standards butyl para-
ben and methyl paraben were obtained from Sigma
(St. Louis, MO, USA). Methanol and acetonitrile
(HPLC grade) were purchased from ALPS (Taiwan)
and all other reagents were of analytical-reagent
grade.

Liquid chromatography

A Waters-Millipore LC system with a U6K
injector and a Model 990 photodiode-array detector
was used. For reversed-phase HPLC, a LiChrospher
RP-18 (5-um) coluiiiit {125 x 4 mm I.D.) (Merck)
with  water—acetonitrile-methanol-acetic  acid

K.-C. WEN, C.-Y. HUANG, F.-S. LIU

(61:34:5:0.1, v/v, for cinnamic acid and 80:15:5:0.1,
v/v, for paeoniflorin) as the mobile phase at a
flow-rate of 1.0 ml/min was adopted, with UV
absorbance detection at 280 nm for cinnamic acid
and 250 nm for paeoniflorin. Pretreatment of the
solvents with a vacuum filter for degassing was
applied.

Sample preparation for HPLC

Calibration graph. Cinnamic acid and paeoni-
florin were accurately weighed and dissolved in
methanol to give various concentrations within the
range 0.001-0.01 and 0.025-0.3 mg/ml, respectively.
An appropriate amount of internal standard was
added to each solution to give concentrations of 0.1
mg/ml of butyl paraben or 0.02 mg/ml of methyl
paraben. Calibration graphs were plotted based on
linear regression analysis of the peak-area ratios.

Standard decoction. Amounts of crude drug
equivalent to a daily dose of Huang Chi Chen Chung
Tong were weighed and pulverized. A twentyfold
weight excess of water was added and the mixture
was boiled for more than 30 min to halve the original
volume. A suitable amount of internal standard was
added to the solution to give concentrations of 0.1
mg/ml of butyl paraben or 0.02 mg/ml of methyl
paraben.

Concentrated herbal preparations. An amount
equivalent to 1 g of Cinniamomi ramulus (or Paeo-
niae radix) was weighed and pulverized if necessary.
Extraction was carried out by vibrating with an
ultrasonic bath in 90 ml of 50% methanol for 30
min. After extraction, the sample was filtered and
diluted to 100 ml with the addition of internal
standard to give concentrations of 0.1 mg/ml of
butyl paraben or 0.02 mg/ml of methyl paraben.

Recovery. Amounts of crude drugs equivalent to
50 doses of Huang Chi Chen Chung Tong without
Cinnamomi ramulus were weighed and pulverized
together. Then four doses of these powders were
weighed precisely and separately, each 36.5 g. To
these four doses were added 1, 2, 3 and 4 g of
Cinnamomi ramulus with known cinnamic acid
contents of 7.21, 14.42, 21.63 and 28.84 mg, respec-
tively. A twentyfold weight excess of water was
added and the mixture was boiled for more than 30
min to halve the original volume. A suitable amount
of internal standard was added to the solution to

ive a concentration of 0.1 mg/ml of butyl paraben.
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Amounts of crude drugs equivalent to 50 doses of
Huang Chi Chen Chung Tong without Paeoniae
radix were weighed and pulverized together. Then
four doses of these powder were weighed precisely
and separately, each 33.5 g. To these four doses were
added 2, 4, 6 and 8 g of Paeoniae radix with known
paeoniflorin contents of 25.26, 50.52, 75.78 and
101.04 mg, respectively. A twentyfold weight excess
of water was added and the mixture was boiled for
more than 30 min to halve the original volume. A
suitable amount of internal standard was added to
the solution to give a concentration of 0.02 mg/m! of
methyl paraben.

All samples were filtered through a Millipore filter
and 10 ul of filtrate were injected for HPLC analysis
to calculate the concentration of cinnamic acid or
paeoniflorin from their calibration graphs.

RESULTS AND DISCUSSION

The calibration graph for cinnamic acid and
methyl paraben was obtained over the range 0.001-
0.01 mg/ml. The results, through linear regression
analysis, showed a good linear relationship between
the peak-area ratio and concentration. Table I gives
the results and the regression equation. A similar
good linear relationship was obtained from the
calibration graph for paconiflorin and butyl para-
ben (Table II).

Cinnamic acid present in Cinnamomi ramulus and
paconiflorin in Paeoniae radix were determined by
HPLC under the established conditions. The reten-
tion times for cinnamic acid and butyl paraben were
4.2 and 14.5 min, respectively (Fig. 2): retention

TABLE 1

RELATIONSHIP BETWEEN CONCENTRATION OF CIN-
NAMIC ACID AND THE PEAK-AREA RATIO

Regression equation: y = —0.001 + 0.042x (r = 0.9996).

Concentration Peak-area ratio”
(mg/ml)

0.001 0.025 (1.48)
0.003 0.071 (1.12)
0.005 0.120 (0.78)
0.010 0.240 (0.90)

* Peak area of cinnamic acid/peak area of butyl paraben, with
relative standard deviation (%) in parentheses (n = 6).
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TABLE I

RELATIONSHIP BETWEEN CONCENTRATION OF
PAEONIFLORIN AND PEAK-AREA RATIO

Regression equation: y = —0.00005 + 0.297x (r = 0.9998).

Concentration Peak-area ratio®

(mg/ml)

0.025 0.087 (0.94)
0.050 0.176 (1.27)
0.100 0.339 (1.61)
0.300 1016 (0.69)

¢ Peak area of paeoniflorin/peak area of methyl paraben, with
relative standard deviation (%) in parentheses (n = 6).

0
1 ll0 1 20
%d 280 nn
o S
- I
- IS
e o
= [
~ N
2
— (3] -
]
12
@ = o
a1 F 2
B
3]
o =)
1= O
o
1 V"
o o
[k .
= § R
] £ 1
o,
o = =
< . 5' -
» 3 Y
@
o
~
o-4
L
T T T
4] 10 2
min

Fig. 2. Chromatogram of ciannamic acid in Huang Chi Chen
Chung Tong. Column, LiChrospher RP-18; mobile phase, water—
acetonitrile-methanol-acetic acid (61:34:5:0.1, v/v); flow-rate, 1
ml/min.
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Fig. 3. Chromatogram of paeoniflorin in Huang Chi Chen
Chung Tong. Column, LiChrospher RP-18; mobile phase, water—
acetonitrile-methanol-acetic acid (80:15:5:0.1, v/v); flow-rate, 1
ml/min.

TABLE III
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times for paeoniflorin and methyl paraben are 4.2
and 12.5 min, respectively (Fig. 3). The assay
method used has the following advantages that it is
easy and convenient to operate, is rapid and the
accuracy of the determination is improved by the
addition of an internal standard.

Traditional Chinese medicines are usually pre-
pared by boiling with water. However, extraction of
components with water from preparations tends to
cause problems during the experiment, e.g.., the

-extracted materials may block the column. For this

reason, four solvents were tried for extraction:
water, methanol, methanol-water (30:70) and
methanol-watwr (50:50). Two methods, refluxing
and using an ultrasonic bath, were used to extract
cinnamic acid from Cinnamomi ramulus and paeoni-
florin from Paeoniae radix. The largest extracted
amount was assigned an arbitrary value 100 to
compare the efficiencies of the various extraction
methods. The results are given in Tables I1I and IV
(n = 6) and it indicate that both methods have
similar effects on the determination of cinnamic
acid and paeoniflorin. They also show that meth-
anol, methanol-water (30:70) and methanol-water
(50:50) are the best solvents for cinnamic acid
extraction whereas water, methanol-water (30:70)
and methanol-water (50:50) are best for paeoni-
florin.

We also studied the optimum temperature and
time for extracting cinnamic acid and paeoniflorin.
The samples were vibrated with an ultrasonic bath
for 30 and 60 min at 30, 60 and 80°C. The results are
shown in Tables V and VI. As can be seen, the

YIELDS OF CINNAMIC ACID EXTRACTED FROM CINNAMOMI RAMULUS BY VARIOUS SOLVENTS

Method Yield (%)
Methanol Methanol- Methanol- Water
water (30:70) water (50:50)
Reflux (30 min) 100 98.0 98.3 81.8
Agitation with 100 98.9 99.7 84.3

ultrasonic bail
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TABLE IV
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YIELDS OF PAEONIFLORIN EXTRACTED FROM PAEONIAE RADIX BY VARIOUS SOLVENTS

Method Yield (%)
Methanol Methanol- Methanol- Water
water (30:70) water (50:50)
Reflux (30 min) 46.4 99.0 99.2 100
Agitation with 489 99.2 99.5 100
ultrasonic bath
TABLE V TABLE VI

YIELDS OF CINNAMIC ACID EXTRACTED WITH
METHANOL-WATER (50:50) FROM HUANG CHI CHIEN
CHUNG TONG AT VARIOUS TEMPERATURES

YIELDS OF PAEONIFLORIN EXTRACTED WITH
METHANOL-WATER (50:50) FROM HUANG CHI CHIEN
CHUNG TONG AT VARIOUS TEMPERATURES

Time (min) Yield (%) Time (min) Yield (%)

30°C 60°C 80°C 30°C 60°C 60°C
30 82.7 100 99.6 30 79.3 100 99.9
60 87.5 99.8 99.5 60 84.7 99.3 99.1

amounts of the two components extracted did not
increase with time or elevated temperature after
extraction at 60°C for 30 min.

After comparing the various extraction methods
with respect to solvent, temperature and time, and
considering the conditions that might be applied
during the manufacture of Chinese medicines, we
conclude that the best way to extract cinnamic acid

TABLE VII

and paeoniflorin is to vibrate the sample with an
ultrasonic bath for 30 min at 60°C with methanol-
water (50:50) as solvent.

The accuracy of the HPLC assay method was
determined by recovery tests and the precision was
evaluated by measuring the reproducibility [relative
standard deviation (R.S.D.)]. The recoveries were
95.3% for cinnamic acid and 95.9% for paeoniflorin

RECOVERY OF CINNAMIC ACID IN HUANG CHI CHIEN CHUNG TONG

Amount of

Content of

No. of Amount Recovery Mean + S.D. R.S.D.
Cinnamomi  cinnmic acid injections measured (%) (%) (%)
ramulus in Cinnmomi (n) (mg)
taken (g) ramulus (mg)
1 7.21 6 6.73 93.3
2 14.42 6 13.70 95.0
3 2163 6 2076 96.0 953+ 158 L6
4 28.84 6 2197 1 97.0
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TABLE VIII
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RECOVERY OF PAEONIFLORIN IN HUANG CHI CHIEN CHUNG TONG

Amount of  Content of No. of Amount Recovery Mean + S.D. R.S.D.
Paeoniae paeoniflorin injections measured (%) (%) (%)
radix in Paeoniae ) (mg)

taken (g) radix (mg)

2 25.26 6 24.05 95.2

4 50.52 6 48.80 96.6

6 75.78 6 7381 97.4 959 £ 207 216

8 101.04 6 92.27 91.3

TABLE IX TABLE X

REPRODUCIBILITY OF THE DETERMINATION OF
CINNAMIC ACID IN HUANG CHI CHIEN CHUNG TONG

REPRODUCIBILITY OF THE DETERMINATION OF
PAEONIFLORIN IN HUANG CHI CHIEN CHUNG TONG

Injection Amount Mean + S.D. R.S.D. Injection Amount Mean + S.D. R.S.D.

No. measured (%) (%) No. measured (%) (%)
(mg/g) (mg/g)

. 7.24 1 12.73

2 7.22 - 2 12.28

3 7.19 3 12.62

4 721 7.212 4+ 0.017 0.23 4 12.81 12.625 + 0.183 145

5 7.20 5 12.67

6 7.21 6 12.64

TABLE XI

CONTENTS OF CINNAMIC ACID IN COMMERCIAL PREPARATIONS CONTAINING CINNAMOMI RAMULUS AND

PAEONIAE RADIX

Sample

No.? Loss on

Content of cinnamic acid in

drying Cinnamomi ramulus-containing
(%) preparations (%)
Huang Chi Chen Chung Tong lg 2.67 0.26
2p 3.01 0.77
3p 2.73 0.40
Guey Chi Chia Long Ku Mum Li Tong Ip 3.52 0.32
2p 2.44 0.66
3g 3.79 1.87
Kuei Chi Chien Chung Tong Ip 2.83 0.54

“ p = Powder; g = granules.
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TABLE XII

K.-C. WEN, C.-Y. HUANG, F.-S. LIU

CONTENTS OF PAEONIFLORIN IN COMMERCIAL PREPARATIONS CONTAINING CINNAMOMI RAMULUS AND

PAEONIAE RADIX

Sample No.* Loss on Content of paeoniflorin in
drying Paeoniae radix-containing
(%) preparations (%)
Huang Chi Chen Chung Tong 1g 2.67 0.26
2p 3.01 0.77
3p 2.73 0.40
Guey Chi Chia Long Ku Mum Li Tong 1p 3.52 0.32
2p 2.44 0.66
3g 3.79 1.87
Kuei Chi Chien Chung Tong Ip 2.83 0.54

“ p = Powder; g = granules.

(n = 6), and R.S.D.s were 0.23% for cinnamic acid
and 1.45% for paeoniflorin. The results of these tests
are given in Tables VII-X. We conclude that the
method is precise and accurate for the determination
of cinnamic acid and paeoniflorin in commercial
preparations.

Three different commercial brands of Huang Chi
Chen Chung Tong were extracted with the above
method and their contents of cinnamic acid and
paeoniflorin were determined as described. The
results were satisfactory. Other preparations con-
taining Cinnamomi ramulus and Paeoniae radix,
such as Guey Chi Chia Long Ku Mum Li Tong and
Kuei Chi Chien Chung Tong, were also analysed
with the same method and the results were satisfac-
tory (Fig. 4). The contents of cinnamic acid and

TABLE XIII

EFFECTS OF CONCENTRATION BY REDUCED PRES-
SURE AND LYOPHILIZATION ON CONTENTS OF CIN-
NAMIC ACID AND PAEONIFLORIN IN HUANG CHI
CHIEN CHUNG TONG

Method Content (%)
Cinnamic acid Paeoniflorin
Decoction without 0.72 1.26
concentration
Concentrated by 0.70 1.26
reduced pressure at 50°C
Lyophilization 0.68 1.20

paconiflorin determined in the different prepara-
“tions are given in Tables XI and XII.

To elucidate the effects of the concentration
process and starch excipient on the determination of
cinnamic acid and paeoflorin, the process was
applied under reduced pressure at 50°C and with
lypholization, as adopted in pharmaceutical facto-
ries. The results indicated that the process condi-
tions and starch content did not significantly affect
the determination of the two components. The
results are given in Tables XIII and Table XIV.

The cinnamaldehyde, which is also present in
Cinnamomi ramulus, was chosen as a marker [10].
However, the content of cinnamaldehyde tends to
decrease with increase in boiling time and tempera-
ture. Taking into account the possibility than the

TABLE XIV

EFFECT OF STARCH ON CONTENTS OF CINNAMIC
ACID AND PAEONIFLORIN IN HUANG CHI CHIEN
CHUNG TONG

Excipient Content (%)

Cinnamic acid Paeoniflorin
Without starch 0.72 1.26
With starch 0.69 1.21
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method used here might be applied to the analysis of
concentrated preparations, cinnamic acid is to be
preferred as a marker because it is not affected by
time and temperature. The chromatogram of the
standard decoction shows that the cinnamaldehyde
content decreased with prolonged boiling and be-
cause so low that it was difficult to measure.
However, the chromatogram of the commercial
preparations showed highly concentrated cinnamal-
dehyde. More research on this aspect needs to be
done.
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ABSTRACT

An efficient analytical and isolation method was elaborated for biologically active tryptamines using a computer-aided liquid
chromatographic—gas chromatographic system. The separation method includes a new efficient extraction procedure, optimization
programme for high-performance liquid chromatographic separation, identification by diode-array detection and a spectrometric and
electrochemical assay. The identification of indole alkaloids was confirmed by thin-layer and gas chromatography and mass spectrom-
etry. The method was used for analysis and isolation of psychotropic substances in extracts from the fruit bodies of hallucinogenic fungi
of genera Psilocybe, Inocybe and Amanita and in mycelial extracts from the species Psilocybe bohemica.

INTRODUCTION

Three decades after their discovery in fungi of the
genus Psilocybe in Mexico, indole alkaloids of the
tryptamine type [1,2] have become biochemically
important drugs in psychotherapy and psychodiag-
nostics. Chromatogrpahic methods are widely used
in studies of these psychotropic compounds found
in biological materials. Special attention is paid to
fungi of the genera Psilocybe, containing psilocybin
and psilocin. Gas chromatography (GC) has been
widely used for this purpose [3]; prior to analysis,
however, poorly volatile and heat-labile trypta-
mines have to be chemically converted into acetate
[4], enamine [5], isothiocyanate [6] or trimethylsilyl
(TMS) derivatives [7]. A GC-mass spectrometric
(MS) system has been used for the analysis of TMS
derivatives of bufotenin [6), psilocybin and psilocin

0021-9673/92/%05.00 ©

[8]. Tryptamine compounds are often separated and
assayed by high-performance liquid chromatogra-
phy (HPLC) with UV spectrophotometric [9-23],
electrochemical (ED) [16,19-21] or fluorimetric
[11,12,15,16,18] detection, and sometimes with MS
identification [10,14,18].

Studies of indole alkaloids form part of research
into the metabolism of aromatic amino acids in mi-
croorganisms and include a search for new efficient
extraction and separation procedures, optimization
of HPLC analysis, high identification fidelity and
computer-aided evaluation of results. Some studies
in this direction are reported in this paper.

EXPERIMENTAL

Chemicals
Analytical standards of indole alkaloids were ob-

1992 Elsevier Science Publishers B.V. All rights reserved



202

R HH
R, A ‘ C\'é'/“;
N NR1R2
H
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Tryptamine H H H
Tryptophan H H COOH
Serotonin H H H
S-Hydroxy-N-methyltryptamine Me H H
5-Hydroxytryptophan H H COOH
Bufotenin Me Me H
Psilocin Me Me H
Psilocybin Me Me H

tained from Sigma (St. Louis, MO, USA), except
psilocybin and psilocin, which were obtained from
Sandoz (Basle, Switzerland).

The silylation reagent N-(methyl-N-(zerz.-butyl-
dimethylsilyl) trifuoroacetamide (MTBSTFA) was
purchased from Pierce Eurochemie (Oud-Beijer-
land, Netherlands). Other chemicals were of analyt-
ical-reagent grade from Lachema (Brno, Czechoslo-
vakia).

Microbiological materials

Species of fungi of the genera Psilocybe and
Amanita were collected at various places in Cze-
choslovakia and of the genus Inocybe in Germany.
The fungus Psilocybe bohemica from our laboratory
collection was cultivated at 24°C in a 300-ml flask
containing 100 ml of complex medium on a recipro-
cal shaker (3 Hz, amplitude 50 mm).

Sample preparation

The dried fruit bodies of fungi of the genera Psi-
locybe, Inocybe or Amanita were cut and then com-
pletely homogenized in a glass mortar, whereas the
samples of mycelium were only homogenized. Ex-
traction was performed in 20-ml vials at a constant
sample weight of 10 mg on a reciprocal shaker (1.2
Hz, amplitude 15 mm).

Psilocybin was extracted for 10 min with 0.50 ml
of 70% methanol (saturated with potassium ni-
trate), whereas psilocin and bufotenin were extract-
ed with water-ethanol (75:25) for 160 min. The
crude extract was filtered through a 1-um PTFE fil-
ter before injection into the HPLC apparatus.
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Derivatization

Silylation was modified for derivatization of sam-
ples or standard compounds of the tyrptamine type:
a dried sample of standard indole alkaloids (about
0.3 mg) was places in a glass ampoule, dissolved in a
mixture of 0.1 ml of acetonitrile and 0.1 ml of
MTBSTFA and heated in the sealed ampoule for 10
min at 90°C. The procedure yielded samples con-
verted completely into tert.-butyldimethylsilyl
(TBDMS) derivatives. After cooling, the samples
were used directly for GC analysis.

Gas chromatography

GC analyses were performed on Sigma 3B gas
chromatograph (Perkin-Elmer, Norwalk, CT,
USA) with flame ionization detection (FID).
TBDMS derivatives of indole alkaloids were sep-
arated ona 30 m X 0.25 mm I.D. SPB-1 fused-silica
column (Supelco, Gland, Switzerland) with temper-
ature programming from 250 to 300°C at 3°C/min.
The injection: port (split injector, splitting ratio
1:70) and detector were maintained at 300°C. Hy-
drogen was employed as the carrier gas at a flow-
rate of 42 cm/s. Samples of 0.2-0.5 ul were intro-
duced with a 1-ul Hamilton (Bonaduz, Switzerland)
microsyringe.

Identification of the TBDMS derivatives of indi-
vidual components of a mixture was carried out by
comparing their retention characteristics with those
of the standards. Detector signals were processed
by Baseline 810 chromatographic software (Waters,
Milford, MA, USA).
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High-performance liquid chromatography

The liquid chromatograph consisted of a Model
3B high-pressure pump, which ensures program-
ming of the mobile phase concentration and flow-
rate, a Model 7105 injection valve (Perkin-Elmer)
and a Waters model 990+ photodiode-array detec-
tor. A model 641 VA voltammetric detector (Met-
rohm, Herisau, Switzerland) was connected in series
with a UV detector. The separations were perform-
edona 300 mm x 3.9 mm I.D. column (A) packed
with uBondapak Cis (7 um) and Guard Pak C,;
(Waters), on a 250 mm x 4 mm I.D. column (B)
packed with Silasorb SPH C,g (7.5 um) (Lachema,
Brno, Czechoslovakia) or on a 250 mm x § mm
L.D. semi-preparative column (C) packed with Se-
paron SGX Cyg (7 um)] (Tessek, Prague, Czechoslo-
vakia). The columns were eluted isocratically with
0.1 M citrate-phosphate buffer (pH 2.8)—ethanol
(95:5) (column A) or methanol-water-acetic acid
(5:95:1) (column B) or (10:90:1) (column C). The
flow-rate was 1.0 ml/min and the columns were
maintained at 25°C.

Sample doses were 1-5 ul of methanolic solution
(concentration about 1 mg/ml) in the analytical col-
umn and 100-200 ul in the semi-preparative col-
umn. Samples of 200 ul were repeatedly injected on
to the semi-preparative column and the fraction
containing the analyte compound was collected in a
5-ml flask during elution. It was then evaporated
under vacuum and the residue was used for identifi-
cation by GC, MS and UV spectrometry. Standard
compounds and samples were used for thin-layer
chromatography (TLC) in 0.1-ml aliquots (about
20 ug of the compounds).

Qualitative analysis of psychotropic indole com-
pounds was performed by comparing their elution
volumes with those of reference samples. The re-
sults were confirmed by TLC, GC,”MS and UV
spectrometry. Indole alkaloids were determined by
means of the internal normalization and external
standard method. Detector signals were processed
by the Baseline 810 software (Waters).

Thin-layer chromatography

Psilocybin, psilocin, bufotenin, etc., were identi-
fied on Silufol UV 254 foils eluted with n-butanol—
water—acetic acid (24:10:10). Tryptamines were de-
tected with Ehrlich reagent (2% p-dimethylamino-
benzaldehyde in 1 M hydrochloric acid) and yielded
red-violet spots after completion of the reaction.
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Mass spectrometry

Mass spectra were measured with a Varian MAT
model 311 instrument with ionization energy 70 eV,
current 1 mA, ion source temperature 200°C and
inlet temperature 35°C for psilocin, bufotenin and
140°C for psilocybin. The high-resolution peak-
matching technique employed gave errors of +35
ppm.

RESULTS AND DISCUSSION

Extraction

Extraction of psychotropic indole compounds
from biological material (Psilocybe bohemica) has
received scant attention in the literature on the
analysis of these substances. The extraction is per-
formed with mixtures of lower alcohols and water,
sometimes with adjusted ionic strength or pH. The
yield of psilocybin extraction by the commonly
used methanol is only 80% of the amount obtained
by extraction into 75% (v/v) methanol saturated
with potassium nitrate (Fig. 1). Aqueous ethanol
solutions are unsuitable for psilocybin extraction
(maximum yield 36%). A 90% yield can be attained
with 1% acetic acid in methanol. This system is suit-
able expecially for preparative purposes as both sol-
vents can be evaporated.

The best extraction results with psilocin were ob-
tained with 75% (v/v) aqueous ethanol, whereas

12+
% | PSILOCYBIN
09}t
06 |
03t
00

031 psiLocIN
o/O

02}

01+

00s

1] 20 40 60 80 100
% of atcohol

Fig. 1. Dependence of the determined amount of psilocybin and
psilocin on the composition of the extracting agent: @ = metha-
nol-water-saturated KNO,; O = methanol-water; A = etha-
nol-water.
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methanol gave less than 10% of the amount reco-
vered with 75% ethanol (Fig. 1). The optimum ex-
traction systems for psilocybin and psilocin there-
fore differ.

A kinetic equation was used to calculate the time
necessary for extraction of 99.9% of both psilocy-
bin and psilocin. In contrast to literature data, com-
plete recovery of psilocybin was found to require
only 10 min and of psilocin 160 min [24].

Separation

The optimum composition of the mobile phase
(amount of ethanol) for the chromatographic sep-
aration of tryptamines was determined by computer
processing of experimental data on retention and
on column efficiency, using an optimization and
simulation program based on application of the so-
called chromatographic optimization function
(COF) [20]. Fig. 2 gives the conditions for the
HPLC separation of individual tryptamines. Opti-
mum separation of key tryptamines was achieved
on the Silasorb SPH C,s column (B) with citrate-
phosphate buffer containing 10% ethanol as mobile
phase (Table I). Separation of indole alkaloids from
Amanita fungus was done on a yBondapak C;s +
Guard Pak column (A) with citrate-phosphate buf-
fer containing 5% ethanol as mobile phase.

TABLE 1

M. WURST, R. KYSILKA, T. KOZA

1 13 15
ethanol %o (v/v)

Fig. 2. Dependence of the capacity factor (k') and the chromato-
graphic optimization function (COF) on the ethanol content in
the mobile phase. 1 = Psilocybin; 2 = serotonin; 3 = tryp-
tophan; 4 = bufotenin; 5 = tryptamine; 6 = psilocin.

Identification

The separation and identification of a mixture of
indole alkaloids in extracts from fungi of genera
Psilocybe, Inocybe and Amanita were first verified
by TLC. The purity of individual compounds was
demonstrated chromatographically (Rr) based on
red-violet spots typical of tryptamines. Identifica-

RETENTION AND DETECTION DATA FOR THE INDOLE ALKALOIDS

Substance Retention data Detection limit (ng) Relative standard deviation (%)”
GC HPLC uv ED uv ED
ey (k"
5-Hydroxytryptophan 294.0 1.004 20 0.5 3.2 3.2
Psilocybin - 1.004 20 1.0 2.8 3.5
5-Hydroxytryptamin (serotonin) 273.5 1.253 64 2.6 3.2 3.2
Bufotenin 263.5 1.931 34 1.0 31 3.5
Tryptophan 273.0 2.721 88 2.8 2.0 2.4
Tryptamine 260. 4.043 30 1.0 2.7 2.5
Psilocin 263.5 3.979 22 0.7 3.0 2.9
5-Hydroxy-N-methyltryptamine 277.0 - - - - -

¢ Temperature programmed trom 206 (o 300°C.,
b Six paralle! determinations.
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o] 2.0 4.0 6.0 8.0 10.0 2.0 14.0 min

Fig. 3. GC of (A) the extract from fruit bodies of the fungus
Amanita citrina (A) and (B) a mixture of the hallucinogen stan-
dards (TBDMS derivatives). I = Tryptamine; 2 = bufotenin; 3
= tryptophan; 4 = serotonin; 5 = 5-hydroxy-N-methyltrypta-
mine; 6 = 5-hydroxytryptophan.

tion of a mixture of indole alkaloids from Amanita
fungi was further confirmed by GC of their
TBDMS derivatives, together with customary in-
dole standards. The separation was performed on
an SPB-1 capillary column with temperature pro-
gramming from 250 to 300°C at 3°C/min. Chro-
matographic verification of their purity (Fig. 3, Ta-
ble I) showed no separation of isomeric compounds
(bufotenin and psilocin). This does not complicate
the identification of the two compounds, however,
as the probability of their mutual presence in any
biological material is negligible.

The HPLC-separated mixture of indole alkaloids
was then identified by recording the UV spectra of

uv

L ! L 1 1 !

240 260 280 300 320 340 nm

1 ] 1 1
0 4 8 12

16 min

Fig. 4. HPLC of the extract from fruit bodies of the fungus
Amanita citrina (Vestec, 1987). 1 = Bufotenin. Inset, UV spec-
trum of bufotenin.
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individual compounds during the separation
process itself using a diode-array detector (Table I).
Fig. 4 shows a chromatogram of bufotenin with the
UV spectrum of bufotenin obtained from the com-
puter.

The UV spectra of psychotropic substances agree
fully with literature data [25].

Determination

The rapid HPLC screening method on Silasorb
SPH C,g (B) with citrate-phosphate buffer (pH
2.8)—ethanol (90:10) mobile phase does not ensure
complete separation in all instances. A combination
of chromatographic separation with selective ED
can separate all components of a mixture of indole
alkaloids. Hydroxylated tryptamines and tyrpto-
phan can be selectively detected at a working elec-
trode potential of +0.60 V (vs. Ag-AgCl), whereas
the half-wave potential of other substances are
higher than +0.80 V [21]. The detection limits with
the UV photometric detector are of the order of
units to tens of nanograms, and with the electro-
chemical detector units to tenths of nanograms in
the inlet (Table I). Quantification of the mixture
components was done by the external standard
method and evaluation of peak heights. As indicat-
ed by the relative standard deviation (s,), this
screening method is less exact than common direct
methods (s, u = 3.4-6.3%; s, gp = 7.2-9.1%).

Differences in the chromatographic behaviours
of psilocybin and psilocin make it necessary to use
two different mobile phases for the assay of cither
substance. The preparative application dictates that
the mobile phase must be easy to evaporate com-
pletely. Its pH cannot be adjusted with a buffer but
with an easy-to-evaporate organic acid. The indole
alkaloids in extracts from genera Amanita, Psilo-
cybe and Inocybe were analysed by an exact HPLC
method on column A (uBondapak C,g) with ci-
trate-phosphate buffer (oH 2.8)-ethanol (90:10 or
95:5) as the mobile phase, and psilocybin and psilo-
cin on column B (Silasorb SPH C,g) with metha-
nol-water-acetic acid (5:95:1 or 10:90:1) as the mo-
bile phase.

A series combination of spectrophotometric and
electrochemical detection was also used. Psilocybin
was determined from the UV detector (267 nm) rec-
ording and psilocin from the electrochemical detec-
tor trace (Fig. 5). Table I show that this method
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Fig. 5. HPLC of indole alkaloids with (A) UV photometric and
(B) electrochemical detection. I = Psilocybin; 2 = psilocin.
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yields substantially better relative standard devia-
tions than the screening method.

Isolation

The lipophilic fraction of biological material was
removed by extraction into light petroleum (b.p.
40-60°C) (psilocin, bufotenin) or a mixture of light
petroleum and chloroform (psilocybin). Psilocin
was extracted with 75% aqueous ethanol whereas
psilocybin was extracted with 1% acetic acid in
methanol.

Isolation of tryptamines was done on a semi-pre-
parative chromatographic column. Psilocybin was

TABLE 11

Fig. 6. Mass spectra of an extract of Psilocybe bohemica. (A)
Psilocybin standard; (B) indole alkaloid isolated from the ex-
tract.

chromatographed on a column of Separon SGX
C5 (C) with methanol-water—acetic acid (5:95:1) as
the mobile phase. Psilocin and bufotenin were sep-
arated under analogous conditions on the same col-
umn but with methanol-water—acetic acid (10:90:1)
as the mobile phase. Isolated psilocybin, psilocin
and bufotenin were identified by MS. Fig. 6 shows
the mass spectrum of an extract from biological ma-
terial.

CONTENTS OF PSYCHOTROPIC COMPONENTS IN FRUIT BODIES OF THE GENUS AMANITA

Species Locality Year Compound’ (%)
OH-MeTPA OH-TRP BUF TPA TRP
A. citrina Pribram 1987 0.06
A. citrina Vestec 1987 1.058
A. citrina Helfenburg 1988 0.593
A. citrina Vestec 1988 1.424
A. citrina Talin 1889 0.039 1.899 0.025
A. citrina Krenicna 1989 0.033 0.678
A. citrina 1989 0.593 1.693
A. citrina Neveklov 1989 0.099 0.332
A. citrina Vestec 1989 0.414 0.007
A. porphyria Lounovice 1987 . 0.374
A. porphyria Vestec 1989 0.072 0.617
A. rubescens Vestec 1989 0.018
A. rubescens Krenicna 1989 0.020

“ TRP = Tryptophan; TPA = tryptamine; BUF =

hydroxytryptophaui.

bufotenin; OH-MeTPA = 5-hydroxy-N-methyltryptamine; OH-TRP = 5-
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TABLE IIT
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CONTENTS OF PSYCHOTROPIC COMPOUNDS IN FRUIT BODIES OF THE GENERA PSILOC YBE AND INOCYBE

Species Locality Year Psilocybin Psilocin
(%) (%)
P. bohemica Frenstat 1981 0.46 0.02
P. bohemica Sazava 1982 1.14 0.07
P. bohemica Sazava 1983 0.64 0.48
P. semilanceata Praha 1980 1.05 0.12
P. semilanceata Krasna Lipa 1982 091 0.09
P. semilanceata Spiska N. Ves 1986 0.76 0.09
P. cyanescens Mason County, WA, USA 1984 0.00 0.45
P. cyanescens Horni Bradlo 1986 0.10 0.47
I aeruginascens Potsam, Germany 1982 0.33 -
L. aeruginascens Potsdam 1983 0.34 -
. aeruginascens Potsdam 1984 0.38 -
1. aeruginascens Potsdam 1986 0.03 0.02
Application
The above procedures were used for the separa- 60} t
tion, identification, isolation and determination of b
indole alkaloids in extracts from the fruit bodies of a0l
fungi from the genera Psilocybe, Inocybe and Aman- E ¢
ita and mycelial extracts from the fungus Psilocybe g 4
bohemica. Table II summarizes the results of analy- 2o0r O TN .
sis of three Amanita species collected recently S o
(1987-89) at various localities in Czechoslovakia 0 ' . L =
and Estonia. Two species, A. citrina and A. porphy- 3 10 s . 20 2 %0
ays

ria, contain bufotenin (0.3-1.9%) as the major com-
ponent whereas other tryptamines and tryptophan
are present at trace levels. 4. porphyria has a lower
bufotenin content (0.3-0.7%), 4. citrina from Esto-
nia has a high bufotenin level (1.9%). 4. rubescens
contains no bufotenin, similar to one finding in A.
citrina.

Comparison of Amanita and Psilocybe fungi col-
lected in the 1980s in Czechoslovakia and in the
USA (Table IIT) showed similar contents of the ma-
jor component psilocybin (0.1-1.4%) but psilocin
levels in Psilocybe are considerably lower (0.02-
0.5%). Species of the genus Inocybe (collected in
Germany) exhibit low psilocybin levels (0.03-0.4%)
and negligible psilocin contents (0.02%). The ex-
tract from Inocybe aeruginascens (1986) contained
another compound with a retention time shorter

Fig. 7. Production of indole alkaloids during submerged culti-
vation of Psilocybe bohemica. | = Psilocybin; 2 = psilocin.

than that of psilocybin but with an essentially iden-
tical UV spectrum. It was probably baeocystin, in
accordance with the data of Gartz [26].

Chromatographic analysis of psilocybin and psi-
locin was used during the culturing of the fungus
Psilocybe bohemica (Fig. 7). Isolation of both com-
pounds from fruit bodies and mycelia was verified
by HPLC. The psilocybin recovery was 75-80% of
the orginal amount and with psilocin it was 80—
90%.
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ABSTRACT

Artemisia absynthium L. is a commonly used medicinal plant for parasitic diseases all over the world. By means of high-performance
liquid chromatography with diode-array detection and the PU6100 solvent optimization system, two sesquiterpene lactones, a-santonin
and ketopelenolid-A, were tentatively identified in methanolic extracts of this plant. a-Santonin is a well known antiparasitic compound
and could be one of the active principles of this plant species. Reconstructed spectra are potentially useful in scanning a complex

chromatogram for pharmacologically active compounds.

INTRODUCTION

For many years, the isolation and identification of
natural products from plants widely used in folk
medicine, or with a clearly demonstrated pharmaco-
logical activity, have been intensively studied. A
major role in this kind of research is played by
chromatographic methods, in particular liquid chro-
matography. )

Many species of the large genus Artemisia (family
Asteraceae) have been used in folk medicine all over
the world, and the antiparasitic activity of several
species is well known [1-3]. The Asteraceae family is
characterized by structurally diverse sesquiterpene
lactones (a large class of terpenes). Reports dealing
with the isolation and structure elucidation of
sesquiterpene lactones have increased during the last
decade for two main reasons: first, these compo-
nents have been used as chemical markers in chemo-

* Formerly Philips Analytical Chromatography.
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taxonomy, and second, a number of compounds
received considerable attention owing to their vari-
ous biological activities [4,5]. A detailed review of
the sesquiterpene lactones of the Artemisia genus has
been published [6] and may more compounds have
since been isolated.

The species Artemisia absynthium L., growing in
different regions of the world, has been intensively
studied because of several reports on its antiparasitic
medicinal properties and because of its use in the
preparation of wines and beverages. Many terpenes
have been identified in-the essential oil, in addition
to sesquiterpene lactones, coumarins and other
compounds. Toxic effects have also been reported
[4,5,7-10]. In recent years, this species, and many
others of the genus Artemisia, have been investi-
gated to find the sesquiterpene lactone artemisinin
(Qinghaosu), which so far has been isolated only
from Artemisia annua L. from China, and which has
unique clinical properties against malaria [11-14].

Aqueous, aqueous alcoholic and methanolic ex-

1992 Elsevier Science Publishers B.V. All rights reserved
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tracts of Artemisia absynthium growing in Havana,
Cuba, showed consistent and reproducible antipara-
sitic activity against three different parasites in tests
carried out at the Institute of Tropical Medicine
(IPK) in Havana. We considered it of interest to
develop some phytochemical work-up of this plant
material, to establish some of the active principles
elaborated by this Cuban plant. One important
approach was the chromatographic comparison of
some standards with extracts, or fractions, of this
plant by means of high-performance liquid chro-
matography (HPLC) with diode-array detection
(DAD), and the use of software for data handling,
solvent optimization and peak comparison.

EXPERIMENTAL

Plant extraction and fractionation

Aerail parts of Artemisia absynthium growing in
Guira de Melena, Havana, were collected in July
1990, air dried and finely ground. The plant species
was determined by comparison with authentic herb-
arium specimens and voucher samples are deposited
in the Herbarium of the Botany Institute of the
Cuban Academy of Sciences. A 5-g amount of fine
powdered material was extracted first with water
(50 ml) at 50°C for 8 h, filtered, dried and extracted
with methanol (50 ml) at 50°C for 8 h. Both water
and methanolic extracts were used for chromato-
graphic studies.

Standards

a-Santonin, ketopelenolid-A, absynthin and ar-
temisin, four sesquiterpene lactones isolated from
different species of the genus Artemisia growing in
Europe, were kindly provided by Dr. J. Harmatha
(Terpenes Department, Institute of Organic Chem-
istry and Biochemistry of the Czechoslovak Acad-
emy of Sciences). Chemical structures of these
lactones were determined by spectroscopic methods
(infrared, nulear magnetic resonance, mass, circular
dichroism, optical rotatory dispersion, ultra violet,
etc.) and chemical correlation [5]. The standards
were dissolved in methanol at concentrations of 1
and 0.1 mg/ml.

HPLC equipment and conditions
The liquid chromatograph consisted of an HPLC
pumping system with quaternary solvent capability

N. PEREZ-SOUTO et al.

(Unicam Analytical, Cambridge, UK), an injection
valve fitted with a 20-ul sample loop (Rheodyne)
and a 250 x 4.0 mm LD. column (Superspher
Spherisorb 100 RP-18, 4 um; Merck). Diode-array
data were collected on a PU6003 diode-array sys-
tem, which consists of a PU4120 detector and a
P3202 IBM PC-compatible computer (Unicam An-
alytical). This computer was also used for the data
handling and processing with a PU6100 solvent
optimizer (Unicam Analytical). Helium degassing
was used and all injected samples were filtered
through Anotop 10 plus 0.2-um disposable filters.

RESULTS AND DISCUSSION

Previous work on the extraction and fractionation
of fresh and dried aerial parts of 4. absynthium with
solvents such as water, water-methanol and meth-
anol, partitioning with immiscible solvents such as
chloroform, ethyl acetate, n-butanol, etc., and even
open-column chromatography with several station-
ary phases was not very successful in isolating and
identifying active compounds in this plant. This was
due mainly to the presence of high-polarity com-
pounds and a lack of resolution. On the other hand,
the biological testing of fractions against three types
of parasites indicated that the methanolic fraction
was the most active, but activity was also present in
other polar fractions. The availability of some
sesquiterpene lactone standards isolated from the
same genus species growing in Europe, and the
possibility of working with HPLC coupled to a
DAD system and PU6100 software for solvent
optimization and peak comparison, provided a
good opportunity to investigate the chemical com-
position of this medicinal plant. Dried plant powder
was first extracted with water to eliminate very polar
compounds with short retention times on reversed-
phase columns, and then extracted with pure meth-
anol. This methanolic extract was used for HPLC
without further preparation.

The standards were prepared at a concentration
of 1 mg/ml for artemisin, santonin and ketopele-
nolid-A and 2 mg/ml for absynthin because of its
lower absorption at 210 nm. The mixture of stan-
dards at this concentration, or diluted tenfold, was
used for the solvent optimization software and peak
comparison as described [15,16]. The first experi-
ment for optimization was a gradient from meth-
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anol-water (40:60) to pure methanol in 20 min at a
flow-rate of 1 ml/min. Retention times from this run
were used by the software to predict the methanol-
water composition; after some updating we ob-
tained a good separation with methanol-water
(53:47). The order of elution was artemisin (3 min
19 s), santonin (6 min 37 s), ketopelenolid-A (9 min
55 s) and absynthin (18 min 50 s) (Fig. 1a).

After program prediction and some updating, a
solvent composition of acetonitrile-water (40:60)
proved to be convenient for the standards: artemisin
(3 min 37 5), santonin (10 min 13 s), ketopelenolid-A
(15 min 37 s) and absynthin (20 min 25 s) (Fig. 2a).
With this acetonitrile-water composition we obtain-
ed almost the same retention times for the first- and
last-eluting compounds, and a convenient spacing
for the second and third. The prediction for the
tetrahydrofuran (THF)-water composition accord-
ing to the PU6100 was THF-water (25:75). In this
experiment we obtained the following retention
times: artemisin 5 min 43 s, santonin 9 min 37 s,
ketopelenolid-A 14 min 25 s and absynthin 17 min
43 s. This was also a good separation but the
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presence of THF in the solvent is less appropriate for
the detection of ketopelenolid-A and absynthin,
lactones with only a low UV end absorption.
Because of this we tried a ternary mixture of
water-methanol-acetonitrile and after some up-
dates of the program data we obtained a satisfac-
tory composition of water—methanol-acetonitrile
(50:30:20) with the following retention times: ar-
temisin 3 min 37 s, santonin 8 min 43 s, ketopele-
nolid-A 13 min 58 s and absynthin 26 min 16 s.

The next step was to separate the plant methanolic
extract using these solvents and to use the PU6100 to
match the labelled standard peaks and spectra with
those present in the plant extract.

The solvent optimization software contains peak
identification, or labelling functions, which enable
the correct assignments to be made as the solvents
change. In this instance we are using the peak-
labelling functions as a peak identification tool. The
procedure is first to deconvolute the three-dimen-
sional chromatogram and to obtain the “pure”
spectra of the peaks by iterative target transforma-
tion factor analysis (ITTFA) [15]. These spectra and

1.16 T T T T
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Fig. 3. Comparison of the spectrum of santonin (bottom trace) with that of peak 5 of the extract in methanol-water (53:47).
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Fig. 4. Comparison of the spectrum of ketopelenolid-A (top trace) with that of peak 8 of the extract in methanol-water (53:47).

Peak Labelling

Data name : NESTOR_NMETS53-3.CSN
Solvent : 53.0% MeOH 47.0% Water

REF POSITION SIZE WIDTH SPEC CONC TIME MATCH NAME

1 0.000 0.000 0.000 0.00 0.00 0.00 0.00 ARTEMIS
2 6.670 247.980 0.187 1.00 100 096 0.95 SANTONI
3 9.956 38.837 0.239 098 100 0.96 0.94 KETOPEL
4 21.362 14482 0.441 088 1.00 093 0.82 ABSYNTH

Data name : NESTOR_NMETAC40.CSN
Solvent : 40.0% ACN 60.0% Water

REF POSITION SIZE WIDTH SPEC CONC TIME MATCH NAME

1 0.000 0.000 0.000 0.00 0.00 0.00 0.00 ARTEMIS

2 10.439 285820 0.263 1.00 1.00 0.90 0.90 SANTONI

3 16.242 34915 0.346 096 100 088 0.85 KETOPEL
4 20.261 1.695 0.641 071 1.00 1.00 0.71 ABSYNTH

Size : peak volume (Abs * nm * Time)

Fig. 5. The peak labelling information from the PU6100 solvent optimizer, showing the spectral matching factors and retention matching
factors for each peak of interest. Reference I was not assigned.
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peak areas are then matched. More details of this
process are given in ref. 15. In Fig. la and b
chromatograms of the standard mixture (top) and
methanolic extract from the plant (bottom) in the
same solvent, methanol-water (53:47), are com-
pared. Fig. 2a and b show a similar comparison
using acetonitrile-water (40:60). Standard 2 (a-
santonin) seems to be present in the methanol
extract as peak 5 and standard 3 (ketopelenolid-A)
as peak 8 in the same extract. UV spectra of the
compounds in peaks 2 and 5, and 3 and 8, are almost
completely superimposable (Figs. 3 and 4) and the
retention times agree within 3.9% and 3.5%, respec-
tively. The same situation was found when the
mixture of standards was compared with methanolic
extracts in the other two solvent systems, acetoni-
trile-water (40:60) and water—-methanol-acetonitrile
(50:30:20); the spectrum matching factors for stan-
dards 2 and 3 were close to unity with corresponding
peaks in the plant extract. The retention times
agreed within 2.8% (santonin) and 3.0% (ketopele-
nolid-A).
Fig. 5 shows the peak labelling output of the
PU6100 with the solvents methanol-water (53:47)
~and acetonitrile-water (40:60). There are high
matching factors for both santonin and ketopele-
nolid-A in both solvents. However, the matching
factor for peak 4 is lower and its identity is
inconclusive. Absynthin has a spectrum which is
very different from those of peaks 15-17 in Fig. 1b.
The spectrum of peak 18 is similar, and has an
intermediate matching factor of 0.88 in Table I
However, the retention times are substantially dif-
ferent and its presence cannot be confirmed.

CONCLUSIONS

Using the described equipment and software we
developed chromatographic methods for the anal-
ysis and preparation of four sesquiterpene lactones
and for the analysis of the methanolic extract of
Artemesia absynthium. The results suggest that o-
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santonin and ketopelenolid-A are present in these
extracts. The presence of santonin in Cuban Artemi-
sia absynthium aerial parts is a possible explanation
for the antiparasitic properties of this medicinal
plant, because «-santonin has been used for many
years as a medicine for parasitic diseases.

The spectral reconstruction algorithms are poten-
tially useful in highlighting compounds with known
or similar chromophores in a complex chromato-
gram. The use of the algorithms in this way avoids
lengthy and unnecessary method development in the
search for pharmacologically active compounds.
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ABSTRACT

Coenzyme (Co) Q,, was dissociated from lipoproteins in plasma by treatment with methanol and extraction with »-hexane. Sub-
sequent clean-up on silica gel and C, 4 solid-phase extraction cartridges with complete recovery (99 £ 1.2%) produced a clean extract.
High-performance liquid chromatographic (HPLC) separation was performed on a C, 4 reversed-phase column. Three simple, rapid
procedures are presented: HPLC with final UV (275 nm) detection, a microanalysis utilizing a three-electrode electrochemical detector
and a microanalysis with column-switching HPLC and electrochemical detection. The methods correlate very well with classical
ethanol-n-hexane extraction with UV detection. The identity and purity of the Co Q, , peak were investigated and the resulting methods
were concluded to be suitable for total plasma Co Q,, determination. The average level in healthy subjects was 0.80 + 0.20 mg/l; the
minimum detectable Co Q,, plasma level was 0.05 and 0.005 mg/l for UV and electrochemical detection, respectively. The methods
were applied to many samples and the plasma Co Q,, reference values for healthy subjects, athletes, hyperthyroid, hypothyroid and

hypercholesterolaemic patients are given.

INTRODUCTION

Coenzyme (Co) Qo (2,3-dimethoxy-5-methyl-6-
decaprenylbenzoquinone; Fig. 1), also known as
ubiquinone, is classed as a fat-soluble quinone and
is an essential component of the mitochondrial res-
piratory chain, where it acts as an electron shuttle,
controlling the efficiency of oxidative phosphoryla-
tion [1]. Moreover, it has a function as a membrane
stabilizing agent, for avoiding lipid peroxidation
and regulating lipid fluidity.

It may occur that the Co Q;¢ mitochondrial con-
tent gives a functional limiting effect, particularly in
cases of increased respiratory demand [2]. A low Co
Q10 plasma level may indicate an impaired cellular

0021-9673/92/$05.00 ©

energetic function. It is important to emphasize
how this possibility affects, in the same way, both
muscular and myocardial performances. Co Qo
administration can counteract and improve func-
tions in patients affected by several kinds of ence-
phalomyopathia due to Co Qo inhibition of bio-
synthesis or stimulation of degradation [3-5] and in
patients affected by heart failure [6].

CHSO CH

3
CH3

[
CHz0 {Cc H’}'C H=C—-CH2)ﬁH

[¢]

Fig. 1. Coenzyme Q,,, oxidized form.
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For all these reasons, plasma Co Qo determina-
tion has been included in the routine activity of clin-
ical chemistry laboratories.

Co Q;0 has been determined in plasma by liquid
chromatography (LC) with UV detection after
liquid-liquid extraction [7]. Electrochemical detec-
tion (ED) gave the possibility of monitoring also
the reduced form [8]. For total plasma Co Qo de-
termination, the sample is usually converted into
the corresponding reduced form by treatment with
sodium tetrahydroborate and subsequently deter-
mined by high-performance liquid chromatography
(HPLC) with ED [9,10].

All these procedures are too time consuming and
unsuitable for routine determinations, particularly
when total Co Q¢ is required, as, from the clinical
point of view, this is the most significant value.

We have systematically examined the advantages
and limitations of solid-phase extraction (SPE), the
ED and automation for the determination of Co
Q10 by HPLC.

A coulometric detector is able to give a 100%
yield of the electrochemical reaction and can detect
the oxidized form [10]. The reduced form is unstable
at room temperature and quickly becomes oxidized
[8,10], so SPE, when performed utilizing a vacuum
manifold and subjecting the sample to prolonged
.air flushing, -can cause total conversion of Co Qi
into the oxidized form, allowing the determination
of total Co Qqo.

The column-switching technique improves the
automation of the analytical procedures, greatly in-
creasing the laboratory productivity.

An HPLC procedure that is to be applied in clin-
ical chemistry must consider the kind of instrumen-
tation currently available in the laboratory and
must allow the method to be run without being
obliged to apply a sophisticated technique such as
column switching utilizing a UV detector must be
sufficient.

In this paper, three very simple and rapid proce-
dures are presented. They have an increasing level
of difficulty in utilizing the instrumentation, but can
be fully automated, correlate very well and are in-
terchangeable.

EXPERIMENTAL

Chemical and reagents
Ce Q;; and the internal standard (1.S.), Co Qq
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were kindly supplied by Eisai (Tokyo, Japan).
Methanol, n-hexane and 2-propanol, all of HPLC
grade, and glacial acetic acid, of INSTRA grade,
were obtained from J. T. Baker (Deventer, Nether-
lands). Sodium acetate, of analytical-reagent grade,
was purchased from E. Merck (Darmstadt, Germa-
ny).

Venous blood was drawn in tubes containing 50
ul of 0.01 M tripotassium ethylenediaminetetraace-
tate.

SPE extraction cartridges containing silica (100
mg) (Analytichem Bond Elut Si) or octadecyl-bond-
ed silica (50 mg) (Analytichem Bond Elut C,) and
the column-switching disposable precolumn con-
taining octadecyl-bonded silica (50 mg; 40 ym), 20
mm % 2 mm LD. (Analytichem AASP Cassette
C,3), were obtained from Varian Sample Prepara-
tion Products (Harbor City, CA, USA).

The analytical columns were protected with a
Model 7315 on-line filter Rheodyne (Cotati, CA,
USA).

The reversed-phase (RP) analytical column, Ul-
trasphere XL C,g, 3 um (70 mm X 4.6 mm L.D.)
with a Cy3 guard column, 3 ym (§ mm X 4.6 mm
I.D.) were suppled by Beckman (San Ramon, CA,
USA). The normal-phase (NP) analytical column,
Si 60 Supersphere, 4 ym (50 mm X 4 mm 1.D.) was
from E. Merck.

Instrumentation :

The SPE clean-ups were performed using a Mod-
el SPE-21 vacuum manifold (J. T. Baker). The
Model 2510 HPLC pump and the Model 2050 UV
detector (set at 275 nm, 0.02 a.u.f.s.) were obtained
from Varian (Walnut Creek, CA, USA). For
manual injection, a Model 7125 valve (Rheodyne)
fitted with a 50-ul loop was used.

For ED a muliti-electrode Coulochem 5100 A
electrochemical detector fitted with a Model 5021
conditioning cell and a Model 5011 analytical cell,
all from Environmental Sciences Assoc. (ESA)
(Bedford, MA, USA), was employed. To oxidize
Co Q,¢ before HPLC separation, a Model 5020
guard cell (ESA) was added.

For applying the column-switching technique, a
Model 222 autosampler, a Model 401 diluter, an
Anachem interface, all from Gilson (Villiers-le-Bel,
France), an AASP solid-phase autosampler and a
ten-port valve, all from Varian, were utilized, joint-
ly with the HPLC pump and the electrochemical
detector.
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Preparation of standards
Stock solutions (100 mg/1) of Co Q4 and Co Q,
(LS.) were prepared in n-hexane and stored at 4°C.
To obtain standard solutions, Co Q,-free plas-
ma was fortified with Co Q4 to give concentrations
of 0, 0.625, 1.25, 2.50 and 5.0 mg/1. These standards
were prepared fresh daily.

HPLC mobile phases

For normal-phase separation, degassed n-hexane
was used as the mobile phase at a flow-rate of 1
ml/min; for reversed-phase (RP) separation with
UV detection, 2-propanol-methanol (1:4) was em-
ployed at a flow-rate of 2 ml/min; for RP separation
with ED and for column-switching HPLC, 50 mM
sodium acetate in glacial acetic acid—2-propanol—
methanol (24:450:1435) was used at a flow-rate of 2
ml/min.

Electrode connections

The cells were assembled as follows: analytical
column— Model 5021 conditioning cell (set at
—0.60 V) —» Model 5011 analytical cell (set at de-
tector 1 —0.15V, detector 2 +0.45 V, response 4,
gain 10 x 30). Only for the Co QoH, study an
additional Model 5020 guard cell (set at +0.50 V)
was installed between the injection valve and the
analytical column.

Column-switching HPLC conditions
The column-switching instrumentation was as-
sembled as reported previously [11,12].

Samples

Samples of S ml of venous blood were taken in
the morning by venepuncture from the forearm of
subjects who had fasted for at least 8 h. The samples
were immediately centrifuged at 2000 g for 15 min
at room temperature. The plasma was separated
and kept at —20°C in polypropylene tubes. On the
day assigned for analysis the samples were thawed
for 2 h at room temperature.

Method A

Plasma (1 ml) was subjected to liquid—liquid ex-
traction according to Takada et al. [7] and subse-
quently to RP-HPLC with UV detection.
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Method B: plasma Co Q. determination with UV
detection

In a 100 x 16 mm polypropylene tube, 1 ml of
plasma was deproteinized with 1 ml of methanol,
then 0.1 ml of LS. (Co Qo, 25 mg/l in n-hexane) and
3.9 ml of n-hexane were added. The tube was vortex
mixed and centrifuged at 2000 g for 10 min. A 3-ml
portion of the n-hexane phase was transferred into
another tube, 4 ml of n-hexane were added to the
aqueous phase and the extraction was repeated. A
7-ml volume of the n-hexane phase was passed
through a 100-mg silica SPE cartridge, previously
activated with 2 ml of n-hexane; the cartridge was
then washed with 2 ml of #-hexane and dried under
a 380-mmHg vacuum for 1 min. Co Qs were eluted
with 2 x 0.5 ml of methanol and the collected
methanol was then purified on a 50 mg C,3 SPE
cartridge, previously activated with 2 ml of metha-
nol and equilibrated with 2 ml of water. After a
washing step with 1.5 ml of methanol, Co Qs were
eluted with 2 x 0.15 ml of 2-propanot and 50 pl of
the eluted fraction were injected into the RP-HPLC
column for separation and UV detection.

Method C: plasma Co Q¢ determination with elec-
trochemical detection

In a 100 x 16 mm L.D. polypropylene tube, 0.1
ml of plasma was deproteinized with 0.2 ml of
methanol, then 10 ul of I.S. (Co Qo 25 mg/l in n-
hexane) and 1 ml of n-hexane were added. The tube
was vortex mixed, 1.5 ml of n-hexane were added
and the tube was vortex mixed again and centri-
fuged at 2000 g for 10 min. A 2-ml volume of the
n-hexane phase was passed through a 100-mg silica
SPE cartridge and all the steps were performed as
above but, unlike in method B, the C;g cartridge
was eluted with 2 X 0.2 ml of 2-propanol and 50 ul
of the eluted fraction were injected into the RP-
HPLC column for separation and ED.

Method D. plasma Co Q.o determination with col-
umn-switching HPLC

Plasma (0.1 ml) was extracted and purified on a
silica cartridge as in method C. The 1-ml methanol
fraction eluted from silica was collected in a 75 x
12 mm L.D. polypropylene tube and placed on a
Gilson 222 autosampler. The disposable precolumn
utilized was C;g, 40 pm, 50 mg (20 mm X 2 mm
L.D.) and, using the dilute syringe as a pump, was
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activated with 0.5 ml of methanol, equilibrated with
0.5 ml of water, loaded with 0.2 ml of the sample
and washed with 1.5 ml of methanol. The AASP
ten-port valve then connected the precolumn to the
analytical column for 0.5 min, the Co Qs were
transferred to the analytical column by 1.0 ml of the
HPLC mobile phase, the separation was performed
on the C,g analytical column and the effluent was
monitored by ED. As soon as the ten-port valve
had returned to the load position, the precolumn
was replaced with a new one. The 5-ml loop was
washed with 25 ml of 2-propanol and the clean-up
of the next sample then took place.

RESULTS AND DISCUSSION

Co Qo is a lipophilic molecule, freely soluble in
hydrocarbons, insoluble in water, almost insoluble
in methanol and soluble in hot ethanol, 2-propanol
and 1-propanol.

The liquid-liquid extraction method (A) was tak-
en as a reference method to compare the improve-
ments obtained by applying the SPE sample clean-
up. In Fig. 2, a typical chromatographic profile ob-
tained applying method A is shown.

M

0.005 AU

I f —
0 0 20

Fig. 2. Analytical profile obtained on applying method A to a
plasma containing (1) Co Q, (L.S.), 2.50 mg/l, and (2) Co Q,,,
0.92 mg/l. Column, C,4, 3 pm (75 mm x 4.6 mm 1.D.) (Beck-
man); mobile phasc, 2-propanol-methanol (1:4); flow-rate, 2 ml/
min; detection, UV, 275 nm, 0.02 a.u.f.s.; chart speed, > mm/mniii.
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This method was found to be unsuitable for rou-
tine determinations owing to the following prob-
lems: a high solvent front; some later-eluting peaks
causing a long run time; an interfering peak close to
that of the L.S.; the injected sample was not clean
and caused frit clogging; the precolumn lifetime was
short owing to strongly retained substances; there
was a large volume of n-hexane to be evaporated
and the extraction was too time consuming; and
automatic sampler injection was impossible owing
to the presence of precipitate.

To improve the clean-up, we tried to load the
plasma directly on to RP cartridges, but unfortu-
nately the plasma proteins, to which Co Qo is
bonded, were not retained and the recovery was ze-
ro.
In Table I, the Co Q;, breakthrough volumes
obtained on various SPE cartridges are reported.
For elutate monitoring, RP-HPLC with UV detec-
tion and NP-HPLC [UYV detector set at 275 nm, k&’
(Co Qqo) = 3.3] were used. The silica cartridge
showed a high breakthrough volume in n-hexane
and was suitable for sample concentration from
large solvent volumes, but unsuitable for sample
clean-up, because any solvent that was able to wash
out interfering substances had also eluted the ana-
lyte.

It must be emphasized that methanol, which was
almost unable to solubilize crystalline Co Qjo,
could solubilize and elute it when Co Q; was load-
ed on silica, probably because molecule-stationary
phase interactions are weaker than molecule-mole-
cule interactions, typical of the crystalline state. Co

TABLE 1

Co Q,, BREAKTHROUGH VOLUME (ml) ON DIFFER-
ENT BOND-ELUT EXTRACTION CARTRIDGES

Solvent Cartridge
Si 100 mg NH, 100 mg C 18 50 mg
n-Hexane >> 14 12 <1

Light petroleum
(b.p. 40-60°C) >>12

Chioroform <l <1 <1
Methanol 0.2 0.2 3
2-Propanol 0.3 0.3 0.15
1-Propanol 03 0.3 <0.3
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TABLE II
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RECOVERY OF Co Q,, APPLYING n-HEXANE FROM LIQUID-LIQUID EXTRACTION TO SILICA CARTRIDGE

Sample (ml) Solvents (ml)

Recovery after elution

Plasma* Water® Methanol Ethanol

Acetonitrile

with 1 ml of methanol (%)
n-Hexane

—

1
1 1
1 1

98
1.5
3
97
1
80
+ 4 98

R L

* Spiked with Co Q,, to give 100 mg/l.
b Unspiked.

Q1o solution in methanol remained stable for sever-
al days at room temperature.

In conclusion, the silica cartridge, is useful for
replacing the original solution of Co Q,, in a large
volume of s-hexane with a Co Qq, solution in a
small volume of methanol, whereas the C,g car-
tridge is suitable for clean-up and concentration
steps.

Utilizing the C, 4 cartridge, it is possible to load a
methanol solution of Co Q;, and perform the sub-
sequent washing step with methanol; moreover, of
the elution cartridge with 2-propanol represents a
quantitative concentration step.

In contrast to what was reported by some authors
[10], 1-propanol was not a good solvent for the Co
Q10 loading step on the C, g cartridge.

A reliable clean-up flow-scheme is plasma Co Q,
liquid-liquid extraction in n-hexane, solvent re-
placement with methanol performed on a silica car-
tridge and final clean-up performed on a C,5 car-
tridge. First the plasma has to be deproteinized to
break the Co Q,¢—protein bonds; n-hexane alone is
unable to perform this step, whereas methanol, eth-
anol and acetonitrile are effective.

Table II shows the recoveries obtained by cou-
pling liquid-liquid extraction with silica cartridge
treatment.

Ethanol and acetonitrile were partially miscible
with n-hexane, so the subsequent loading step on
silica was adversely influenced.

In Fig. 3 a typical chromatographic profile ob-
tained on applying method B is shown, and it is

clear that no late-eluting peak is detected and the
solvent front is very low.

The theoretical plate number, calculated for the
Co Qo peak, was N = 1629. This low efficiency is
due to the high eluting power of 2-propanol in the
analytical HPLC system; in fact, injecting Co Qg
solubilized in methanol, we obtained N = 3559. Re-
duction of the injection volume to 10 ul eliminated

-

0005 AU

0 10 min
Fig. 3. Analytical profile obtained on applying method B to a
plasma containing (1) Co Q (I.S.), 2.50 mg/l, and (2) Co Q,,,
0.92 mg/l. Conditions as in Fig. 2.
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TABLE III

SPE EXTRACTION OPTIMIZATION STUDY

G. GROSSI e al.

Co Q,, recovery from silica cartridge
by elution with methnaol (%)

Co Q,, released from C,; cartridge
when the breakthrough volume is
exceeded (loading + washing step)

Co Q,, recovery from C,,
cartridge by elution with
2-propanol

Volume of methanol
employed (ml)

CoQ,,

recovery (%)

Volume of methanol

(ml)

Co Q,,
released (%)

Volume of 2-propanol
employed (ml)

Co Q,,
recovery (%)

0.25 83.8 3.0 0.0 0.25 93.5
0.50 99.3 35 0.2 0.30 91.7
0.75 99.9 4.0 0.9 0.40 98.5
1.00 100.0 4.5 2.5 0.50 99.0
5.0 4.0
5.5 5.6
TABLE IV

PLASMA Co Q,, RECOVERIES (% + R.8.D., n = 10) WITH DIFFERENT METHODS

Plasma Co Q,, Method
(mg/D)
A B C D
1.21 92.1 £ 6.5 97.7 £ 3.9 98.5 £ 2.2 983 £ 2.5
0.32 873+ 7.1 934 £ 42 962 + 3.4 95.1 £ 3.7
JA
(@) +1,10 ()
+0.55 T
-1.0 -0.5 +0.5 +1.0 V -1.0 . +1.0 Vv
| ] | I l |
-0,55 ~— -0.60-1
-1,10 = -1.20~-

Fig. 4. Hydrodynamic voltammograms obtained for (a) Co Q, and (b) Co Q, . Abscissa, applied voltage; ordinate, detector response

(uA).
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1

100 nA

| —
0 10 min

Fig. 5. Analytical profile obtained on applying method C to a
plasma containing (1) Co Q, (1.S.), 2.50 mg/l, and (2) Co Qo
0.92 mg/l. Column, C,g, 3 yum (75 mm x 4.6 mm I.D.) (Beck-
man); mobile phase, 50 mM sodium acetate in glacial acetic
acid-2-propanol-methanol (24:450:1435); flow-rate, 2 ml/min;
electrochemical detector, conditioning cell, —0.60 V; detector 1,
—0.15 V; detector 2, +0.45 V; gain, 10 x 30; integrator atten-
uation, 10; chart speed, 5 mm/min.

this difference and a high efficiency was obtained for
both the solvents, but the sensitivity was inadequate
for monitoring low Co Q¢ plasma levels.

In Table III, the data obtained for the SPE ex-
traction optimization study are reported.

In Table IV, Co Q;q recoveries and relative stan-
dard deviations (R.S.D.s) for method B are given.
The L.S. recovery was 95.1 + 3.8% and no peak
was found in unspiked plasma at the retention time
of the L.S. The calibration graph was linear (y =
31.2x, where x = Co Qo concentration in plasma
in mg/l and y = Co Qo peak height in mm), also
without using the L.S. peak height for calculations,
and the minimum detectable Co Q¢ level in plasma
was 0.05 mg/l.

ELECTROCHEMICAL DETECTION

Sodium acetate and acetic acid were added to the

TABLE V
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mobile phase employed for ED to ensure the con-
ductivity necessary for electrochemical reactions.

In Fig. 4, the hydrodynamic voltammograms for
Co Qg and Co Q;o are reported. They were ob-
tained by repeated injections into the HPLC system
of a 4.2 mg/l solution of standards in 2-propanol,
increasing the detector potential by 0.05 V in each
subsequent run.

Our electrochemical cells have a coulometric
(100%) yield and can be considered as electrochem-
ical reactors; consequently, the detector response
being higher in oxidation, the best results were ob-
tained by reducing Co Q¢ in the conditioning cell
(—0.60 V) and monitoring with the analytical cell
operating in the oxidation mode (+0.45 V).

In Fig. 5, a typical analytical profile obtained by
applying method C to a plasma sample is shown.
No solvent peak appears; the only peaks detected
were those of the I.S. and Co Q. The sensitivity
was very high, the detector was set at medium gain
and was useless to operate with a higher plasma
volume.

In Table IV, the Co Q;, recoveries and R.S.D.s
for method C are given. The time necessary to com-
plete a run was 7 min and the calibration graph was
linear (y = 15.5x, where x = Co Q concentration
in plasma in mg/l and y = Co Q;, peak height in
mm), also without using the 1.S. peak height for
calculations, and the minimum detectable Co Qo
level in plasma was 0.01 mg/l.

The identity and purity of the Co Q0 and Co Qo
peaks were confirmed for methods B and C: the Co
Q1o UV spectrum was characterized by an absor-
bance maximum at 275 nm and two half-waves at
292 and 259 nm, while the hydrodynamic voltam-

- mogram (Fig. 4) showed a maximum of response at
+0.60 V and a half-wave at +0.18 V. Pure stan-

RESULTS OF PURITY AND IDENTITY STUDIES (+ R.S.D.,, » = 5) FOR Co Q,0 AND Co Q, PEAKS

HPLC

Ratio of Co Q,, peak Co Q, peak
detection peak heights

obtained at Standard Sample Standard Sample
uv 292/275 nm 0.52 £ 0.02 0.51 +0.02 0.59 + 0.02 0.57 £ 0.02
uv 259/275 nm 0.52 + 0.02 0.53 + 0.02 0.51 + 0.02 0.50 + 0.02
ED +0.15/+045V 0.438 + 0.010 0.444 + 0.011 0.454 + 0.010 0.458 £ 0.010
ED +0.60/+045V 1.041 + 0.025 1.064 + 0.025 1.086 + 0.026 1.075 + 0.027
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TABLE VI
COLUMN-SWITCHING HPLC OPTIMIZATION

Precolumn  Optimized Breakthrough volume
valve reset (ml of methanol)
time (min)
Passed through Total
the precolumn
C, 0.1 <0.2 0.825
Cq 0.1 0.3 0.925
Cis 0.5 1.475 2.100

dards and real plasma samples (n = 5) were extract-
ed with method B and injected three times into the
HPLC system, with the UV detector set at 275, 292
and 259 nm. Then extraction method C was applied
with the electrochemical detector 2 set at +0.45,
+0.15and +0.60 V.

The results are given in Table V. Comparison of
the values obtained for the Co Q;¢ peak for the
standard with those obtained for the samples
showed out that they were very close, indicating
that the peaks referred to the same substance and

100 nA

¢ 10 min

Fig. 6. Analytical profile obtained on applying method D to a
plasma containing (1) Co Q, (1.8.), 2.50 mg/l, and (2) Co Q,,,
0.92 mg/l. Column-switching precolumn, C, 4, 40-60 ym (20 mm
x 2 mm I.D.). Analytical column, mobile phase and detector as
in Fig. 5. Integrator attenuation, 512; chart speed, 5 mm/min.
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there were no co—eluted substances in the same
peak.

Column switching

In Table VI, the results obtained by employing
different precolumns are shown. As the dead vol-
ume between the injection port of the Model 222
autosampler and the precolumn was 0.625 ml, the
amount of methanol employed in the final washing
step was always increased by this volume. In previ-
ous column-switching methods for determining
other analytes [11,12], we used a final washing step
with water before switching the valve. For Co Q¢
this step must be avoided, because water causes pre-
cipitation of the analyte in the precolumn and the
HPLC mobile phase volume, necessary for precol-
umn elution, would be increased excessively.

In Fig. 6 a typical chromatogram, obtained from
plasma samples applying method D, is shown and
in Table IV Co Q;q recoveries and R.S.D.s from
plasma are given. The L.S. recovery was 95.2 &
3.7% and no peak was found in unspiked plasma at
the retention time of the 1.S.

The calibration graph was linear (y = 46.0x,
where x = Co Q; concentration in plasma in mg/l
and y = Co Q, peak height in mm) and the mini-
mum detectable Co Q,, level in plasma was 0.005
mg/l.

As, from the second sample on, the preparation
of the sample takes place simultaneously with
HPLC separation of the previous sample, the total
analysis time is 8 min, even though the preparation
time is 4 min and the HPLC separation time is 8
min.

Total plasma Co Qo determination

The clinical requirement is to determine total
plasma Co Q,, the single oxidized or reduced frac-
tion being irrelevant [2] owing to Co Q;, function-
ing as a homogeneous pool [13].

As reported, ubiquinols are rapidly oxidized even
at —20°C [8,10]; powerful antioxidants cannot be
used, as they would reduce the oxidized form [10];
during storage the percentage of the reduced form
with respect to the total decreases, but the total con-
tent remains unchanged [9]. Powerful reducing
agents, such as sodium tetrahydroborate or dithio-
nite, are needed to effect the quantitative reduction
of Co Qy, even though tetrahydroborate absorbed
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on the injector and/or the analytical column can
reduce the oxidized form in next runs [10]. More-
over, the Co Q0H, level in 2-propanol or ethanol
gradually decreases [7,9]. A glass column is neces-
sary for original Co Q,oH, determination [10].

For all these reasons, for total Co Q, determina-
tion (i.e., Co Qi¢ plus Co Q,¢H,), we avoided both
the direct original Co Q,oH, defermination and the
utilization of reducing agents and preferred to em-
ploy an electrochemical reactor to convert the in-
jected Co Q,0H, into the oxidized form.

After liquid-liquid extraction of plasma using
method A, samples were injected into the RP-
HPLC system equipped with an electrochemical de-
tector and Co Q10H> was oxidized in the guard cell
installed between the injection valve and the analyt-
ical column. As a 100% yield of the oxidation reac-
tion in the guard cell was obtained, we could deter-
mine the total amount of Co Q, in plasma samples
(n = 12). The same samples were injected without
the guard cell and only the oxidized fraction was
determined. No difference was observed in the val-
ues obtained, indicating that only oxidized Co Qo
was present in our samples.

For determining the retention time of Co QoH,,
a solution containing the I.S. + Co Qo was in-
jected into the HPLC system with the guard cell set
at —0.60 V, in this way reducing Co Q before
HPLC separation. The retention times were Co
Q9H2 246, Co QlOHZ 363, Co Qg 4.40 and Co QlO
6.64 min. Applying method C, no peak with a reten-
tion time around 3.6 min was detected and none
was detected before the oxidized 1.S.

As method A also extracts the reduced from [7],
these results confirm that in our samples Co Q,,
was present only in the oxidized form. The same
electrochemical reactor was applied by injecting
plasma samples stored and extracted with methods
B, C and D (z = 12) and fresh samples (n = 12),
extracted immediately after the sampling, and the
same results were obtained. This confirms that our
extraction procedures fully oxidize the Co Q;¢H,
and the proposed methods are suitable for total Co
Qo determination.

In Table VII, the results of the correlation study
among the proposed methods are reported. The
methods were applied to many real samples and in
Table VIII the data obtained for a group of healthy
subjects and some patients not submitted to any
pharmacological treatment are given.
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TABLE VII
CORRELATION STUDY AMONG THE METHODS
Plasma samples, n = 34. Co Q,, range: 0.20-1.21 mg/l.

Y = method X = method Correlation coefficient, r

B A 0.985
C A 0.993
D A 0.994

In endurance athletes a low plasma Co Q level
has been found, which correlates with the high aer-
obic power that they developed [14-16]. A similar
study on patients with thyroid diseases showed the
connection between thyroid hormones and Co Q,
as reported by other authors [17]. '

Finally, a study on hypercholesterolaemic pa-
tients, under pharmacological treatment with
HMGCoA-reductase inhibitors, was useful for in-
vestigating the effect of these drugs on cholesterol
and Co Q,o, which follow the same mevalonate
pathway [18]. Our data correlated well with those
obtained by other authors, both for healthy subjects
[19] and various groups of patients [14-18].

CONCLUSIONS

Utilizing the proposed methods, cleaner and
more replicable chromatographic profiles were ob-
tained, in addition to simplifying the extraction and
analytical procedures considerably. The reduction

TABLE VIII

SUMMARY OR RESULTS OF APPLICATION TO SAM-
PLES FROM PATIENTS

Subjects” Plasma Co Q,, =n.
(mg/l)®

Healthy subjects, 20-60 years

(m. and f.) 0.80 + 0.20 50
Endurance athletes (m.) 0.58 £ 0.17 40
Hyperthyroid patients (f.) 0.27 £ 0.13 21
Hypothyroid patients (f.) 0.62 + 0.11 I1
Hypercholesterolaemic patients

(m. and f.) 1.15 + 0.15 30

a

m. = Male; f. = female.
b Mean value + 2 S.D.
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in the volumes of n-hexane employed allowed the
elimination of glass-tubes with blind nipples and
simplified the mixing, vortex mixing being ade-
quate.

The utilization of silica SPE cartridges for solvent
replacement, instead of the traditional evaporation
under a stream of nitrogen, produced a substantial
shortening of the preparation time, a decrease in the
analytical errors (less product was lost on the tube
walls) and a cost reduction (saving of nitrogen);
moreover, it allowed efficient solubilization in
methanol, essential for the subsequent clean-up on
a C,g cartridge.

The very good correlation among the methods
enables them to be utilized without distinction: the

choice depends on the availability of the instru-

ments in the laboratory. The reduction in the ana-
lytical time generates a 2.2-fold increase in the pro-
ductivity of the instruments. For preparing 40 sam-
ples utilizing method A it would take 4 h over two
days, whereas applying our methods 1 h 20 min is
sufficient and the preparation can be done in a real
time of less than 2 h, including centrifugations.

If an automatic sampler is available, 160 samples
per day can be analysed, with an instrumental uti-
lization of 24 h and an operator availability of 8 h
per day. Further advantages of the methods are that
the total Co Q¢ is determined directly and the data
obtained routinely in various laboratories are com-
parable and suitable for statistical studies.
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ABSTRACT

A procedure has been developed for the chromatographic separation of anionic (linear alkylbenzene sulphonates) and non-ionic
(ethoxylated nonylphenols, ethoxylated fatty acids and ethoxylated fatty amines) surfactants and a pesticide (cypermethrine) in liquid
pesticide formulations using a reversed-phase high-performance liquid chromatqgraphic system.

INTRODUCTION

The type and ratio of ionic and non-ionic surfac-
tants used in liquid pesticide formulations have a
great effect on the quality and stability of emulsions
and on the biological activity of the pesticide. The
analysis of these emulsifiers and their separation
from the active component is therefore an impor-
tant analytical task.

The analysis of products containing several types
of surfactants is complicated, as the materials used
are complex mixtures of various homologues, iso-
mers and oligomers. Thus the number of compo-
nents is large and can vary depending on the origin

. and on the quality of the materials used.

In practice, an octylsilica stationary phase, gra-
dient elution of an aqueous acetonitrile mobile
phase and UV detection are used for the simultane-
ous chromatographic determination of ionic and
non-ionic surfactants [[-5]. These separations are
also suitable for the quantitation of these com-
pounds.

0021-9673/92/$05.00 ©

The separation and analysis of mixtures contain-
ing fatty acid- and fatty amine-based surfactants is
more complicated, as the UV absorption of these
materials is much less than that of benzene deriv-
atives in the usual wavelength range used. Ethoxy-
lated fatty acids contain at least four types of com-
ponents, ie. free fatty acids, free polyethylene gly-
cols (PEGs), PEG monoesters and PEG diesters [6].
The simultaneous separation of all four types of
surfactants has not yet been reported.

Components of ethoxylated fatty acids were sep-
arated according to the length of the hydrocarbon
chain and the chemical structure (free acid, PEG
monoester, PEG diester) on a reversed-phase col-
umn [7,8]. Oligomers of ethoxylated fatty acids
were separated on a normal-phase column [7,9-11].

Separation of the components of the ethoxylated
fatty amines in liquid pesticide formulations was
achieved based on the homologues and the degree
of ethoxylation (EO) using reversed-phase and nor-
mal-phase separation techniques, respectively [12].
The detection system used was suitable for the sen-

1992 Elsevier Science Publishers B.V. All rights reserved
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sitive and selective detection of amine-type surfac-
tants as the detection system did not respond to
alkylphenols, alcohols and esters.

Schreuder and Martijn [13] reported the simulta-
neous determination of alkylbenzene sulphonates
(ABSs) and ethoxylated alkylphenols in liquid pes-
ticide formulations. The separation of the two sur-
factant types was achieved in reversed-phase high-
performance liquid chromatography (RP-HPLC)
after the preliminary separation of the solvent and
the active component of the formulation using car-
tridges filled with silica gel and aminoalkyl-mod-
ified silica gel.

EXPERIMENTAL

The chromatographic system used consisted of a
pump (Model Liquopump 312, Labor MIM, Hun-
gary), a variable-wavelength UV detector (Model
OE-308, Labor MIM) and a six-port injection valve
(Model 7125, Rheodyne) with a 20-ul loop and a
recorder. The analytical column used contained oc-
tylsilica (Nucleosil Cg) and had dimensions of 150
x 4.0 mm I.D., 5 um particle size. The column was
maintained at ambient temperature (24 £ 1°C).

The eluents were methanol-aqueous phosphate
buffers. The eluents were prepared by weighing (to
+ 0.01 g) the calculated amount of methanol yield-
ing the pre-selected percentage composition (densi-
ty 0.796 mg/ml) into a calibrated flask. H;PO4 and
NaH,PO, were then added from stock solutions.
Distilled water was slowly added while keeping the
temperature at 25.0°C. After careful equilibration,
the last few drops of water were added. This eluent
preparation procedure was very reproducible.

The pH of the filtered and degassed eluents was
measured by a combined glass electrode and a dig-
ital pH meter (Model OP-208, Radelkis, Hungary),
calibrated with aqueous buffers at pH 4.0 and 7.0.

Selective elution of the four optical isomer pairs
of the active component of the pesticide (cyper-
methrine) was achieved using a normal-phase
HPLC system with a silica gel column (Bio-Separa-
tion Technologies, Budapest, Hungary; 150 x 4.0
mm 1.D., 5 um particle size), and an eluent of n-
hexane—dichloro methane (85:15) containing 0.26%
dioxane. The system used was a Spectra Physics
gradient pump, a Rheodyne 7125 injector with a
20-ul loop, a Linear Instruments UV detector set ai
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233 nm, with data aquisition and integration on an
IBM PS/2 Model 30 computer. Complete separa-
tion of the four isomer pairs was achieved within 12
min using this system at a flow-rate of 2.0 ml/min.

The macroporous, strongly basic ion-exchange
resin used (Type Duolite IMAC HP 555, Rohm and
Haas; capacity 3.00 mequiv./g) was cleaned by
washing with aqueous methanol solutions of vari-
ous methanol concentrations (25, 50 75%) and with
100% methanol.

RESULTS AND DISCUSSION

The retention behaviour of ABSs (Cg—C;4 homo-
logues), ethoxylated nonylphenols (average EO 2-
30), ethoxylated fatty acids (non-specified fatty acid
EO 6, oleic acid EO 7) and ethoxylated fatty amines
(oleylamine EO 2 and EO 6, tallowamine EO 15
and EO 30 tallowamine hydrogenated EO 15 and
EO 30) was studied as a function of the methanol
concentration (65-85%) and pH (2.7-6.5) of the
eluent. The alkyl chain composition of the non-
specified fatty acid (EO 6) was not given by the
manufacturer, but the main component of this sam-
ple was assumed to be C,5 on the basis of retention
volumes.

Selective separation of these four types of surfac-
tants was not achieved by varying the ‘methanol
concentration of the eluent as the retention beha-
viour of all the surfactants examined was similar.

Table I shows the effect of eluent pH on the ca-
pacity factors (k") of the surfactants at a methanol
concentration of 80%. The retention of the amines
was greatly influenced by the eluent pH; the k’ val-
ues increase with increasing eluent pH. However,
the eluent pH does not appreciably affect the reten-
tion of the ethoxylated nonylphenols and the ethox-
ylated fatty acids. The ionic strength of eluents of
pH 3.8 and 6.5 was different: the concentration of
NaH,PO, in the eluents was 0 and 25 mM, respec-
tively. Therefore the decrease in the retention of the
sulphonates is due to an increase in the concentra-
tion of the phosphate salt [14]. The retention of the
sulphonates between pH 3.8 and 6.5 is approxi-
mately the same, as the concentration of the phos-
phate salt in the eluent is unchanged (25 mM
NaH2P04).

At pH 2.7 (80% methanol-60 mM H3PO,),
peaks of hoinvlogues of the ABSs overlapped with
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EFFECT OF ELUENT pH ON THE RETENTION OF COMPONENTS OF IONIC AND NON-IONIC SURFACTANTS IN
METHANOL-AQUEOQUS PHOSPHATE BUFFER ELUENTS CONTAINING 80% METHANOL

Eluent composition: pH 2.7, 80% methanol (MeOH)—60 mAM H,PO,; pH 3.8, 80% MeOH-40 mM H,PO,-25 mM NaH,PO,; pH 4.4,
80% MeOH-10 mM H,PO,-25 mM NaH,PO,; pH 6.5, 80% MeOH-25 mM NaH,PO,). Column, Nucleosil Cg, 150 x 4.0 mm I.D., 5

um particle size.

" Component k'
pH 2.7 pH 3.8 pH 4.4 pH 6.5
Alkylbenzene sulphonates
C,, ABS 0.89 0.45 0.42 0.40
C,, ABS 1.13 0.59 0.56 0.56
C,, ABS 1.42 0.80 0.75 0.73
C,, ABS 1.80 0.95 0.94 0.93
Ethoxylated nonylphenols (NP)
NP [, 2,3 EO 1.34 1.16 . 1.41
NP 23 EO 1.59 1.38 1.38 1.83
Ethoxylated fatty acids
Oleylamine 2 EQ 0.45 0.75 0.86 2.66
0.53 0.94 1.08 2.81
Oleylamine 6 EO 0.60 1.00 1.12 3.00
Tallowamine {5 EO 0.81 1.31 1.38 3.28
Tallowamine 30 EO 0.91 1.39 1.47 3.40
Ethoxylated fatty amines
Fatty acid 6 EO* 2.88 2.44 2.50 3.80
Oleic acid 7 EO 2.84 2.44 2.45 3.38

“ The alkyl chain composition of fatty acid 6 EO was not given by the manufacturer, but the main component of this sample was

assumed to be C,; on the basis of retention volumes.

peaks of ethoxylated amines and alkylphenols, thus
selective separation was not achieved. However;
complete separation of ABSs and ethoxylated fatty
acids, or all three types of ethoxylated non-ionic
surfactants, was achieved at this pH. At pH values
between 3.8 and 4.4 (80% methanol-40 mM
H3P0O4-10-25 mM NaH,PO,), complete separa-
tion of ABSs, ethoxylated tallowamines and ethox-
ylated fatty acids, or the selective elution of ethoxy-
lated nonylphenols and fatty acids, was obtained.
The simultaneous separation of all four types of
surfactants was achieved when ethoxylated oleyl-
amine was present in the mixture at pH 6.5 (80%
methanol-25 mM NaH,PO,) [15].

The selective separation of ethoxylated tallow-
amines and ethoxylated fatty acids was not possible
because their retention was similar at pH 6.5 (Table
D). The selective separation of ethoxylated tallow-
amines from ethoxylated fatty acids and ethoxylat-
ed nonylphenols was obtained only after the prelim-

inary separation of ABSs from the mixture contain-
ing all four types of surfactants by ion exchange.
A 2-ml volume of a mixture containing 1.75-20.0
g/l ABS, 2.040.0 g/l ethoxylated nonylphenol,
20.0-62.5 g/l ethoxylated fatty amine and 7.5-40.0
g/l ethoxylated fatty acid was pipetted onto an ion-
exchange column containing 10 ml of resin (CI ™).
The non-ionic surfactants were eluted quantitative-
ly with 25 ml of methanol and were separated chro-
matographically with the pH 2.7 eluent (Fig. 1). Re-
generation of the anion-exchange resin and ‘the
quantitative elution of ABSs was achieved with 50
ml of a mixture containing 80% methanol-0.5 M
hydrochloric acid. Selective separation of ABS ho-
mologues was achieved with the eluent containing
65-70% methanol (65-70% methanol40 mM
H3PO,4-25 mM NaH,PO,, pH ~ 3.5) (Fig. 2).
Note that if Cg, Cg and C,, homologues are present
in the mixture of the four types of surfactants, selec-
tive separation can be achieved using the separa-
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OLEIC ACID 7 EO

TALLOWAMINE 15 EO

! ' + + + 4
1
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Fig. I. Simultaneous separation of nonylphenol, tallowamine
and oleic acid ethoxylates. Column, Nucleosil Cg (150 % 4.0 mm
1.D., 5 ym particle size); eluent, 80% methanol-60 mM H,PO,,
pH 2.7; eluent flow-rate, 0.5 ml/min; A =220 nm; sample, 20 ul of
9.1 g/l tallowamine 15 EO-170 mg/l NP 23 EO-4.5 g/l oleic acid
7 EO.

tions described above (ion exchange, elution with
hydrochloric acid-aqueous methanol, RP-HPLC
separation).

Using RP-HPLC, selective separation of all the
eight isomers of the pesticide (cypermethrine) was
not achieved; all the isomers eluted as one symmet-
rical peak with the methanol-aqueous phosphate
buffer eluent containing 80% mecthanol. Selective

Cn
r
Cn
r
Cuo
m/
IU.UOL A
Ciz 4 min
| — —_
+ —
Veiml) 20 10 0

Fig. 2. Complete separation of ABS homologues and partial sep-
aration of positional isomers of homolgues. Column as in Fig. 1.
Eluent, 70% methanol-25 mM NaH,PO,-40 mM H,PO,, pH
3.5; eluent flow-rate, 0.5 ml/min; A= 224 nm; sample, 20 ul of 115
mg/l ARSs.
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elution of the four optical isomer pairs was achieved
using a normal-phase HPLC system (see under Ex-
perimental).

Such a good separation of the isomers was not
achieved in the RP-HPLC system used, even with
water—acetonitrile as the eluent. All the isomers of
cypermethrine were eluted as one peak with the
eluent containing 80% methanol. The retention of
the components eluted as this peak was about the
same (k' =1.28) as that of nonylphenols of low EO
(see Table I and Smedes et al. [15]). The retention of
the isomers of cypermethrine was unaffected by
eluent pH in the range 2.7-6.5.

Cypermethrine is stable in apolar solvents but is
unstable in polar solvents, e.g. in aqueous methanol
eluents. The active matter can be hydrolysed by
even trace amounts of water in technical-grade xy-
lene, which is the solvent in the pesticide formula-
tion. The rate of hydrolysis is relatively low, and is
about 1% per day (Antal Gajary, Chinoin, Hun-
gary, unpublished results). Several molecules, such
as amines, can react with cypermethrine with the
formation of new esters and amides. These reac-
tions are fast enough to occur within a couple of
minutes while dissolving the active component and
the surfactants (ethoxylated fatty amines first) in
methanol or in the eluent. The simultaneous sep-
aration of ABSs, cypermethrine, ethoxylated ole-
ylamine and ethoxylated oleic acid is shown in Fig.

SULPHONATES
—
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Fig. 3. Simultaneous separation of ABSs, cypermethrine, ethox-
ylated oleylamine and ethoxylated oleic acid before (solid line)
and after (broken line) the separation of ionic compounds from
the mixture using an ion-exchange resin. Column as in Fig. 1.
Eluent, 80% methanol-25 mM NaH,PO,, pH 6.5; eluent flow-
rate, 0.5 mi/min; 1=220 nm.
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OLEIC ACID 7 EO
OLEYLAMINE 2 EO

I0,00S A

CYPERMETHRINE

Fig. 4. Reaction of cypermethrine in the presence of ethoxylated
oleylamine before (solid line) and after (broken line) the reaction
between amine and cypermethrine. Column as in Fig. 1. Eluent,
80% methanol-25 mM NaH,PO,, pH 6.5; eluent flow-rate, 0.5
ml/min; 1=220 nm.

3. The shapes of the peaks of the homologues of
ABSs are assymetric, which shows the presence of
the products of the reactions described above. The
chromatogram marked with the broken line was
obtained after the preliminary separation of sulpho-
nates from the mixture by the anion-exchange resin.
Besides this reaction, other reactions occur which
produce compounds with long retention times. As a
consequence of this reaction, cypermethrine disap-
pears from the mixture (Fig. 4, broken line). Fig. 4
shows that the area and shape of the peak of the
ethoxylated oleylamine does not vary while cyper-
methrine is reacting, so, although the amines do not
react with cypermethrine, they act as catalysts. It is
not surprising that oleylamine (EO 2) is divided into
two peaks, as the technical-grade sample analysed
contained isomers and several ethoxylated oligom-
ers.

Cypermethrine is stable in weakly acidic solvents
at about pH 4 [16]. In acidic solvents, however, eth-
oxylated fatty amines rapidly react with the acid
and the absorbances of the products of this reaction
differ strongly from those of the amines; quantita-
tion of them is therefore impossible. Cypermethrine
itself remains unchanged and can be quantified.

CONCLUSIONS

It is concluded that the simultaneous and isocrat-
ic separation of components of mixtures containing
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ionic (ABSs) and non-ionic (nonylphenol, fatty acid
and fatty amine ethoxylates) surfactants can be
achieved using a RP-HPLC technique with an oc-
tylsilica stationary phase and methanol-aqueous
phosphate buffer eluents. Separation of the four
types of surfactants when ethoxylated tallowamines
were present in the mixture was achieved only after
the preliminary separation of ionic compounds on
an anion-exchange resin. The quantitative elution
of non-ionic surfactants from the resin was carried
out with methanol; regeneration of the resin, i.e. the
quantitative elution of ionic components, was ob-
tained with a methanol-hydrochloric acid mixture.
The simultaneous separation of non-ionic com-
pounds of the first fraction containing the ethoxy-
lates was achieved in the described RP-HPLC sys-
tem. Complete separation of the homologues and
even partial separation of the positional isomers of
homologues of the second fraction was also
achieved.

In the presence of cypermethrine the separation
of ABSs, ethoxylated fatty amines, ethoxylated fat-
ty acids and the active component of the pesticide
was achieved after the preliminary separation of
ionic surfactants on an anion-exchange resin.

REFERENCES

1 A. Marcomini and W. Giger, Anal. Chem., 59 (1987) 1709.
2 A. Marcomini, S. Capri and W. Giger, J. Chromatogr., 403
(1987) 243.
3 A. Marcomini, F. Filpuzzi and W. Giger, Chemosphere, 17
(1988) 853.
4 A. Marcomini and W. Giger, Tenside Surfactants Deterg., 25
(1988) 226.
5 A. Marcomini, P. D. Capel and W. Giger, Naturwissenschaf-
ten, 75 (1988) 460.
6 Th. F. Tadros, Surfactants, Academic Press, London, 1984.
7 R. M. Cassidy, J. Lig. Chromatogr., 1 (1978) 241.
8 M. Kudoh, M. Kotsuji, S. Fudano and K. Tsuji, J. Chroma-
togr., 295 (1984) 187.
9 A. Aserin, N. Garti and M. Frenkel, J. Lig. Chromatogr., 7
(1984) 1545.
10 1. Zeman, J. Chromatogr., 363 (1986) 223,
11 1. Zeman and M. Bare§, Tenside Deterg., 23 (1986) 181.
12 R. H Schreuder, A. Martijn, H, Hoppe and J. C. Kraak, J.
Chromatogr., 368 (1988) 339.
13 R. H. Schreuder and A. Martijn, J. Chromatogr., 435 (1988)
73.
14 F. Smedes, J. C. Kraak, C. F. Werkhoven-Goewic, U. A. Th.
Brinkmann and R. W. Frei, J. Chromatogr., 247 (1982) 123.
15 T. Ban, E. Papp and J. Inczédy, Magyar Kémiai Folyéirat, 6
(1991) 246.-
16 C. R. Worthing, The Pesticide Manual: A World Compendi-
um, The Lavenham Press, Lavenham, 9th ed., 1990.






Journal of Chromatography, 593 (1992) 233-241
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2491

Analysis of block copolymers by high-performance liquid
chromatography under critical conditions

T. M. Zimina**>

Department of Pharmaceutical Chemistry, University of Bradford, Bradford BD7 IDP (UK)

J. J. Kever and E. Yu. Melenevskaya

Institute of Macromolecular Compounds, Academy of Sciences, St. Petersburg 199004 ( Russia)

A. F. Fell

Depariment of Pharmaceutical Chemistry, University of Bradford, Bradford BD7 IDP (UK)

ABSTRACT

The complete chromatographic charactetization of block copolymers (molecular weight versus chemical composition) is an impor-
tant problem in polymer chemistry. The experimental validity of the concept of so-called “chromatographic invisibility”, predicted
theoretically by Gorbunov and Skvortsov on the basis of the phenomenon of critical conditions known in liquid chromatography, was
examined. The theoretical approach predicts the possibility of one component of an A-B block copolymer being eluted under gel
permeation chromatographic conditions, whereas the size of the alternate “invisible” component exerts no effect on the overall elution
profile of the block copolymer. This applies only when special thermodynamic conditions, i.e., eluent composition and temperature, are
fulfilled, where the distribution coefficient X is unity, regardless of molecular weight. Block copolymers of poly(styrene-methy! metha-
crylate) and poly(styrene~tert.-butyl methacrylate) were used as examples with binary and ternary mixtures of acetonitrile—dichloro-
methane, methanol-chloroform, tetrahydrofuran—dichloromethane and tetrahydrofuran-dichloromethane-hexane as eluents for chro-
matography under critical conditions on wide-pore silica gel in narrow-bore columns.

INTRODUCTION

Compositional and molecular weight distribu-
tions in block copolymers are strongly correlated
with the mechanical and hydrodynamic properties
of these macromolecular compounds. The evalua-
tion of these data is an important problem in
polymer chemistry, for which chromatographic
methods can be used. The most advantageous
chromatographic approach available at present is
so-called orthogonal chromatography [1-3], or the
combination of separations in different dimensions,

* Address for correspondence: Institute of Macromolecular
Compounds, Academy of Sciences, St. Petersburg 199004,
Russia.

0021-9673/92/%05.00

i.e., size and composition. An example is the com-
bination of gel permeation chromatography (GPC)
and gradient (normal- or reversed-phase) chromato-
graphy, where the gradient step is used for evalu-
ating the compositional distribution.

However, the application of isocratic chromato-
graphy in evaluating compositional heterogeneity
data may be more advantageous than the gradient
mode, primarily owing to the better reproducibility
of retention time data in equilibrated systems with-
out the recovery stage. Another problem in gradient
separations is the variation of the background
absorption in the ultraviolet region, commonly used
for detection, of the eluents most frequently used in
polymer analysis [1]. The “invisibilities” concept [4]
is useful in that it allows the molecular weight of the

© 1992 Elsevier Science Publishers B.V. All rights reserved
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structural units in block copolymers to be evaluated
directly, which is not possible with other chromato-
graphic methods,

Taking these considerations into account, the
approach developed theoretically [4] and presented
here as an experimental methodology seems to have
inherent advantages. The method enables steric
exclusion effects in chromatography to be sup-
pressed for some defined parts of a copolymer, so
that they become invisible, thus enabling another,
visible part of the molecule to be evaluated under
GPC conditions, as if it were being chromato-
graphed separately. This approach is based on
a theoretical treatment described elsewhere [4,5].
Some earlier experimental results assessing the va-
lidity of the concept of invisibility have been pre-
sented previously [6].

The objectives of this present study were to
explore this concept under a variety of chromato-
graphic conditions and to examine the influence of
different factors (such as mobile phase composition,
temperature and molecular weight of the sample) on
the chromatographic zone profile of poly(methyl
methacrylate) (PMMA) and poly(zerz.-butyl metha-
crylate) (PtBMA). It was hoped to evaluate the
mechanism of adsorption over the range of condi-
tions examined.

THEORETICAL BACKGROUND

Critical conditions in the liquid chromatography
of polymers represent the thermodynamic state
where the distribution coefficient of a polymer
becomes unity (K = 1), regardless of its molecular
weight. This phenomenon has been examined by
some workers [7-9] in the context of the concept of a
universal mechanism in chromatography and it was
shown that the most important parameter that
defines the chromatographic behaviour of a poly-
mer is the energy, —e, of interaction of a polymer
segment and the sorbent. This parameter depends
on the thermodynamic state of the system and
assumes a specific value when the chromatographic
state of the system undergoes a transfer from
exclusion to adsorption conditions. The data ob-
tained were interpreted as a phase transfer, and
exclusion—adsorption was considered as a manifes-
tation of the universal law of chromatography. The
range of thermodynamic conditions over which this

T. M. ZIMINA et al.
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Fig. 1. Distribution coefficient, K, versus logarithm of molecular
weight, log (MW), and volume fraction of eluent modifier, ¥
AG = —kTInK, where k is Boltzmann’s constant and 7 is
absolute temperature.

phase transfer occurred were defined as the critical
conditions, for which the appropriate energy was
— &, Thus the range corresponding to GPC can be
defined as that where —¢ < —g, (4G > 0), while
the range of adsorption corresponds to —& > —é,
(4G < 0), as illustrated in Fig. 1. Under critical
conditions, where (4G = 0) a homopolymer elutes
with the total volume of the column, regardless of its
molecular weight. AG is the change in conforma-
tional free energy of the macromolecule when it
enters the pore.

This phenomenon has been confirmed experimen-
tally for different types of polymers and sorbents
[7,9]. A theoretical approach has been developed by
Gorbunov and Skvortsov [4,5] on the basis of
Cassasa’s theory of the chromatography of macro-
molecules [10]. They proposed the term “chromato-
graphic invisibility” to describe the insensitivity of a
chromatographic system to the molecular weight of
a polymer under these particular conditions. They
applied the idea of chromatographic invisibility in
developing a theory for the separation of block
copolymers of the A-B type, according to the
lengths of the ““visible” blocks only, in some types of
copolymers with complicated architecture in pores
of arbitrary diameter. They have also shown that the
theory is valid in general for cases when the invisible
blocks possess a free terminus on the chains. This
approach was developed theoretically for flexible-
chain macromolecules, assuming no excluded vol-
ume effects in slit-like pores.

The main statements of the theory developed by
Gorbunov and Skvortsov [4] are as follows. Accord-
ing to the basic approach of Cassasa [10] under the
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above conditions, the distribution coefficient of the
macromolecule, K, is equal to the ratio of the free
energies of a macromolecule in and out of the pore,
which in general can be written as

D

K=D"1 JZ(x)dx )

0

where Z(x) is the statistical sum of the chain, one end
of which is at a distance x from the pore wall, and D
is the width of the slit-like pore.

On this basis, and after introducing the appropri-
ate value of the energy of interaction of the chain
segment with the pore wall, it was shown that under
critical conditions the statistical sum of the chain is
Z.(x) = 1, for any size of macromolecule and D
and for all x, and consequently K, = 1. On the same
basis, for a block copolymer of the A-B type, the
expression for K can be defined as

D

Kap=D7! JZA(X)ZB(X)dx 2
)

where Z,(x) and Zg(x) are the statistical sums of the
appropriate blocks. Hence, if critical conditions are
established for block B, then Zy(x) = 1, so that
K age: of the total block copolymer molecule is given
by the following expression:

D

Kaper = D71 fZA(x)dx =K\ (3)

0

which means that block B becomes chromatogra-
phically invisible.

It was of interest to check the validity of this
concept experimentally with real block copolymers.
For this purpose, the simplest block copolymers of
the A-B type were chosen. Eqn. 3 as developed by
Gorbunov and Skvortsov [4] was taken as the basic
concept of this work in developing a method to
determine the polydispersity and compositional het-
erogeneity in block copolymers.

EXPERIMENTAL

Equipment
Standard chromatographic equipment used in-
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cluded a Model 3000 spectrophotometer (LDC
Analytical, Riviera Beach, FL, USA) with cell
volume 1.5 ul, two LKB model 2150 pumps (Phar-
macia, Uppsala, Sweden) with a PU404 solvent
mixer (Philips Analytical, Cambridge, UK) for
regulation of the binary mixed mobile phase com-
position, a Rheodyne (Cotati, CA, USA) Model
7125 injection valve with a 1-ul loop and a TC 931
column heater (Applied Chromatography Systems,
Macclesfield, UK).

Columns

Normal-phase S5X silica gel of 5-um particle size
and 300-A pore diameter (Phase Separations,
Clwyd, UK). was packed in a stainless-steel column
(250 mm x 2mm L.D.). The column was calibrated
with polystyrene (PS) and PMMA standards over
the molecular weight range 1700-1 950 000 ob-
tained from Polymer Labs. (Church Stretton, UK).
The column efficiency for benzene was 28 000
theoretical plates/m.

Another type of silica gel, LiChrospher Si-300,
also of 5-um particle size and 300-A pore diameter
(Merck, Darmstadt, Germany), was packed in a
fluoroplastic column (350 mm x 0.5 mm L.D.) [6].
The calibration procedure was the same as that for
the S5X silica gel and the column efficiency for
benzene was 29 000 theoretical plates/m.

Calculation procedures

The peak asymmetry was calculated according to
the standard procedure. A perpendicular was drawn
from the peak maximum to the baseline. At a point
10% from the baseline the segments to the leading
and tailing edges (A and B, respectively) were.
measured. The asymmetry was obtained by dividing
of length of the tailing segment, B, by that for the
leading segment, A.

The equilibrium distribution of the split zones,
defined here as the apparent distribution coefficient,
< K>, was measured as the ratio of the peak areas
of the two zones observed for PtBMA under near-
critical conditions. The range of the < K> value was
the same as that for the conventional distribution
coefficient, K.

Eluents
The eluent components used were dichlorometh-
ane (DCM), chloroform (CHL), acetonitrile (ACN),
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TABLE 1
CHARACTERISTICS OF BLOCK COPOLYMERS

Sample Molecular PS weight
weight fraction (%)

P(S-tBMA)

No. 53 70 000 19.0

No. 41 95 000 5.0

No. 11 100 000 2.5

No. 31 130 000 50.0
P(S-MMA)*

No. 1 14 000 50.0

No. 2 35 000 50.0

No. 3 58 000 50.0

No. 4 107 800 50.0

=

Manufacturer’s data based on NMR.

methanol (MET), tetrahydrofuran (THF) and n-
hexane (HEX), all of high-performance liquid chro-
matographic grade. Mixed mobile phases were made
by volume mixing and then their compositions were
regulated precisely by the two pumps.

Samples

A-B-type block copolymers of poly(styrene—tert.-
butyl methacrylate) P(S-tBMA) were obtained by
successive anionic polymerization at the Institute of
Macromolecular Compounds Academy of Sciences
(St. Petersburg, Russia) according to the procedure
described previously [11,12], which permits the
preparation of linear narrow-disperse polymers. PS
precursors were collected directly from the reactor
after the first stage of the process; hence it was
possible to obtain the molecular weight characteris-
tics of the PS blocks of the block copolymers.

Block copolymers of poly(styrene-methyl meth-
acrylate) P(S-MMA) were obtained from Polymer
Labs. The molecular characteristics of the samples
are described in Table I. All the samples of homo-
polymers and block copolymers were dissolved in
the mobile phase at a concentration of ca. 0.1%
(w/v) and aliquots of 1 ul were injected.

Samples of isobutyl methyl ketone, methyl ethyl
ketone and acetone were all of analytical-reagent
grade and were injected into the column without
dilution.

T. M. ZIMINA et al.
RESULTS AND DISCUSSION

Chromatography of polymers under critical condi-
tions

The eluent required to give critical conditions for
polar blocks (PMMA, PtBMA) of block copolymers
on silica gel sorbent was found by varying the
percentage of the polar component. For non-polar
blocks (PS), GPC conditions were expected. How-
ever, it is neccessary to bear in mind the dependence
of the thermodynamic properties of an eluent, as
determined by its composition and temperature, in
order to avoid a shift of the retention time of PS as a
result of changes in the Mark-Kuhn constants, i.e.,
owing to a change in the size of the macromolecule.
These conditions were established using the eluent
system DCM-ACN with restricted amount of ACN
owing to the problems of solute solubility. DCM is a
good solvent for all the samples, whereas for PS it
creates size-exclusion conditions in chromatogra-
phy. On the other hand, PMMA and PtBMA are
totally adsorbed. ACN as a desorption component

Log(MW)

Fig. 2. Calibration graphs of distribution coefficient, K, versus
logarithm of molecular weight, log (MW), for PS standards in
different eluents: (A) THF; (@) ACN-CHL (47:53, v/v); (@)
MET-CHL (20:80, v/v); and (O) ACN-DCM (1:1, v/v). Col-
umn: 350 x 2 mm I.D., packed with silica gel S5X (this column
was used in all the experiments except as noted in the text).
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Fig. 3. Chromatographic zone shift under near-critical conditions. Column:-350 x 0.5 mm 1.D., packed with LiChrospher Si-300. (A)
PMMA (MW 27 700, 60 000, 107 000). Eluent, ACN-DCM: (1) 42.8:57.2; (2) 43.0:57.0; (3) 43.1:56.9; (4)43.3:56.7; (5) 46.0:54.0 (v/v). (5)
GPC, (2) critical and (1, 3 and 4) near-critical conditions. (B) PtBMA (MW 80 000). Eluent, ACN-DCM: (1) 11.2:88.8; (2) 10.6:89.4; (3)
10.3:89.7; (4) 9.9:90.1; (5) 9.6:90.4; (6) 9.3:90.7; (7) 9.0:91.0 (v/v). (1) GPC, (6) critical and (2, 3, 4, 5 and 7) near-critical conditions.

of the eluent is appropriate for PtBMA because
small amounts (less than 10%) are sufficient, with
no problem with solubility. However, ACN is less
successful for PMMA, because considerable con-
centrations of ACN are necessary for its desorption,
and these are near the limits of solute solubility. As a
result, a slight shift of the calibration dependence
was observed for PS under the critical conditions for
PMMA. However, this shift was considered to be
negligible, because it did not exceed a value of 5% in
different eluents over the range of molecular weights
of interest (Fig. 2). On the basis of these data, it may
be assumed that PS elutes by a GPC mechanism.

Another desorptive component used in the binary
mixed mobile phase with DCM was THF, which did
not lead to any problems with solubility, but did
influence the shape of the calibration dependence
under critical conditions. However, this shift was
not substantial and was not taken into account (Fig.
2).

As has been shown previously for other polymers
[7-9], critical conditions exist for a particular eluent
composition and sorbent. In this work they have
been found for PMMA and for PtBMA in eluent
systems containing two or three components of
different polarity. These systems were ACN-DCM,
ACN-CHL, MET-CHL, THF-DCM ‘and THF-
HEX-DCM. In the range of molecular weights from
20 000 to 100 000, a shift of peak position and a
change in elution order, as described earlier for other

polymers, was observed under adsorption condi-
tions (Fig. 3).

For higher molecular weight samples, a splitting
of zones and reversible pumping of samples from the
GPC zone to critical conditions was observed for
both PMMA and PtBMA. The results for PMMA
standards in the system MET-CHL, shown in Fig.
4, indicate the strong dependence of peak shape on
the molecular weight of PMMA, which manifested
itself in splitting of the chromatographic zone
followed by considerable peak tailing. For the
PtBMA sample in the THF-DCM system, peak
splitting indicates another mechanism of sorption
with division of the zone into two zones, one of
which elutes under GPC conditions and another
under critical conditions, where the fraction of the
zones changes in accordance with the thermody-
namic state of the chromatographic system. How-
ever, both zones have a regular shape without any
tailing.

The data on the influence of temperature on the
distribution coefficients of the PMMA standards in
the binary eluent system ACN-CHL (1:1, v/v) are
shown in Fig. 5. The relationships have a regular
character and the distribution coefficients gradually
shift to unity when the temperature increases. These
data are in qualitative agreement with those ob-
tained for PS in the system CHL—tetrachlorometh-
ane [7].

An investigation of the relationship between
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Fig. 4. Influence of molecular weight of the samples on (A)
chromatographic zone profiles under near-critical conditions for
PMMA (A) and (B) zone splitting for high-molecular-weight
PtBMA. (A) PMMA MW: (1) 400 000; (2) 265 000; (3) 185 000;
(4) 107 000; (5) 82 000; (6) 60 000. Eluent: MET-CHL (20:80,
v/v). (B) PtBMA MW: 200 000. Eluent, THF-DCM: (1) 5.0:95.0;
(2) 5.4:94.6; (3) 5.85:94.15; (4) 6.5:93.5; (5) 9.0:91.0 (v/v).

the thermodynamic state of the chromatographic
system, i.e., mobile phase composition, and the
retention characteristics in the range of near-critical
conditions was performed on the basis of approach-
es developed by Scott and Kucera [13,14] by com-
paring the behaviours of related substances with
polarity values close to those of PMMA and

PtBMA. The relationships between the reciprocal of’

the corrected retention volume, 1/V, and the vol-
uiiie {raction of solvent modifier were obtained for

T. M. ZIMINA et al.

isobutyl methy! ketone, methyl ethyl ketone and
acetone (Fig. 6). The retention behaviour of each of
these substances was then compared with those of
PMMA and PtBMA. For both eluent systems,
ACN-DCM and THF-DCM, the relationships
show a non-linear character over a wide range of
eluent composition. This behaviour was of the type
observed previously by McCann er al. [15] and
designated a “type VI” system. These relationships
can be approximated by two linear regions with
different slopes. According to data obtained by
Scott and Kucera [14], these areas could possibly be
interpreted as the areas of monolayer formation and
slow double-layer formation, respectively. Compar-
ison of these relationships with the graphs of the
distribution coefficient of PMMA, K, and the
apparent distribution coefficient for PtBMA,
< K>, shows that critical conditions may exist in
the range of mobile phase composition of THF-
DCM, corresponding to the completion of mono-
layer formation (Fig. 6) and where retention has a
displacement character. All the values are plotted on
the same numerical scale. Analogous relationships
were obtained for the eluent ACN-DCM.

These data are in agreement with those obtained

0.4

0.2 1

ep»P Om ©e¢ 08

WuNOO hWOWN 2

0.0 T T
4.75 5.00 5.25 5.50

Log(MW)

Fig. 5. Relationships between the distribution coefficients and
log(MW) for PMMA standards at different temperatures. Elu-
ent: CHL-ACN (1:1, v/v). (1) 25; (2) 30; (3) 35; (4) 37; (5) 40; (6)
42; (7) 45; (8) 47.2; (9) 50.2°C. )
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Fig. 6. Comparison of the relationships between the reciprocal of retention volume, 1/Vg, for (O) isobutyl methyl ketone, (A) methyl
ethyl ketone and ({J) acetone and the volume fraction of THF in the eluent (THF-DCM), and that of the distribution coefficient, X, for
(B2) PMMA (MW 82 000) and the apparent distribution coefficient, < K>, for (0) PtBMA (MW 200 000) (see text) under the same

conditions.

by Tennikov et al. [7] for PS in the system tetra-
chloromethane—chloroform. The nature of the
monolayer formed on the surface of silica gel
apparently plays an important role in the mechan-
ism of retention of polymers under near-critical
conditions. The addition of a non-polar component,
n-hexane, which may, according to Scott and
Kucera’s data [13,14], lead to dense bilayer forma-
tion, changes the shapes of the chromatographic
zones considerably. In Fig. 7, -the relationship
between the asymmetry of the chromatographic
zone profiles for PEBMA and the volume fraction of
the eluent modifier is shown for the systems HEX—
THF and HEX-DCM-THF. In the former system,
where bilayer formation can be expected, consider-
able asymmetry and peak tailing were observed,
whereas addition of DCM led to a considerable
decrease in asymmetry. These data show the signi-
ficance of the nature of the polar component layer as
regards the chromatographic behaviour of polymers

under near-critical conditions, an observation which
needs further systematic investigation.

Chromatography of block copolymers under critical
conditions

The next step was to examine the validity of the
theoretical concept of chromatographic invisibility
for evaluating the molecular characteristics of block
copolymers.

When critical conditions apply for one of the
blocks of a block copolymer of the A-B type, so that
according to theory [4] it becomes chromatogra-
phically invisible, it can be expected that the chro-
matogram of the block copolymer will coincide with
that for the visible block (PS block), at least so far as
the positions of their peaks are concerned. Predic-
tion is limited to peak positions, as the theoretical
basis for this effect is developed only in terms of
equilibrium distribution coefficients, and does not
take into account the dynamics and kinetics of the
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As

IP , %

Fig. 7. Relationships between asymmetry, 4, and volume frac-
tion of eluent modifier, ¥, for L BMA (MW 200 000} in different
eluents: (O) HEX—THF and (@) HEX-THF-DCM (THF-
DCM constant at 1:1, v/v; variable HEX, ). Arrows indicate the
critical conditions for PtBMA.

processes that are responsible for the shape of the
peak profiles. The experimental results obtained
confirm this prediction.

Hence the values of retention times, ¢, in the
chromatograms of P(S-tBMA) samples (Table I)
and their PS precursors coincide in the eluent system
ACN-DCM (9.3290.7, v/v; 25°C) (Fig. 8). In the

#

ABS[ ;
260nm| No. 53 1 4
0.01+ 2
5
No. 11 &
1
0.01- 2
3

T T

1 2 1’ i th min
Fig. 8. Chromatograms of P(S~tBMA) and PS precursors with
ACN-DCM as eluent. (1) GPC; (2) critical conditions; (3) PS

precursor; (4) impurity.
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ABS No. 53 4
260nm

0.01-

0.011

1 2 1
Fig. 9. As Fig. 8 with THF-DCM as eluent.

Z'tR,min

system THF-DCM, good coincidence of the chro-

matograms of PS and of the related block copoly-

mers under critical conditions (5.5:94.5, v/v; 28°C)
was clearly achieved (Fig. 9).

It should be noted that the absolute value of the
eluent composition can vary in the range 5-10%,
depending on the water content of the solvent and
on the state of the silica gel. It is likely that the
validity of this concept is limited to visible blocks
whose size exceeds a certain minimum, as implicated
in Table I.

APPLICATIONS

The methodology described above was applied to
the analysis of block copolymers of P(S-MMA)
(Table I). The data presented in Table II show the

TABLE II

PS WEIGHT FRACTIONS IN BLOCK COPOLYMERS OF
P(S-MMA) EVALUATED BY MEANS OF CHROMATO-
GRAPHY UNDER CRITICAL CONDITIONS

Molecular Apparent molecular Weight
weight of weight of block fraction
block copolymer copolymer under critical of PS (%)
conditions®

107 800 49 000 46

58 500 © 24 000 42

35 000 15 000 43

14 000 7000 50

¢ Apparent molecular weight was evaluated with the help of a
calibration graph with respct to PS standards.



HPLC OF BLOCK COPOLYMERS

values of the PS fraction in block copolymers
obtained by means of chromatography under criti-
cal conditions, where block copolymers are eluted as
pure PS blocks in GPC. The data can be considered
as reasonable and accepted as one of the first
examples showing the additional possibility of eva-
luating of block copolymer heterogeneity.

CONCLUSIONS

The theoretical prediction of the chromatogra-
phic invisibility of individual blocks in block copo-
lymers under critical conditions has been confirmed
experimentally for the case of A-B block copoly-
mers of P(S-MMA) and P(S-tBMA) with molecular
weights up to 100 000 in wide-pore silica gel. Under
these conditions, block copolymer macromolecules
elute according to the size of the visible block.

It was found that critical thermodynamic condi-
tions are feasible when the monolayer formation on
the silica gel surface is complete. The shape of the
zone profile under near-critical conditions is in-
fluenced by the molecular weight of the polymer
(i.e., by the ratio of the size of the molecule to that of
the pore) and by the nature of the polar component
layer on the surface of the silica gel.

The data obtained suggest possibilities for the
direct, non-destructive analysis of individual com-
ponents of complex macromolecules.
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Comparison of several methods for the determination of
trace amounts of polar aliphatic monocarboxylic acids by
high-performance liquid chromatography

A.J. J. M. Coenen, M. J. G. Kerkhoff, R. M. Heringa and Sj. van der Wal*
DSM Research, P.O. Box 18, 6160 MD Geleen ( Netherlands)

ABSTRACT

Reversed-phase high-performance liquid chromatography followed by direct detection by UV absorbance at 200 nm is a convenient
method for the determination of polar aliphatic carboxylic acids. It can only be used for “clean” samples, except for formic and acetic
acid, owing to a lack of retention. Up to butyric acid, ion-exclusion chromatography with conductimetric detection is generally
preferred, allowing the detection of less than 120 pg/l. Each ion-exclusion column has its own selectivity and efficiency; interfering
compounds are another problem. The precision at the 1 ppm level is about 2% (1 = 10). Pre-column derivatization of carboxylic acids
with 4-bromomethyl-6,7-dimethoxycoumarine has been fully automated but is not recommended; limitation of the water content,

internal standardization and carry-over correction are necessary. Pre-column derivatization with 2-nitrophenylhydrazine is a better way
to obtain detection limits of one nanogram (or 50 ug/l) of C 4—C, carboxylic acid. The analyses are fully automated, can be performed in
an aqueous environment and give a precision better than 4% at levels of 1 mg/l of analyte.

INTRODUCTION

In the chemical and polymer industries there is an
increasing demand for the determination of trace
amounts of polar aliphatic carboxylic acids in aque-
ous extracts of process fluids.

In this work, four high-performance liquid chro-
matography (HPLC) methods were compared with
respect to the concentration and mass detection
limit, precision and ease of use. Selectivity was only
considered in general terms as the targeted analyte
matrices were of diverse origins.

The four methods studied were: (1) ion-suppres-
sion reversed-phase HPLC (RP-HPLC) with UV
absorbance detection; (2) a high performance ion-
exclusion chromatography (HPICE) method with
conductimetric detection; (3) the BMMC method,
pre-column derivatization with 4-bromometh-
yl-6,7-dimethoxycoumarine (BMMC) and RP-
HPLC with fluorescence detection; and (4) the
NPH method, pre-column derivatization with 2-ni-
trophenylhydrazine (NPH) and RP-HPLC with ab-
sorbance detection at 400 nm.

0021-9673/92/805.00 ©

EXPERIMENTAL

The four methods are summarized in Table I. The
pre-column derivatization of the BMMC method
was performed in a Promis (Spark, Emmen, Neth-
erlands) unit, which is shown schematically in Fig.
1. All the tubing of the peristaltic pump was poly
(vinyl chloride). During the load cycle the reagent
flow-rate was 0.1 ml/min and the waste flow-rate
was 0.32 ml/min. The sample was differentially as-
pirated at 0.12 ml/min. Reagent 1 (75 mg of potassi-
um carbonate and 21 pl of water) was added to 7.5
ml of a 10 mM 18-crown-6 solution in acetonitrile.
The mixture was sonicated for 15 min, diluted with
3.75 ml of acetonitrile, filtered through a 0.2-um
filter and diluted with 0.5 ml of acetonitrile. Re-
agent 2 was | mg/ml of BMMC (Kodak, Rochester,
NY, USA) in acetonitrile.

The pre-column derivatization unit of an
HP-1090 liquid chromatograph (Hewlett-Packard,
Waldbronn, Germany) was used for the NPH reac-
tion (see Fig. 2). The NPH reagent consisted of 0.04
M NPH hydrochloride (Janssen, Beerse, Belgium)

1992 Elsevier Science Publishers B.V. All rights reserved
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Injector valve

HPLC
pump

Column

Detector

sample

Peristaltic pump

waste

Reagent 2 —

Reagent1 ——»

Fig. 1. Schematic diagram of the Promis pre-column derivatization unit.

in 50% aqueous ethanol; the EDC reagent solution
{see Table II) contained 3% pyridine, 47% ethanol
and 0.25 M 1-ethyl-3-(3-dimethylaminoropyl)car-

bodiimide hydrochloride (Polysciences, Warring-*

ton, PA, USA) in water.

The liquid chromatograph for the UV detection
method consisted of a Gilson 305/302 gradient
pumping system with an 805 monometric module,
an 811 gradient mixer and a Model 231-401 auto-

}

[}

I_] [}
H sample 5 =

e 4

sample Injector

needle

sample 3
H sample 2
U sample 1
U reagent 2

U reagent 1
ethanol

sampler. Detection at 200 nm was performed on a
Linear UV-204 detector (Linear, Reno, NY, USA).

For the HPICE method a Dionex 2000i or 4000i
ion chromatograph (Dionex, Sunnyvale, CA, USA)
was used, equipped with an anion micromembrane
suppressor and a Waters 431 conductivity detector
(Waters, Milford, MA, USA).

An HP-1050 gradient solvent delivery system
with an HP-1046A fluorescence detector was used

out

Flow cell

Detector

Fig. 2. Schematic diagram of the HP-1090 liquid chromatograph used for the NPH method.
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for the BMMC method and an HP-1090 system
with a built-in diode-array detector for the NPH
method (all from Hewlett-Packard).

All reversed-phase columns were Nucleosil
120-5C1s (Macherey-Nagel, Diiren, Germany); all
solvents were of P.A. quality (Merck, Darmstadt,
Germany).

RESULTS AND DISCUSSION

UV method

Many monocarboxylic acids show enough reten-
tion to be detected by HPLC at a mobile phase pH
lower than the pK, value of their carboxylic acid
groups.

Direct UV absorbance detection at short wave-
lengths is often problematic becase of its lack of
selectivity and sensitivity. Most organic compounds
with a polar group have an absorbance in the region
180-205 nm, comparable with or larger than that of
carboxylic acids [1].

The problem with the sensitivity can be partly
overcome by using on-column concentration [2]. A
signal-to-noise ratio of 3 is obtained at about 100 ng
of analyte injected onto the column. By introducing
the largest possible volume of aqueous sample into
the column, the detection limit, expressed as the
concentration in the original sample, is reduced.

A.J.J. M. COENEN et al.

This method is applicable to the determination of
carboxylic acids with a higher retention than acetic
acid (c¢f. Fig. 3).

Disturbances from the injection plug in the elu-
tion region of formic and acetic acids and interfer-
ences from impurities in the solvents used do not
allow the extension of this method to more polar
carboxylic acids or larger injection volumes.

HPICE method

Formic acid, acetic acid and the more polar car-
boxylic acids such as diglycolic acid and monochlo-
roacetic acid can be determined by separation on a
low-capacity ion exchanger, such as Dionex AS-4A,
followed by suppressed conductivity detection.
Monocarboxylic acids containing a longer aliphatic
chain are not sufficiently retained for determination
by this method. An alternative method uses a com-
bination of adsorption and ion-exclusion chroma-
tography on a sulphonated polystyrene—divinylben-
zene resin [3].

In applying this method, striking differences in
the selectivities among the HPICE AS-1 columns

- were observed (compare Fig. 4A and B). At concen-

trations compatible with UV detection (see under
UV method) the ratio of the absorbance to the con-
ductimetric signal of the method, the low selectivity
and the variability of the columns stress the need for
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Fig. 3. Chromatogram of five aiip"naiic caiboyslic acids, obtained hy RP-HPLC and direct UV detection at 200 nm. See under
Experimental and Table 1 for details. Injection: 10 mg/! of each acid in water.
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Fig. 4. Chromatograms of a test mixture of carboxylic acids on HPICE-AS| columns. Signal-to-noise ratios: column A, 2612; B, 5098.
For conditions see Table 1. Injection: 40 ul of test mixture consisting of (1) 30 mg/l citric acid, (2) 34 mg/1 diglycolic acid, (3) 38 mg/l
monochloroacetic acid, (4) 37 mg/l hydroxyacetic acid, (5) 47 mg/1 formic acid, (6) 81 mg/l acetic acid, (7) 127 mg/1 propionic acid and

(8) 198 mg/l butyric acid.

high efficiency to avoid the use of a corroborative
analysis method at lower analyte concentrations.
The Van Deemter curve (Fig. 5) indicates that the
optimum flow-rate for resolution per unit time, at
(H/u) min (where H = theoretical plate height and
u = linear velocity) [4], is about 1.2 ml/min at 30
atm. The HPLC equipment allows operation at 275
atm, so four columns could be coupled. The result is
given in Fig. 6. A much better resolution of the first

five components can only be obtained by changing
the selectivity of the system, e.g. by modifying the
octanesulphonic acid concentration.

The detection limits for formiate and butyrate in
water with octanesulphonic acid added to give a 1
mAM solution, using a 500-ul loop for injection, are
20 and 120 pg/l, respectively. The maximum loop
volume is dependent on he analyte to be determined
and its matrix.
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Fig. 5. Theoretical plate height (H) as a function of flow-rate (F)
for different analytes on a Dionex system with two HPICE-AS1
columns in series. For conditions see Table 1.

A.J.J. M. COENEN et al.

BMMC method

In the first two methods discussed the main draw-
backs are the low selectivity and the large injection
volumes necessary for acceptable limits of detec-
tion.

Pre-column derivatization with BMMC seems at-
tractive as a result of its high selectivity, the im-
provement in sensitivity for carboxylic acids, the
short reaction time and availability of reagents. The
reaction is represented schematically in Fig. 7. The
potassium counter-ion of the carboyxlic anion is se-
lectively complexed by 18-crown-6, allowing the
“naked” carboxylic anion to substitute for a bro-
mine atom of the reagent.

The resulting ester can be detected fluorimetrical-
ly. It is resistant to light and stable in an aqueous
environment, in contrast to the reagent. Automated
on-line pre-column derivatization, even at room
temperature, using BMMC was possible with the
introduction of an 18-crown-6—potassium carbon-
ate suspension [5]. BMMC is slightly more polar
than 4-bromomethyl-methoxycoumarine and its
derivative has a higher intrinsic fluorescent sensitiv-
ity [6].

Base-catalysed solvolysis to coumaric acid is a
problem for all coumarine reagents [7]. This prob-
lem manifests itself as a ghost peak which competes
with the analyte for the reagent. The prouct of the
analyte may also be solvolysed, which will lead to

18.04
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5.54

=71 1 | L | 1 1 L | 1 {
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time (min}) ——p

45.00 52.50 60.00

Fig. 6. Chromatogram at optimum conditions for resolution per unit time. Columns: four 250 % 10 mm HPICE-AS! columns in series.
Flow-rate: 1.2 ml/min 1 mM octanesulphonic acid, 220 atm. Injection as in Fig. 4. '
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&) Br- + RCOOK* .

Fig. 7. Schematic representation of of the BMMC reaction.

multiple derivatives and irreproducible results. The
exclusion of water and limiting the concentration of
the base to a stoichiometric amount cannot be car-
ried out in practice, so internal standardization has
to be used.

The pre-column derivatization was carried out as
in Wolf and Korf [5], but the dimethoxy reagent
and a filtered suspension were used to prevent clog-
ging of the derivatization unit. A chromatogram of
an acetonitrile sample containing 1.4 mg/l of each
the carboxylic acids indicated is shown in Fig. 8.

An injected blank sample of acetonitrile indicat-

ed the presence of carboxylic acids, which could not
be traced to any of the reagents or solvents used and
thus has to be attributed mainly to carry-over from
the previous injection, in spite of extensive rinsing
with ethanol, the most effective solvent except for
formic acid (which will carry-over and compete for
the reagent). This percentage of carry-over (PCO)is
determined as a function of the analyte concentra-
tion in the sample, 4, from the first and the fifth
consecutive blank, B, respectively:

PCO(%) = (B, — Bs/A — Bs) x 100

52.00

RFU ——»

<
Q
0

47.30 el 8 |8 |5 |8

41.00

28.90 t I \ | i 1 1 I 1 1 { I I ] i

0.00 2.50 5.00 7.50 10.00 12,50 15.00 17.50 20.00
time (min) _—

Fig. 8. Separation of BMMC derivatives of pentanoic to nonanoic acid. For conditions see Table I. Injection: 1.4 mg/l of each

carboxylic acid in acetonitrile. RFU are relative fluorescence units.
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Fig. 9. Percentage of carry-over as a function of heptanoic acid.

The result is given in Fig. 9.

By subtracting the carry-over of the previous
sample and adding that of the sample itself, the cor-
rected concentrations can be reconstructed from the
measured data.

Calibration graphs show a linear dynamic range
of approximately 10%. The system appeared to be
contaminated with the analytes at about 100 ppb
after three months of intermittent use and was
abandoned in favour of the following method.

NPH method
Aliphatic as well as aromatic carboxylic acids re-
act with NPH to form acid hydrazides when 1-eth-

NO,
!
R—COOH + H,N—N foe, R—G—
0

Fig. 10. Schematic representation of the NPH reaction.

A.J.J. M. COENEN et al.

yl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride is added as a coupling agent (see Fig. 10).
Derivatization with NPH has as an advantage over
almost all published carboxylic acid derivatization
methods in that the reaction can be carried out in an
aqueous environment [8]. :

The reaction product can be detected by its ab-
sorbance at 230 or 400 nm (see Fig. 11). Reaction
by-products which may interfere when detecting at
230 nm can be removed by a second reaction stage
after the addition of potassium hydroxide. At 400
nm the acid hydrazides are detected with a four-fold
less sensitivity (en =~ 5 - 10%) than at 230 nm, but
only one reaction step is necessary as the main inter-
ferences do not absorb at this wavelength. At mg/l
levels the derivatives could not be determined by
fluorescence detection.

Without a second reaction stage and extraction
the derivatization was optimized for the concentra-
tion of HC! and NPH, reaction temperature and
reaction time in a fully automated HP-1090 pre-

TABLE 11
NPH DERIVATIZATION PROTOCOL

Line Function
1 Draw 0.0 pl from Vial 0 Ethanol
2 Draw 1.0 gl from Vial 1 2NPH - HCI
3 Draw 0.0 ul from Vial 0
4 Draw 2.0 ul from Vial 2 1IEDC - HCI
5 Draw 0.0 g from Vial 0
6 Draw 20.0 pl from Sample
7 Draw 0.0 ul from Vial 0
8 Draw 2.0 ul from Vial 2
9 Draw 0.0 ! from Vial 0
10 Draw 1.0 ul from Vial 1
11 Draw 0.0 ul from Vial 0
12 Mix 30.0 ul cycles 10
13 Wait 20.0 min
14 Inject
NO
HH S
||
N—N +H,0
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Fig. 11. Absorbance spectrum of the NPH derivative of hexanoic acid in the mobile phase used. For conditions see Table I.
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Fig. 12 Separation of NPH derivatives of hexanoic to decanoic acid. For conditions see Table 1. Injection: 1.3 mg/! of each carboxylic
acid in water.

TABLE III
COMPARISON OF THE FOUR METHODS

R.8.D. = Relative standard deviation; I.S. = internal standard

Method Injection R-COOH: R = Detection limit R.S.D. LS.
volume (%)
(uh) ugft ng
uv 1000 C, 100 100 - -
HPICE 500 C, 40 20 1.9 -
NPH 26 Cs 50 1.3 32 C,
BMMC 20 C, 60 1.2 7.6 C
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column derivatization unit (see Fig. 2). The opti-
mum protocol for determining analytes at a concen-
tration of less than 10 mg/l is given in Table II. At
higher concentrations the volume of sample should
be decreased or the calibration graphs will not be
linear as there will not be sufficient excess reagent.
Sample volumes larger than 20 ul have not yet been
used successfully. A different protocol may improve
incomplete mixing for larger sample volumes. Some
ethanol (1-10%) was added to the test sample to
ensure the complete dissolution of the less polar
carboxylic acids. A chromatogram of 1.3 mg/l of
each of the five aliphatic carboxylic acids is shown
in Fig. 12. The coefficient of variation of the peak
areas is 7.0 (R = Cs), 5.6 (Cy), 8.2 (Cq), 9.2 (Cy)
and 8.7% (C,), respectively, and 3.2, 2.6, 2.6 and
3.9% when using the C;.—COOH peak as an internal
standard (n = 10).

A.J.J. M. COENEN et al.
COMPARISON AND CONCLUSIONS

An overall comparison of the four methods stud-
ied here is given in Table III. At the 1 mg/l level
HPICE can be recommended for carboxylic acids at
least as polar as butyric acid, whereas the fully au-
tomated NPH method can be most effectively used
for less polar carboxylic acids.
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ABSTRACT

Miniaturization of already existing techniques in on-line analytical chemistry is an alternative to compound-selective chemical
sensors. Theory on separation science predicts higher efficiency, faster analysis time and lower reagent consumption for microsystems.
Micromachining, a well known photolithographic technique for structures in the micrometer range, is introduced. A first capillary

electrophoresis experiment using a chip-like structure is presented.

INTRODUCTION

The continuous monitoring of a chemical param-
eter, usually the concentration of a chemical spe-
cies, is gaining increasing attention in biotechnol-
ogy, process control, and the environmental and
medical sciences. Chemical sensors exhibit only a
minimal number of applications for measurements
of combustion gases, certain ions and enzyme sub-
strates. The state-of-the-art strategy is called “total
chemical analysis system™ (TAS), which periodical-
ly transforms chemical information into electronic
information. In such a system, sampling, sample
transport, necessary chemical reactions, chromato-
graphic or electrophoretic separations and detec-

* Permanent address: University of Alberta, Edmonton, Can-
ada.
** Present address: Ciba-Corning Diagnostic Corp., Medfield,
MA, USA.

0021-9673/92/305.00  ©

tion are performed automatically. Some examples
of TAS, such as a gas chromatographic monitor [1]
and an on-line glucose analyser [2], have been re-
ported. Recently, we proposed a general concept
for a miniaturized TAS [3-6].

As far as separation techniques are concerned,
miniaturization has been heavily discussed for
many years. Improved separation petformance at
shorter retention times is predicted by theory. Mini-
aturization has been experimentally realized using
small-diameter particles or open capillaries. Devia-
tions from theoretical predictions have usually been
caused by inhomogeneity in column packings or
capillary diameters, inappropriate injections or
large detection volumes. At least two publications
have been presented in the literature on the use of
photolithographically fabricated microstructures
for gas [7] and liquid chromatography [8]. Recently,
we proposed a 15-nl detector cell for absorption
measurements (optical pathlength 1 mm [4-6]). This

1992 Elsevier Science Publishers B.V. All rights reserved
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paper presents a technique for the manufacture of
entire microchannel systems with very high preci-
sion. Such systems allow injections in the pl or nl
range, dilutions, pre- or post-column reactions and
sophisticated small-volume detections to be com-
bined with, for example, capillary electrophoresis
(CE).

THEORY AND MINIATURIZATION

Two approaches provide information on the be-
haviour of a simple flow system when it is miniatur-
ized: (1) a set of numerical values can be calculated,
using standard formulae to give the order of magni-
tude for a specific paramater; and (2) consideration
of the proportionalities, i.e. the parameter of inter-
est as a function of the variables to be miniaturized
(space and time), shows the major trends of a pa-
rameter during its down-scale. In the case of capil-
lary separation systems, the two approaches are
equally interesting.

Table I depicts the results of an analysis carried
out according to approach 1. Choice of the desired

TABLE I

A. MANZ et al.

number of theoretical plates at a given retention
time, as well as the heating power per length (in the
case of CE), allows comparison of the resulting cap-
illary dimensions and operation conditions for CE,
liquid chromatographic (LC) and supercritical fluid
chromatographic (SFC) separation experiments.
The microchannels must be a few micrometers in
diameter (2.8-24 um), a few centimeters in length
(6.5-20 cm) and need small-volume detectors (3.3
94 pl). Although these values cannot replace experi-
mental results, they give an indication of values for-
bidden by theory. Approach 1 is very meaningful if
the values of the given parameters are clear and if
the optimum performance is well defined, as is the
case with the Golay equation for capillary LC and
SFC.

In the case of CE, the optimum performance is
basically determined by the maximum voltage ap-
plied to the system. The higher the voltage, the bet-
ter the separation performance and, at the same
time, the faster the analysis. The limitation is usu-
ally given by the heat produced in the capillary.
Three parameters may be relevant: the power per

CALCULATED PARAMETER SETS FOR A GIVEN SEPARATION PERFORMANCE OBTAINED WITH CE, LC AND SFC

Assumed constants are: diffusion coefficients of the sample in the mobile phase, 1.6 - 1072 m?/s (CE, LC) and 107® m?/s (SFC);
viscosities of the mobile phase, 103 Ns/m? (CE, LC) and 5 - 10~ Ns/m? (SFC); electrical conductivity of the mobile phase, 0.3 S/m
(CE); electrical permittivity X zeta potential 5.6 x 107! N/V (CE)

Parameter Symbol (unit) CE (micellar) Capillary LC Capillary SFC
Number of theoretical plates N 100 000 100 000 100 000
Analysis time t(k'=S5) (min) i 1 1
Heating power P/L (W/m) 1.1 - -
Capillary inner diater d (um) 24 2.8 6.9
Capillary length L (cm) 6.5 8.1 20
Pressure drop Ap (atm) - 26 1.4°
Voltage AU (kV) 5.8 - -
Signal bandwidth o, (mm) 0.21 0.56 1.4
Signal bandwidth o, (ms) 42 70 70
Signal bandwidth o, (P 94 3.3 52
Ratio length/diameter of an eluting peak o jd ca. 10 ca. 200 ca. 200
Detection volume requirements a,/2 (pl) <47 <1.6 <26
Optical pathlength parallel to flow 6,/2 (um) . <105 <280 <700
Optical pathlength perpendicular to flow d (um) <24 <2.8 <6.9
Response time requirements 6,/2 (ms) <21 <35 <35

¢ The pressure needed to maintain the mobile phase in the supercritical state may exceed this value, e.g. for carbon dioxide the inlet and

outlet pressure could be 75.4 and_ 74 bar, respectively.
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TABLE II
EXAMPLE OF A PROPORTIONALITY ANALYSIS FOR CE
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The given miniaturization factors are d and L. Three arbitrarily chosen time dependencies are shown here. The remaining parameters

are then calculated using the basic definition of d, L and time

Parameter Symbol L system d- L system &* - L system
Diameter of capillary d d d d

Length of capillary L L L L

Time t L d-L &L
Linear flow-rate u= Lt Constant 1/d 1/d*
Péclet number vocu-d d Constant 1/d
Reduced plate height h =2 l/d Constant d
Number of theoretical plates N=L/d-h L L/d Lid*
Electric field Eocu Constant 1/d 1/d?
Applied voltage U=E- L L Lid L|d?
Electric current T U-d?/L & d Constant
Power per volume oc U-1j(d® - L) Constant 1/d? 1/d*
Power per length =U-IL & Constant 1/d?
Temperature difference AT < PP & Constant

unit volume, the power per unit length, and the tem-
perature difference generated in a steady-state ther-
mal diffusion system. An example of a proportion-
ality analysis according to approach 2 is shown in
Table II. The miniaturization of a CE system is
characterized by the inner diameter d of the capil-
lary, by its length L and by the time ¢. Time cannot
be set into a well defined relation with d or L, which
means that we have one degree of freedom. Qut of
the numerous possible dependencies, a set of three
have been chosen: time proportional to L (length),
to d - L (area) and to ¢* - L (volume), with power
per unit volume, power per unit length and temper-
ature difference as a constant, respectively. All of
the remaining parameters of interest are then strict-
ly based on d and L.

The L system is characterized by a time scale
forced into proportionality with L. For example, a
ten-fold shorter capillary implies a ten-fold shorter
retention time if the electric field strength (and the
linear flow-rate) are kept constant. The number of
theoretical plates must decrease. The influence of ¢
is restricted to the current flow and the power gener-
ated in the capillary.

In the d - L system, the time scale depends on d
multiplied by L. This implies that all the reduced

variables used in capillary LC, e.g. Péclet number or
reduced plate height [9], are kept constant. In the
same way the power per unit length, which is often
used as a measure of thermal effects [10], remains
constant. In this case, an improvement of both sep-
aration performance and analysis time can be
achieved if d is miniaturized more drastically than
L. For example, a ten-fold decrease in d and a five-
fold decrease in L would double the number of the-
oretical plates in 1/50th of the retention time. Start-
ing from a known CE experiment (d = 70 ym, L =
1 m, n = 10° and ¢ = 30 min), we would obtain 2 -
10° theoretical plates within 36 s using a capillary of
20 cm X 7 um L.D. The increase in plate number
can be understood as arising from the increased
electric field and from the decreased migration
times, since longitudinal diffusion plays a major
role. This system has been experimentally proven to
be true by Monnig and Jorgenson [10].

The d* - L system is based on a constant temper-
ature difference in the capillary when steady tem-
perature diffusion is taken into account [11]. It is far
more optimistic than the d - L system. Experimen-
tally, it has not yet been possible to prove this sys-
tem to be valid at all.
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MICROMACHINING

Originated by the microelectronics industry, the
photolithographic patterning of layer structures on
the surface of silicon wafers has become a well
known and high-tech standard procedure. In addi-
tion to its semiconductor qualities, monocrystalline
silicon is abundant and inexpensive, can be pro-
duced and processed controllably to extremely high
standards of purity and perfection, has excellent
mechanical and chemical properties (yield strength
better than steel, Young’s modulus identical to
steel, Knoop hardness comparable to quartz, chem-
ical inertness comparable to glass) and is highly
amenable to miniaturization (down into the mi-
crometer range). The surface treatment to obtain
mechanical structures is called micromachining [12]
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and includes fabrication steps such as film deposi-
tion, photolithography, etching and bonding. A
simple process for obtaining a channel in silicon is
shown in Fig. 1. It is obvious that the two-dimen-
sional shape of the channel layout is given by the
photomask, but the particular pattern does not af-
fect the complexity of the process at all. As soon as
a variation in depth (third dimension) or material
(e.g. a metal layer) is needed, additional processes
must be added to the sequence.

There are mainly four different groups of
processes: _

(1) Film deposition includes spin coating, ther-
mal oxidation, physical vapour deposition (PVD)
and chemical vapour deposition (CVD), low-pres-
sure CVD, plasma-enhanced CVD, sputtering, etc.
A large variety of metals, inorganic oxides, poly-
mers and other materials can be deposited using
these techniques.

(2) Photolithography, a technique used to trans-
fer a layout pattern from a mask onto a photosensi-
tive film, can be done using visible light for struc-
tures larger than 1 um. For special applications
such as submicron patterning, UV, X-ray or elec-
tron beam lithography is used.

(3) Etching is performed either as a wet chemical
process or as a plasma process. Isotropic as well as
anisotripic processes are known.

(4) Bonding means the assembly of pieces of sil-
icon onto silicon, glass or other substrates. The sub-
ject of micromachining has been dealt with in great
detail in many sources in the literature. For more
information, see for instance ref. 13, which gives a
good review of this huge field.

Silicon-, quartz- and glass-based physical and
chemical sensors and actuators are currently a focus
of interest [14]. Compared with conventional ma-
chining, photolithographic processes allow cheap
mass fabrication of complicated microstructures.
Hundreds to thousands of structures may be fab-
ricated in the same batch. The precision and repro-
ducibility of the structure elements are excellent.
Silicon allows monolithic integration of electronics,
sensors and actuators, but micromachining has to
be done under clean-room conditions and needs
high-tech instrumentation. However, in the last few
years, the number of companies offering custom-
made silicon, quartz and glass microstructures has
significantly increased.
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MOBILE PHASE DETECTOR CELL
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Fig. 2. Glass microstructure for injection and CE. Size 15 x 4
cm. Electrophoresis channel 30 x 10 ym. The external laser fluo-
rescence detector was positioned 6.5 cm from the point of in-
jection.

CAPILLARY ELECTROPHORESIS ON A CHIP

We have made six different structures in silicon
(covered by Pyrex glass) [15] and one in amorphous
glass [16]. The silicon structures, even with state-of-
the-art insulating films (SiO, and SizN,), exhibited
poor voltage breakdown characteristics. In the best
case, 950 V could be applied on a single device for a
few minutes. Better results have been obtained with
amorphous glass or quartz.

The photolithographically fabricated glass device
shown in Fig. 2 was used to perform a first CE ex-
periment ““on a chip”. The overall size of the struc-
ture is 150 x 40 x 10 mm. It consists of two glass
plates, one of them containing the etched channels
and the other serving as a cover. The three channels,
two of them being 10 um deep and 30 ym wide, the

CALCEIN

CURRENT
100 nA
_

FLUORESCEINE

DETECTOR SIGNAL

min

Fig. 3. CE separation of two fluorescent dyes. Sample: 20 uM
calcein, 20 M fluorescein. Background electrolyte: 50 mM bo-
rate, 50 mM Tris, pH 8.5, 3000 V on 13 cm. Detection at 6.5 cm,
fluorescence, excitation 490 nm, collection 520 nm, injection
through side channel, 500 V for 30 s.
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other 10 um by 1 mm, meet at one point. The in-
tersection has a volume of 9 pl, which means that no
extra dead volume exists. The cross-section of the
channels is not exactly rectangular, but rounded at
the corners (compare with refs. 17-19). Detection
was done using a laser fluorescence set-up similar to
the one described previously [20,21] located some-
where downstream from the electrophoresis capil-
lary (0-135 mm after the point of injection). The
buffer reservoirs containing the platinum electrodes
were pipette tips mounted directly into the drilled
holes at the ends of the channels.

To set the experiment up, the background elec-
trolyte and the fluorescent sample mixture were
both driven past the injection and detection points
by externally applied voltages, allowing positioning
of the detector. The carrier electrolyte was then dri-
ven through the electrophoresis channel to flush it
out. A 30-s pulse of 500 V applied to the sample
channel provided the injection. To run the electro-
pherogram, 3000 V were applied to the carrier elec-
trolyte and the separation capillary (200 V/cm). The
resulting separation of two fluorescent dyes is
shown in Fig. 3. For calcein, a performance of
18 000 theoretical plates has been obtained. The
height equivalent to a theoretical plate is 3.6 um,
which is comparable to a non-optimized standard
CE experiment. The standard deviation of the peak
in terms of time, length and volume was 1.4 s, 0.49
mm and 145 pl, respectively.

CONCLUSIONS

Consideration of hydrodynamics and diffusion
processes indicates faster and more efficient chro-
matographic separations, faster electrophoretic sep-
arations and shorter transport times for miniatur-
ized TAS. The consumption of carrier, reagent or
electrophoresis buffer is dramatically reduced. Mi-
cromachining, especially photolithographic
processes, offers access to novel analytical micro-
structures such as branched-channel systems having
no dead volume.

The access to electrophoretic separations within a
planar glass structure shown here is a first step to-
wards an integrated microflow system using CE to-
gether with injection, sample pretreatment and
post-column reactions, etc. We anticipate that high-
er voltages can be applied to the structure to speed
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up the separation and to increase its performance.
Silicon structures would show a problem at high
applied voltages. The reasonable range might be up
to 200 V. This, of course, implies a poor efficiency
(small number of theoretical plates), but relatively
short retention times.
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ABSTRACT

A capillary zone electrophoretic method was used to separate some leucinostatins, the nonapeptides obtained by submerged cultures
of Paecilomyces marquandii or Paecilomyces lilacinus. These compounds are of pharmaceutical interest for their remarkable antibiotic,
cytotoxic and phytotoxic activities. The proposed method allows the separation of leucinostatins from very complex mixtures and
shows high efficiency, good resolution and a very short analysis time.

INTRODUCTION

Recently we reported the isolation and structural
elucidation of several components of a new family
of peptides, named leucinostatins followed by al-
phabetical letters (Fig. 1), produced by submerged
cultures of Paecilomyces marquandii [1-6)]. Leuci-
nostatins A, B and D have been independently
found by Japanese workers in the cultural broth of
Paecilomyces lilacinus A-257 [7,8]. These peculiar
nonapeptides show very interesting antibiotic, cyto-
toxic and phytotoxic properties.

As the separation of these compounds presented
some difficulties because of their very similar Rg
values (Leucinostatin F could in fact only be ob-
tained by preparative thin-layer chromatography
[6], we tried to improve their separation by applying
capillary zone electrophoresis (CZE), as this tech-
nique has already been successfully applied in pro-
tein and peptide analyses [9-15] and to charged

0021-9673/92/$05.00 ©

and/or uncharged molecules [16]. This paper de-
scribes the use of CZE to separate leucinostatins in
very complex mixtures with excellent efficiency,
high resolution and a short analysis time.

EXPERIMENTAL

The leucinostatins were kindly provided by the
Institute of Medicinal Chemistry and Pharmaceu-
tical Techniques of Perugia University. Other re-
agents and solvents were supplied by Carlo Erba.

A Bio-Rad Labs. (Richmond, CA, USA) HPE
100 apparatus equipped with a UV detector with a
deuterium lamp (190-380 nm) was used. The appa-
ratus was equipped with a power supply able to de-
liver up to 12 kV. Sampling and electrophoresis
were controlled by a microprocessor. Separation of
the leucinostatins was performed in a Bio-Rad
Labs. Model 148-3002 HPE capillary cartridge (20
cm x 0.025 mm, coated).

1992 Elsevier Science Publishers B.V. All rights reserved
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CZE OF LEUCINOSTATINS

The electrophoretic experiments were carried out
at 8 kV (constant) and 15 uA. Sampling was per-
formed by using the electrophoretic application
method at 7 kV for 6 s. The capillary was filled with
the background electrolyte (BGE) of 0.1 M phos-
phate buffer (pH 2.5) by using a 100-x1 Hamilton
microsyringe. Electropherograms were recorded
with an LKB Model 2210 line recorder at a chart
speed of 10 mm/min. UV detection was carried out
at 206 nm.

Separate acetonitrile-water (1:1, v/v) solutions of
leucinostatin A, B, D, F, H and K (I mg/ml) were
prepared. The samples for analysis were obtained
by transferring 1 ml of each solution into a 30-ml
volumetric flask and diluting to volume with the
same solvent mixture.

N-Methylation by phase-transfer catalysis of leu-
cinostatin A was applied to give the methylammo-
nium salt [Fig. 1, R” = N*(CH,);]. The reaction
was carried out by using an equivalent amount of
iodomethane in dry dichloromethane in the pres-

Asg

Az

‘[0.001 AU

2 4 6 8 1o
Fig. 2. Electropherogram of the separation of leucinostatin A, B,
D and K. BGE: 0.1 M phosphate buffer (pH 2.5). Sampling:
electrophoresis at 7 kV for 6 s. The mixture contained 3.33 - 1072
mg/ml of each leucinostatin. Electrophoretic experiment: 8 kV;
15 pA. Time scale in min.
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ence of powdered potassium hydroxide and tetra-
butylammonium bromide as catalyst with stirring
at room temperature.

RESULTS AND DISCUSSION

Several electrolyte systems were tested in order to
optimize the separation conditions. As the leucino-
statins considered have very similar structures they
therefore need specific methods for their separation.
The best conditions were realized using phosphate
buffer (pH 2.5). With this BGE all leucinostatins
moved as cations with a relative high velocity.

Working standard solutions were prepared with
leucinostatins in order to verify the specificity of the
proposed method. Fig. 2 shows the electrophero-
gram of a mixture containing leucinostatin A, B, D
and K. Whereas leucinostatin D and K are well sep-
arated, A and B are unresolved. The separation of
the latter two leucinostatins is possible only when
the methylammonium salt of leucinostatin A is
formed (Fig. 3).

The electropherogram of a mixture of several leu-
cinostatins (Fig. 4) shows partial overlapping of the
peaks of leucinostatin F and K; however this partial
separation can be considered satisfactory for the de-
tection of such a complex mixture of compounds.

0.004 AU

|

'2 4 6 8 10

Fig. 3. Electropherogram of the separation of leucinostatin A
(methylammonium salt), B, D and K. Conditions as in Fig. 2.
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Fig. 4. Electropherogram obtained from a mixture of leucinosta-
tin D, B, A (methylammonium salt), K and F. Conditions as in
Fig. 2.

Using the same working conditions, a good sep-
aration of leucinostatin A, D, H and K was
achieved (Fig. 5).

Additionally the proposed CZE method allows
the purity control of leucinostatins extracted from
culture broth. The electropherogram for to a crude
sample of leucinostatin B (Fig. 6) shows very clearly
that other compounds are also present. The latter

Agge Ay

[o.om Au

|

T T T
2 4 6 8 10

Fig. 5. Separation of leucinostatin D, A, H and K. Conditions as
in Fig. 2.

M. G. QUAGLIA et al.

B

D
Aos

0,001 AU

2 4 6 8 10
Fig. 6. CZE analysis of a crude leucinostatin B sample. Leucino-
statin D and H are also present. Conditions as in Fig. 2.

were characterized by enrichment with leucinosta-
tin standards. In this way it was possible to identify
leucinostatins D and H; the peak at 8.8 min is prob-
ably due to an unknown leucinostatin, whereas the
remaining peaks between 3 and 6 min are not leuci-
nostatins. Y

The results demonstrate CZE is a sensitive, spe-
cific and rapid method which allows the identifica-
tion, with good resolution, of leucinostatin A, B, D,
H, K and partially F in only 10 min. The possibility
of distinguishing between leucinostatin A and B us-
ing their ammonium salt formation probably would
not be easy in a crude sample where other leucino-
statin ammonium salts could form.

Leucinostatins have been shown to be very toxic
[17] and as these compounds are produced by a mi-
croorganism which may also grow on stored food-
stuffs [18], the detection of these peptides is very
important.
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ABSTRACT

Analysis of amino acids derivatized by reaction with naphthalene-2,3-dicarboxaldehyde (NDA) was investigated using high-perform-
ance capillary electrophoresis (HPCE) combined with laser-induced fluorescence detection. Of the HPCE modes, capillary zone electro-
phoresis, micellar electrokinetic chromatography and cyclodextrin (CD)-modified micellar electrokinetic chromatography (CD-
MEKC) were applied to the separation of these amino acid derivatives. CD-MEKC allowed separation in less than 30 min and proved

to be effective for chiral separation in some cases. A detection limit of 0.8 amol was obtained for NDA-labelled leucine at a signal-to-

noise ratio of 2.

INTRODUCTION

Recent advances in biotechnology require highly
sensitive analytical methods for the determination of
biological compounds such as amino acids and
polypeptides. This has led to the development of
a variety of analytical instrumentation, including
high-performance liquid chromatography (HPLC)
and high-performance capillary electrophoresis
(HPCE) with high resolving power. Compared with

* Present address: R&D Engineering Department, Analytical
Instruments Division, Shimadzu Corporation, 1 Nishino-
kyo-Kuwabaracho, Nakagyo-ku, Kyoto 604, Japan.

0021-9673/92/805.00

HPLC, HPCE seems to be more attractive in terms
of the high column efficiency and the possibility of
improved mass sensitivities for sample components
due to smaller injection volumes [1]. Unfortunately,
currently available commercial detectors limit the
sensitivities actually obtainable,

Recently, several detection schemes including
electrochemical [2,3], radiometric [4], mass spec-
trometric [5], indirect fluorescence [6] and laser-
induced fluorescence [7-10] have been investigated
to achieve improved sensitivity. To date, the most
sensitive detector investigated for the capillary zone
electrophoresis (CZE) of amino acids was based on
the laser-induced fluorescence after precolumn deri-

© 1992 Elsevier Science Publishers B.V. All rights reserved
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vatization with fluorescein isothiocyanate (FITC)
[7]. Nickerson and Jorgenson [8] also demonstrated
the utility of laser-induced fluorescence (LIF) detec-
tion for CZE by employing several tagging reagents,
such as o-phthalaldehyde (OPA), naphthalene-2,3-
dicarboxaldehyde (NDA) and FITC, for the pre-
column derivatization of amino acids. The detection
limits are at the attomole level, but the neutral amino
acids migrate at similar velocities in the CZE mode,
thereby resulting in poor separation of these amino
acids.

Although lower detection limits can be obtained
with LIF detection, it is necessary to find a greater
variety of tagging reagents which favor the use of a
laser, and whose derivatization product is compat-
ible with the methods of separation in HPCE. Liu et
al. [9] reported a new tagging reagent, 3-(4-carboxy-
benzoyl)-2-quinolinecarboxaldehyde  (CBQCA),
which gave isoindole derivatives of amino acids and
peptides detectable in the low attomole range.
CBQCA exhibited some desirable properties regard-
ing the peak excitation wavelength coincidence of
the derivatized compounds with the output wave-
length of the helium—cadmium (He-Cd) laser (442
nm), the migration behavior of those compounds in
HPCE and the reactivity with a variety of com-
pounds such as peptides. However, the reagent is not
yet commercially available. Therefore, we decided to
examine NDA derivatization further, as only a
limited exploration of HPCE has been made with
this reagent, yet it is readily available commercially.

Photomultiplier tube Mirror 1

T. UEDA et al.

NDA reacts with primary amines in the presence
of cyanide to form 1-cyano-2-substituted-benz[/]iso-
indole (CBI) derivatives, which exhibit improved
stability compared with OPA derivatives and high
quantum efficiencies [11,12], even in the aqueous
buffer solutions usually required in HPCE. Further,
the excitation maxima of these compounds are well
matched to the output wavelength of the He-Cd
laser. Although some of the CBI-amino acids have
been used to reveal the advantages of LIF detection
in CZE [7,13], the separation of these compounds
has not been pursued by other electrophoretic
methods, such as micellar electrokinetic chroma-
tography (MEKC) or cyclodextrin (CD)-modified
MEKC. In this study, the separation of CBI-amino
acids was investigated using several modes of HPCE
to characterize the migration profiles of these com-
pounds within each mode. LIF detection of these
compounds was performed to demonstrate the
capability of the HPCE-LIF system as an analytical
tool which can exhibit high resolving power and
high sensitivity.

EXPERIMENTAL

Apparatus

Fig. 1 shows a schematic diagram of the optical
configuration of the LIF detector used. The laseris a
Mode! 4207NB He—Cd laser (Liconix, Santa Clara,
CA, USA), which can produce 7 mW of output
power at 442 nm. The emitted light from the laser

He-Cd Laser

Bandpass filter
Polarizing filter

@

~

Photodiode

Diffuser

N

Beamsplitter

microscope
objective Focusing
microscope
i objective
Fused-silica
capillary

Mirror 2

Fig. 1. Schematic diagram of laser-induced fluoreseence detector for HPCE.
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was reflected from a dielectric mirror (Model DM..6,
99% reflectivity at 442 nm) (Newport, Fountain
Valley, CA, USA) and divided into two beams with
a Model 44920 beam splitter (Oriel, Stratford, CT,
USA). The laser output was monitored with a silicon
photodiode (Hamamatsu, Bridgewater, NJ, USA)
after passing the split portion of the laser beam
through an optical diffuser (Oriel) and an iris
diaphragm (Oriel). The output of the photodiode
was converted to voltage and used as a reference
voltage to compensate for the laser source noise with
an analogue ratio circuit designed and constructed
in this laboratory. The portion of the laser beam
transmitted directly through the splitter was re-
flected from a second mirror and focused with a
10 x microscope objective (Oriel) on the bared
surface of a fused-silica capillary from which a 2-mm
portion of the polyimide coating was removed at a
point 50 cm from the inlet end. The capillary tubing
of 50 um I.D. and 290 um O.D. (Code No. 062464;
Scientific Glass Engineering, Ringwood, Victoria,
Australia) was mounted axially at 45° to the laser
beam ini order to reduce the collection of scattered
excitation light. The emitted fluorescence from the
sample was collected with a 20 x microscope objec-
tive (Oriel) at right-angles to the incident beam and
passed through an iris diaphragm, a polarizing filter
(Code No. 65.5050; Rolyn Optics, Covina, CA,
USA) and a Model 490DF20 bandpass filter with a
center wavelength of 490 nm and a half-bandwidth
of 20 nm (Omega Optical, Brattleboro, VT, USA).
As the numerical aperture of the microscope objec-
tive used in this study was 0.4, the calculated
efficiency of collection of the emitted fluorescence
from the analyte was ca. 4% [7]. A Model R1527
photomultiplier tube (Hamamatsu) operated at 900
V with a Model 227 high-voltage power supply
(Pacific Instruments, Concord, CA, USA) was used
to detect fluorescence. The current output from the
photomultiplier was converted to voltage and di-
vided by the reference voltage with the analogue
ratio circuit. The resulting voltage ratio was display-
ed on a Model CR501 data processor (Shimadzu,
Columbia, MD, USA).

Capillary electrophoresis was performed with an
in-house designed instrument. A Model EH30R3
high-voltage power supply (Glassman High Vol-
tage, Whitehouse Station, NJ, USA) was used to
generate the electric field across a capillary of 70 cm
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total and 50 cm separation length. Each end of the
capillary was immersed in a separate glass bottle
filled with buffer solution. Platinum wire electrodes
were inserted in the buffer solutions for electrical
connection. The high-voltage end of the capillary
was enclosed in a Plexiglas box with a safety
interlock. For temperature control, the capillary was
inserted in40 cm x 0.8 mm 1.D. Teflon tube, which
was connected to two PEEK T-joints so that water
could be circulated outside the capillary.

Reagents

The amino acid standard solution (A2161) used as
a stock solution was purchased from Sigma (St.
Louis, MO, USA). According to the manufacturer,
it is prepared as a standard for the fluorescence
detection of amino acids from protein hydrolysates,
and contains 2.5 10~ * M of each amino acid, except
L-cystine at 1.25 - 107% M. The standard solution
was tested to ensure that each component was within
4% of its stated concentration. Individual L-amino
acids for spiking for peak identification and DL-
amino acids for chiral separation were also pur-
chased from Sigma (Code No. LAA-21 and DLAA).
NDA (Code No. A5594) was obtained from Tokyo
Kasei (Tokyo, Japan). Sodium cyanide from Fluka
Chemical (Ronkonkoma, NY, USA) was used as re-
ceived. Sodium hydroxide of semiconductor grade,
boric acid, sodium dodecyl suifate (SDS), CDs
(Code No. 85608-8 for f-CD and 86141-3 for y-CD)
were purchased from Aldrich (Milwaukee, WI,
USA). All solutions were prepared in NANOpure
(Sybron Barnstead, Boston, MA, USA) and filtered
through a 0.2-um pore size membrane filter before
use.

Stock solutions

Stock solutions of 100 mM borate buffer were
prepared weekly by dissolving 1.316 g of boric acid
and an appropriate amount of sodium hydroxide in
200 ml of NANOpure water. NDA was dissolved in
HPLC-grade acetonitrile (Fisher Scientific, Pitts-
burgh, PA, USA) at 4.6 mg per 25 ml to give a I mM
solution every month. Stock solutions of 10 mM
cyanide were prepared every 2 weeks by dissolving
49 mg of sodium cyanide in 100 ml of NANOpure
water. For the preparation of amino acid solutions,
serial dilutions with 0.1 M hydrochloric acid were
made on a weekly basis from the stock solution to



268

give the desired concentration. All the solutions
were stored at 4°C. For the experiments in which
samples of less than 2.5 uM of each amino acid were
used, all glassware was well rinsed with fresh
NANOpure water just before use.

Derivatization procedure

To 700 ul of borate buffer solution (100 mM, pH
9.5) in a 1.5-ml vial, 100 ul of sodium cyanide
solution (10 mA{) and 100 ul of amino acid solution
were added and mixed. Next, 100 ul of NDA
solution (1 mM) were added to the vial and the vial
was capped. After gentle shaking, the reaction was
allowed to proceed at 25°C for 30 min. The standard
sample solutions were prepared in concentrations
ranging from 1 nM to 1 uM for each amino acid
(except for L-cystine at half those concentrations).

Met, Tyr
His, Tle, Phe, Leu — | ~ Thr, Val
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Procedure

Sample solutions were introduced into the capil-
lary with a hydrodynamic injection method. The
injection volume was calculated according to the
equation described by Rose and Jorgenson [14].
After the introduction of sample solution, 15 kV
were applied across the capillary. Peak identification
was performed by spiking the mixture with the
individual amino acids (internal addition method).

RESULTS AND DISCUSSION

Separation of CBI-mino acids

Although the sample solutions used in this study
contained sixteen amino acids with primary amine
groups, multi-derivatized compounds, such as lysine
and cystine, cannot be detected with this method

Arg
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2z
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[
£
o
2
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Fig. 2. Electropherogram of CBI-amino acids obtained by CZE. Electrolyte, 100 mM borate buffer (pH 9.0); capillary, 50 um 1.D. (290
um Q.D.), 76 cui in total length (50 ¢m to the detector); applied voltage, 15 kV; current, 27 pA; estimated injection volume, 2.9 nl;

concentration for each CBI-amino acid, 2.5 1077 M.
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because of fluorescence quenching [15]. The quan-
tum efficiency of the di-derivatized lysine is only
0.02, compared with 0.5-0.8 for other amino acids.
Even though NDA and OPA display common
functionalities, i.e., dicarboxaldehyde, it was report-
ed that the addition of a surfactant such as Brij did
not reduce the fluorescence quenching as it did with
the OPA system [15]. However, it may be possible to
enhance the fluorescence intensity for di-derivatized
compounds with the addition of SDS or CDs to the
electrolyte which worked well in the OPA system
[L6]. Therefore, three modes of HPCE, i.e., CZE,
MEKC and CD-MEKC, were applied to the separa-
tion of these CBI-amino acids with LIF detection.

In CZE, migration of each component in the
sample is dependent of the ionic nature of the com-
ponent. Usually, electroosmotic mobility through a
fused-silica capillary at a neutral pH is larger than
the electrophoretic mobility of the sample com-
ponent. Hence the CBIl-amino acids, which are
negatively charged at pH 9.0 because of the remain-
ing carboxylate, would migrate toward the detector.
As shown in Fig. 2, these compounds are not well
resolved in the CZE mode owing to the similarity of
the molecular structure. However, the migration
order of these compounds can be explained on the
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basis of the theory of CZE; CBI-Arg appeared first,
then the CBI derivatives of neutral amino acids and
finally CBI-Glu and CBI-Asp. As the isoelectric
points (pI) are 10.76 for Arg, 3.08 for Glu and 2.98
for Asp, the observed migration order seems reason-
able at least for these amino acids. The separation of
other derivatives seemed to be difficult in the CZE
mode because of their close p/ values.

MEKC, which was first proposed by Terabe et al.
[17], has been investigated by many researchers as a
separation technique for both neutral and ionic
compounds while retaining the high resolving power
of HPCE. In this separation mode, an ionic surfac-
tant such as SDS is added to the electrolyte at
concentrations exceeding the critical micellar con-
centration. The separation of the solutes occurs on
the basis of the partition mechanism between an
aqueous buffer and a micelle. Therefore, MEKC
would be expected to expand the application of
HPCE to a variety of compounds. Fig. 3 illustrates
the electropherogram of the CBI-amino acids ob-
tained by MEKC. Compared with Fig. 2, the
separation of the amino acids was dramatically
improved by the addition of SDS to the electrolyte.
CBI-Ser and CBI-Thr migrated faster than other
amino acids, presumably owing to their hydrophilic
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Fig. 3. Electropherogram of CBI-amino acids obtained by MEKC. Electrolyte, 50 mM SDS-100 mM borate buffer (pH 9.0); applied
voltage, 15 kV; current, 35 uA; estimated injection volume, 2.5 nl; other conditions as in Fig. 2.
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Fig. 4. Electropherogram of CBI-amino acids obtained by -CD-MEKC. Electrolyte, 10 mM -CD-50 mM SDS-100 mM borate buffer
(pH 9.0); applied voltage, 15 kV; current, 36 uA,; estimated injection volume, 2.5 nl; other conditions as in Fig. 2.
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Fig. 5. Electropherogram of CBI-amino acids obtained by y-CD-MEKC. Electrolyte, 10 mM y-CD~50 mM SDS-100 mA borate buffer
(pH 9.0), applied voltage, 15 kV; current, 36 pA; estimated injection volume, 2.5 nl; other conditions as in Fig. 2.
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residues. Under these analytical conditions, CBI-
Ala and CBI-Glu co-eluted, and the separation of
CBI-Leu and CBI-Phe was incomplete by MEKC
even at different pH values and/or higher concentra-
tions of SDS. Manipulation of the migration time of
CBI-Glu, which was possible by changing pH of the
buffer solution, led to an improved separation of
CBI-Glu and CBI-Ala at pH 7.0. Unfortunately, the
sensitivity towards lysine and cystine was still poor.
In Fig. 3, the small peak just before the CBI-Arg
corresponded to di-derivatized cystine, and the peak
just after the CBI-Arg contained di-derivatized
lysine together with by-products of the NDA reac-
tion. Although a cationic surfactant is available for
MEKC, CBI-amino acids did not separate satisfac-
torily in the presence of cetyltrimethylammonium
bromide, presumably owing to the ion-pair forma-
tion between this cationic surfactant and the nega-
tively charged CBI-amino acids.

A more successful approach was to add CDs to
the MEKC system. This technique has already been
reported by Terabe et al. [18] for the separation of
highly hydrophobic compounds. In this study, addi-
tion of CDs to the electrolyte was expected to
improve the separation of derivatized amino acids as
it did in reversed-phase chromatography by intro-
ducing another partition mechanism [19]. CD itself
will migrate at a velocity identical with the electro-
osmotic flow. When a solute interacts with a CD
through the formation of an inclusion complex, its
migration time becomes shorter. The difference in
migration time for a solute with CD is strongly
dependent on the degree of complexation of the
solute with CD. Therefore, addition of CD to the
micellar solution can change the migration selectivi-
ty for the solutes in MEKC. This method, named
CD-MEKC by Terabe et al. [18], was applied to the
separation of CBI-amino acids in this study.

Fig. 4 shows the electropherogram of the CBI-
amino acids obtained by f-CD-MEKC. Compared
with Fig. 3, the separation of CBI-Leu and CBI-Phe
was dramatically improved. CBI-Ala now migrated
substantially faster than CBI-Glu and the migration
times were all reduced. Other conditions being
equal, the addition of S-CD reversed the elution
order of CBI-Met—CBI-Tle and CBI-Asp-CBI-Val.

Fig. 5 shows the different elution profile obtained
when -CD was replaced with y-CD. Table I lists the
migration orders of the CBI-amino acids in MEKC,
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TABLE 1

ELUTION ORDER OF CBI-AMINO ACIDS IN MEKC AND
CD-MEKC

Analytical conditions are given in Fig. 3 for MEKC, in Fig. 4 for
B-CD-MEKC and in Fig. 5 for y-CD-MEKC.

Elution order MEKC B-CD-MEKC y-CD-MEKC
1 Ser Ser Thr
2 Thr Thr Val
3 His His Ile
4 Gly Gly Ser
5 Ala, Glu Ala His
6 - Glu Ala
7 Asp Tyr Met
8 Tyr Val Tyr
9 Val Asp Gly

10 Met lle Leu

11 Ile Met Glu

12 Leu Leu Asp

13 Phe Phe Phe

14 Arg Arg Arg

B-CD-MEKC, and y-CD-MEKC. The reproduci-
bility of migration times for CBI-amino acids was
less than 2% relative standard deviation (n = 5) in
these modes. It was obvious that even though this
separation system contained the same concentration
of SDS in the operating buffer solutions, addition of
CDs produced different selectivities in terms of
solute migration characteristics. It can be concluded
that CDs are effective for separations where mani-
pulation of selectivity is necessary in MEKC.

Chiral separation of CBI-DL-amino acids

During the course of this study, we found that the
chiral separation of some CBI-DL-amino acids could
be performed by CD-MEKC. This is not surprising,
because CD or CD derivatives have been successful-
ly applied to the enantiomeric separation of dansyl-
ated bL-amino acids in both HPLC [20,21] and other
modes of HPCE [22,23]. The electropherogram
shown in Fig. 6 illustrates the chiral separation of
CBI-pL-amino acids obtained by B-CD-MEKC.
The electrolyte contained 10 mM B-CD, 50 mM
SDS, and 100 mM borate buffer (pH 9.0). Even
though the difference in migration times for the p-
and t-forms were very small, the inherently high
efficiency of HPCE allowed the separation of these
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Fig. 6. Electropherogram of a mixture of five CBI-pDL-amino acids obtained by f-CD-MEKC. Concentration of each pair of

CBI-pDL-amino acids, 4.0 - 10~7 M; other conditions as in Fig. 4.

enantiomers, provided that the electrolyte contained
SDS. The elution order of D- and L-enantiomers
seemed to be dependent on the structure of the
amino acids. As shown in Fig. 6, the D-enantiomers
migrated faster than the L-enantiomers for deriva-
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N
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Fluorescence intensity
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tized aliphatic amino acids (Thr, Asp and Ile),
whereas the reverse occurred for aromatic amino
acids (Tyr and Phe). Even though all CBI-amino
acids contain naphthalene rings in their structures,
the functional group on each amino acid residue

D-Arg , L-Arg

5 10 15 20
Time (min)

25

Fig. 7. Electropherogram of a mixture of six CBI-DL-amino acids obtained by y-CD-MEKC. Concentration of each pair of CBI-

pL-amino acids, 2.0 - 10”7 M; other conditions as in Fig. 5.
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might be important for their chiral recognition as
these functional groups govern the degree of the
formation of an inclusion complex.

To investigate further the nature of the chiral
separation in CD-MEKC, y-CD was employed with
the same micellar solution. Fig. 7 shows the chiral
separation of the CBI-DL-amino acids by y-CD-
MEKC. Here, the L-form of CBI-Phe still migrated
faster than the D-form, whereas the elution order of
the enantiomers of CBI-DL-Thr was reversed: the
resolution of both pairs was enhanced. Indeed, all
the D/L-forms shown in Fig. 7 were better separated
than by f-CD-MEKC, with the exception of D- and
L-Asp, which could not be separated (not shown). In
the future, optimization of analytical conditions
such as pH, concentration of SDS and CD, addition
of organic solvent and buffer species will be necessa-
ry to understand the mechanism of the chiral
separation of amino acids in CD-MEKC.

Detection limits

To assess the limits of detection (LOD) for the
CBI-amino acids in HPCE, mixtures of the deriva-
tives were injected at a concentrationof 2.5 - 1077 M
for each amino acid (corresponding to 2.5 107%

TABLE II

LIMITS OF DETECTION FOR CBI-AMINO ACIDS IN
HPCE-LIF

Limits of detection were calculated based on a signal-to-noise
ratio of 2.

Amino acid LOD (amol)
CZE MEKC B-CD-MEKC

Ser 0.7 1.0 09
Thr - 1.1 I.1
His - 1.1 1.0
Gly 0.7 1.0 0.9
Ala 0.7 - 1.0
Glu 1.1 - 1.0
Tyr - 1.1 1.0
Val - 1.1 0.9
Asp 1.5 23 1.6
Ile - I.1 1.0
Met - 0.9 0.9
Leu - - 0.8
Phe - - 0.9
Arg - 0.9 0.9
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M before derivatization). The estimated injection
volumes were 2.9 nl for CZE and 2.5 nl for MEKC.
Table II lists the mass detection limits for the amino
acids obtained by CZE, MEKC and -CD-MEKC.
The sensitivity varied little, the estimated detection
limits ranging from 0.7 amol (2.4 - 1071° M) to 2.3
amol (9.2 107'° M). The detector produced a
linear response over the range of 107°-107°
M using the derivatized sample solutions serially
diluted with the electrolytes.

As the spot diameter of the laser beam is ca. 25 um
on the capillary surface, a “detection cell” volume of
ca. 35 pl can be estimated. As a medium detection
limit of 5.0 - 107'° M of a CBI-amino acid in 35 pl
corresponds to 0.018 amol (10 500 molecules) of the
analyte, and the collection efficiency of the micro-
scope objective used in this study was considered to
be 4%, the observed fluorescence is emitted from
about 420 molecules of the analyte. This calculation
was made to assess the theoretical limits of detection
in the present system and the results indicate that
there is still room for improvement. Further in-
creases in sensitivity could be achieved by increasing
the cell volume, so far as this can be done without
losing resolution, increasing the collection efficiency
of the emitted fluorescence and increasing the laser
power. A new tagging reagent, having a high molar
absorptivity at the excitation wavelength of the laser
and high quantum efficiency, would also improve
the detection limits. Investigations involving both
these aspects of LIF detection are being continued.

CONCLUSIONS

The results of this work demonstrate (1) the
improvement of the selectivities for CBI-amino
acids by MEKC and CD-MEKC compared with
CZE, (2) the chiral separation of CBI-DL-amino
acids by CD-MEKC and (3) the high sensitivity
obtained for these derivatives by using an LIF
detector. Overall, the HPCE-LIF system can pro-
vide a powerful microanalytical method for biologi-
cal molecules such as amino acids and peptides.
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ABSTRACT

Many substituted purines (theobromine, caffeine, paraxanthine, theophylline and uric acid, as well as other methylated xanthines and
uric acids) can easily be separated and analysed in one run using micellar electrokinetic capillary chromatography with a borate—
phosphate buffer containing 75 mM sodium dodecy! sulphate (pH ~9). Serum, saliva and urine samples collected after the self-
administration of caffeine and serum samples from patients receiving theophylline or caffeine pharmacotherapy were screened for
substituted purines. The data presented show the ease of using on-column muiti-wavelength detection for investigating the feasibility of
direct sample application, the characterization of sample pretreatment procedures and peak confirmation by comparing absorption
spectra. It is shown that the determination of purines in serum and saliva samples, including therapeutic concentrations of caffeine and
theophylline, can be accomplished without any sample pretreatment, whereas sample extraction is required for the determination of
purines in urine. Quantitative data for the determination of micromolar amounts of theophylline (samples from adult patients) and
caffeine (samples from infants born prematurely) in serum samples compare well with data obtained by non-isotopic immunoassays.
Micellar electrokinetic capillary chromatography with the direct injection of serum or saliva samples requires only microlitre volumes of
sample and several different compounds can be determined within a few minutes.

INTRODUCTION er function test, which requires the determination of

caffeine concentrations in serum or saliva samples

Theophylline is a potent bronchodilator and res-
piratory stimulant and is widely used in the treat-
ment of asthma [1]. Both theophylline and caffeine
are used for the treatment of apnoea in infants born
prematurely [2,3]. As a consequence of the variation
of pharmacokinetics between patients, it is widely
recognized that it is necessary to monitor concen-
trations of drugs in individual patients to ensure the
maximum clinical response and to avoid undesir-
able side-effects associated with overdoses of these
compounds. Caffeine clearance is also used as a liv-

* Permanent address: Institute of Analytical Chemistry,
Czechoslovak Academy of Sciences, CS-611 42 Brno,
Czechoslovakia.
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[4]. Non-isotopic immunoassays [3,5] and many
chromatographic methods [3,5-7] have been devel-
oped as instrumental approaches for the determina-
tion of theophylline and caffeine in body fluids.
High-performance capillary electrophoresis
(HPCE) and micellar electrokinetic capillary chro-
matography (MECC, an interface between electro-
phoresis and chromatography) are attractive ap-
proaches for the determination of pharmaceuticals
in body fluids [8-16]. In MECC two distinct phases
are used, an aqueous and a micellar or pseudo-sta-
tionary phase. These two phases are established by
buffers containing surfactants [e.g. sodium dodecyl
sulphate (SDS)] above their critical micellar concen-
tration. An MECC analysis is performed in equip-

1992 Elsevier Science Publishers B.V. All rights reserved
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ment designed for HPCE, i.e. in an open-tubular
capillary of very small internal diameter. A high-
voltage d.c. electric field is applied along the col-
umn, causing a movement of the entire liquid (the
so-called electro-osmotic flow) and migration of the
charged micelles. Non-ionic solutes partition be-
tween the two phases and elute with zone velocities
between those of the two phases. Their elution or-
der is essentially based on the degree of partitioning
[14]. In such a system several substituted purines of
very similar structure can be well separated with a
buffer of about pH 8 containing 50 mM SDS [17].

In a previous investigation [15] the advantages of
using fast-scanning, multi-wavelength detection for
the HPCE-MECC determination of barbiturates in
serum samples and urine was shown. This approach
allowed peak confirmation and peak purity to be
evaluated by comparing the absorption spectra.
The objectives of the work described in this paper
were to investigate (i) the suitability of direct sample
introduction and various extraction procedures for
the determination of caffeine, theophylline, para-
xanthine, uric acid and related compounds in hu-
man serum, saliva and urine samples by MECC us-
ing on-column, fast-scanning polychrome detec-
tion, and (ii) the determination of theophylline and
caffeine in serum samples by MECC compared with
non-isotopic immunoassays.

EXPERIMENTAL

Chemicals and origin of samples

All chemicals used were of analytical-reagent or
research grade. The purines were obtained from
Fluka (Buchs, Switzerland), except uric acid, which
was purchased from Merck (Darmstadt, Germany).
Bovine plasma was prepared by centrifugation of
bovine blood (from the local slaughterhouse) and
blank human serum samples were obtained by cen-
trifugation of the authors’ blood (1500 g for 10
min). Blank saliva samples were obtained from a
subject who does not drink any beverages contain-
ing caffeine or other methylxanthines. Serum sam-
ples were collected in the routine drug assay lab-
oratory where they were received for therapeutic
drug monitoring of patients receiving theophylline
pharmacotherapy and of infants born prematurely
and receiving treatment with caffeine or theophyl-
line. After centrifugation, all samples were assayed
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for theophylline or caffeine by an automated en-
zyme immunoassay and stored at —20°C until re-
quired.

Self-administration of caffeine

Coffee was prepared from disposable bags of in-
stant coffee packaged for the study of the overnight
clearance of caffeine from saliva [4]. A bag contain-
ing 2 g of instant decaffeinated coffee powder
spiked with 140 mg of caffeine was used to prepare a
cup of coffee. One or two cups were administered.

Immunoassays

Caffeine concentrations were determined in se-
rum and saliva samples by an automated enzyme-
multiplied immunoassay technique (EMIT; Syva,
Palo Alto, CA, USA) using a Cobas Bio centrifugal
analyser (F. Hoffmann-La Roche, Diagnostica,
Basle, Switzerland) as previously described by Zys-
set et al. [3]. Theophylline concentrations were mea-
sured using an EMIT (Syva) procedure similar to
that for caffeine and by an automated fluorescence
polarization immunoassay (FPIA) on a TDx ana-
lyzer (Abbott Laboratories, Irving, TX, USA). The
FPIA assays were performed according to the man-
ufacturer’s instructions. The EMIT assays for caf-
feine and theophylline are designed to determine
caffeine and theophylline concentrations from 5.2
to 155 uM (1-30 pug/ml) and 13.9 to 222 uM (2.5-40
pg/ml), respectively. The FPIA assay operates be-
tween 2.8 and 222 uM (0.51-40 ug/ml).

Electrophoretic instrumentation and running condi-
tions

The instrument with multi-wavelength detection
used in this work has been described previously [15].
Briefly, it features a 75 um LD. fused-silica capillary
of about 90 cm length (Product TSP/075/375, Poly-
micro Technologies, Phoenix, AZ, USA) and a fast-
scanning multi-wavelength detector (Model UVIS
206 PHD) with an on-column capillary detector cell
(No. 9550-0155; both from Linear Instruments, Re-
no, NV, USA) towards the capillary end. The effec-
tive separation distance was 70 cm. A constant volt-
age of 20 kV was applied. The cathode was on the
detector side. Sample application occurred manual-
ly through dipping the anodic capillary end into the
sample vial and lifting it 34 cm for a specified time
interval (typically 5 s). Multi-wavelength data were
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read, evaluated and stored by a Mandax AT 286
computer system using the 206 detector software
package version 2.0 (Linear Instruments), with win-
dows 286 version 2.1 (Microsoft, Redmont, WA,
USA). Conditioning for each experiment was per-
formed by rinsing the capillary with 0.1 M sodium
hydroxide solution for 3 min and with buffer for 5
min. Throughout this work the 206 detector was
used in the high-speed polychrome mode by scan-
ning from 195 to 320 nm at 5-nm intervals (26 wave-
lengths). With these settings the sampling rate was
3.69 data points per second and wavelength unit.
For quantitation the model 270A capillary elec-
trophoresis system (Applied Biosystems, San Jose,
CA, USA) was used. This apparatus features auto-
mated capillary rinsing, sampling and execution of
the electrokinetic run. For these experiments it was
equipped with a 50 ym LD. fused-silica capillary
with an effective separation length of 35 to 45 cm.. A
Model D-2000 chromato-integrator (Merck-Hita-
chi, Darmstadt, Germany) was used for recording
the pherograms and for quantitation by peak-area
measurements. The integrator sampling period was
set to one data point per 200 ms throughout this
work. Unless otherwise stated, before each run the
capillary was rinsed with 0.1 M sodium hydroxide
solution (1 min) and with buffer (2 min). The in-
jection of the sample was achieved by vacuum suc-
tion for 1-2 s. A constant voltage of 15—30 kV was
applied and the temperature was set at 40°C.

Electrophoresis buffers and standard solutions

For monitoring the purines a buffer of 75 mM
SDS, 6 mM Na,B40, and 10 mM Na,HPO, (pH
~ 9) was used. All standard solutions of purines
were prepared in buffer or methanol at concentra-
tions of 100-360 ug/ml. The blank and patient sam-
ples were spiked by adding known aliquots of these
standard solutions to the body fluids prior to sam-
ple injection or extraction. For quantitation, ali-
quots of the methanolic standard solutions were
added to a glass test-tube with a conical bottom,
evaporated to dryness under a stream of nitrogen
(40°C) and reconstituted with either 0.5 ml of bo-
vine plasma, blank human serum or patient serum.

Direct injection of body fluids
Serum, saliva and urine samples were either in-
jected as received or, prior to injection, filtered us-
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ing 0.2-um Nalgene (25 mm diameter) disposable
syringe filters (Nalge Company, Rochester, NY,
USA). .
Extraction of purines

The rapid extraction of substituted purines from
serum (or bovine plasma) and saliva samples was
achieved using Sep-Pak C, g cartridges (Waters, Di-
vision of Millipore, Milford, MA, USA), which are
reversed-phase octadecylsilane-bonded silica col-
umns. These were conditioned immediately before
use by drawing 2 ml of methanol followed by an
equal volume of water through the column with a
plastic syringe. The columns were loaded by the ap-
plication of a mixture of 0.5 ml of serum (bovine
plasma) or saliva sample and 0.5 ml of 20 mA phos-
phate buffer (pH 7), then rinsed with 2 ml of water
and dried with an equal volume of air. The columns
were eluted into a test-tube with 0.6 ml of methanol
before evaporation to dryness under a gentle stream
of nitrogen at 30~40°C. The residue was dissolved in
200 pl of running buffer.

Liquid-liquid extraction for the determination of
substituted purines in serum (bovine plasma) and
saliva samples by MECC was performed using a
modification of the method of Zysset et al. [3]. Into
an 11-ml screw-capped Sovirel test-tube, 0.5 ml of
serum (bovine plasma) or saliva sample, 0.2 g of
ammonium sulphate and 8 ml of chloroform—iso-
propanol (1:1, v/v) were added. After vigorous
shaking for 30 min and centrifugation at 1500 g for
10 min the organic layer was transferred into a test-
tube with a conical bottom and evaporated to dry-
ness under a gentle stream of nitrogen at 70°C. The
residue was dissolved in 200 ul of running buffer,
shaken for 30 s, taken up by a 2-ml plastic syringe
and filtered through a Nalgene syringe filter (0.2
um, 25 mm diameter).

The purines were extracted from urine using
Bond Elut Certify cartridges and the Vac Elut set-
up (both from Analytichem International, Harbor
City, CA, USA). With minor alterations, the manu-
facturer’s instructions for acidic and neutral drugs
were used, as described previously for the determi-
nation of barbiturates [15]. After extraction the
dried residue was dissolved in 100200 ul of running
buffer.
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RESULTS AND DISCUSSION

MECC of substituted purines in serum, saliva and
urine samples

The three-dimensional electropherogram shown
in Fig. 1A represents the absorbance versus reten-
tion time versus wavelength relationship for a mod-
el mixture consisting of ten substituted purines.
These compounds are found in the metabolic path-
ways of caffeine and theophylline in humans [18].
Each component is characterized by its retention
and migration behaviour, with theobromine (com-
pound 1) being the fastest (the least interaction with
the micelles) and uric acid (compound 10) the slow-
est. Fig. 1B shows the data at three wavelengths
only, indicating that these purines are readily de-
tected at 280 nm and that there is baseline resolu-
tion except between l-methyluric acid (compound
8) and 7-methyluric acid (compound 9). Under the

W. THORMANN et al.

investigated experimental conditions, several other
purines were found to co-elute with one of these
compounds. 3,7-Dimethyluric acid formed a mixed
zone with 7-methylxanthine, 1-methylxanthine with
1-methyluric acid, and 1,3- and 1,7-dimethyluric
acid with 3-methylxanthine. The absorbance spec-
trum of each compound can be extracted from the
data points as so-called time slices. When the back-
ground absorption was subtracted, the spectra com-
pared well with those measured on a standard spec-
trophotometer. Background-subtracted, normal-
ized spectra are used to aid comparisons (see be-
low).

Two extraction methods were investigated to
monitor caffeine and theophylline in serum sam-
ples. Fig. 2 shows three-dimensional pherograms of
theobromine, caffeine and theophylline extracted
from spiked bovine plasma using the liquid-liquid
extraction (panel A) and the Sep-Pak Cs (panel B)
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"Fig. 1. Three-dimensional electropherograms of a model mixture of ten substituted purines (A) and pherograms at three wavelengths of
the same run (B). The applied voltage was a constant 20 kV and the current was 75 uA. Peaks: 1 = theobromine (3,7-dimethylxanthine);

2 =

caffeine (1,3,7-trimethylxanthine); 3 = paraxanthine (1,7-dimethylxanthine); 4 = theophylline (1,3-dimethylxanthine); 5 =

7-methylxanthine; 6 = 3-methylxanthine; 7 = 3-methyl uric acid; 8 = [-methyl uric acid; 9 = 7-methyl uric acid; 10 = uric acid.
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Fig. 2. Three-dimensional data plot obtained after liquid—liquid (A) and Sep-Pak (B) extraction of bovine plasma spiked with theobro-
mine (ca. 140 uM), caffeine (ca. 250 uM) and theophylline (ca. 140 uM). The applied voltage was a constant 20 kV and the current was

74 pA.

pretreatment procedures. The three purines could
easily be identified by comparing their spectra with
those obtained from Fig. 1 (data not shown), as well
as by their retention behaviour, i.e. time of detec-
tion relative to a known compound such as theo-
bromine. With both procedures, the three com-
pounds extracted well and provided well resolved
pherograms when detected at or close to 280 nm.
With the solid-phase method, however, a lower
number of components was extracted from the se-
rum matrix.

The data presented in Fig. 3A and B were ob-
tained with a human serum sample which was only
passed through a 0.2-um syringe filter before sam-
ple injection. This serum sample was prepared | h
after the self-administration of 140 mg of caffeine.
[t represents the same sample previously investigat-
ed as a blank probe for the determination of

barbiturates in another buffer system [15]. As in this
previous investigation, the data shown in panel B
show that components eluting between caffeine
(peak 2) and uric acid (peak 10) can be analysed
with direct sample injection, i.e. without extraction.
Analysis by an EMIT gave a caffeine concentration
of 22.8 uM. Serum proteins are dissolved by SDS
and elute (as a very braod zone) after uric acid. For
comparison, the three-dimensional pherogram of a
serum sample collected 2.5 h after caffeine self-ad-
ministration (EMIT 21.3 uM caffeine) and extract-
ed using the liquid-liquid extraction procedure is
presented in Fig. 3C. In both instances, the spectral
information allowed the positive identification of
caffeine (peak 2), its metabolite paraxanthine (peak
3) and uric acid (peak 10), as is illustrated by the
normalized spectra of panels D, E and F, respec-
tively. :
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Fig. 3. Three dimensional data plots of a directly injected serum sample (complete pherogram in A and expanded section in B) and after
liquid-liguid extraction (C). Power conditions as in Fig. 1. Spectral identity proof of eluting caffeine (D), paraxanthine (E) and uric acid
(F) zones are presented as a comparison of the background corrected time slices with computer-stored, normalized spectra.

The data shown in Fig. 4 were obtained with a
serum sample from a patient receiving theophylline
pharmacotherapy (EMIT 95 uM). The suitability of
direct sample introduction for drug monitoring is
shown with the example of panel A. A clear theo-
phylline zone is produced within the analytical win-
dow. Fig. 4B shows the three-dimensional phero-
gram after Sep-Pak extraction and Fig. 4C the spec-
tral proof of identity for the theophylline zone. The
corresponding single-wavelength data for 200 and
280 nm are presented in Fig. 5. These data clearly
show that well resolved theophylline peaks are ob-
tained with either method when monitored at 280
nm. The serum concentration of theophylline was
determined as 87 uM using Sep-Pak clean-up and

detection at 280 nm (see below) and 96 uM using
FPIA. Thus, MECC has the potential to determine
serum theophylline at concentrations of pharma-
cological interest (the therapeutic range of this com-
pound is 55-110 uM) and without elaborate sample
pretreatment.

The direct injection of serum samples in MECC
allows rapid analysis which can be performed on
very small sample volumes (a few microlitres), such
as those from infants born prematurely, samples
which are typically too small to be pretreated. The
three-dimensional pherograms presented in Fig. 6
were obtained with two unfiltered serum samples
from infants. All the assigned peaks could be ver-
ified by comparing normalized time slices, and well
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resolved pherograms were obtained at 280 nm (data determination of purines. Serum concentrations of
not shown), indicating that the direct injection of  caffeine, determined by EMIT, were 14 (Fig. 6A)
serum samples from infants could be used for the and 107 (Fig. 6B) uM. The theophylline concentra-
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Fig. 5. Single-wavelength pherograms (200 and 280 nm) of the data presented in Fig. 4A and B.

tions were 35.7 and 3.5 uM, respectively, using
FPIA. An analysis of the sample shown in Fig. 6A,
but filtered prior to injection, gave no change in the
caffeine and theophylline peaks. The two serum
samples are interesting because they show metabo-
lic differences in the drugs given. Theophylline was
given in the sample of Fig. 6A and caffeine in the
sample of Fig. 6B. Not surprisingly, caffeine is
clearly detected as a metabolite of theophylline in
infants born prematurely [18] using MECC (Fig.
6A), whereas no substantial amount of theophylline
is found during caffeine pharmacotherapy (Fig.
6B).

The determination of caffeine [4] and theophyl-
line [19] in saliva has been reported as being a useful
alternative to the monitoring of these compounds in
serum samples. This non-invasive method has great
potential, particularly for children, as it avoids the
potential trauma associated with venipuncture. As

with the serum samples, it was of interest to eluci-
date the possibilities of direct injection of saliva
compared with different sample extraction proce-
dures. Fig. 7A and B shows multi-dimensional phe-
rograms obtained after the direct injection of a fil-
tered saliva sample which was collected about 1 h
after the self-administration of 280 mg of caffeine.
For that sample, concentrations of caffeine and the-
ophylline in saliva were determined to be 29.8
(EMIT) and <2 uM (FPIA), respectively. Fig. 7A
shows the pattern measured between 0 and 25 min,
showing a much reduced protein content of saliva
compared with that of serum samples. The expand-
ed caffeine—uric acid window of the same data is
presented in Fig. 7B and the corresponding data
from a blank saliva sample from a subject who did
not take any caffeine-containing beverages nor food
is given in Fig. 7C. Fig. 7D shows the pherogram
obtained with the saliva sample of Fig. 7A and B
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Fig. 6. Multi-wavelength data obtained by the direct injection of serum samples from two infants born prematurely. (A) Infant with
theophylline treatment; (B) with caffeine pharmacotherapy. Power conditions as in Fig. 1.

but after liquid-liquid extraction as a clean-up pro-
cedure. The assigned peaks of caffeine, paraxan-
thine and uric acid could easily be verified by com-
paring normalized, background corrected time slic-
es (data not shown).

The analysis of urine from a subject with regular
coffee consumption by direct injection reveals the
presence of many highly concentrated compounds
(Fig. 8A and B). With this approach, only uric acid
could be reliably assigned. Thus, for the determina-
tion of caffeine and other purines, sample clean-up
is necessary, as is shown by the pherograms present-
ed in Fig. 8C-E. With the liquid-liquid extraction
method developed for serum and saliva samples
(Fig. 8C), many compounds became even more
concentrated than in urine alone, whereas with the
Sep-Pak procedure (Fig. 8D) the urine matrix could
be simplified, but the determination of caffeine was
not possible. However, the Bond Elut Certify meth-
od allowed the unambiguous determination of caf-

feine and paraxanthine in this urine sample (Fig.
8E).

Theophylline and caffeine concentrations in serum
samples from patients R :

The determination of theophylline in human se-
rum samples by MECC was performed by the ex-
ternal and internal standard methods using theo-
bromine as the reference compound. All measure-
ments were made on an ABI instrument. Peak areas
of single injections were used as the basis for data
evaluation. Two approaches were investigated, the
direct injection of serum samples and simplification
of the sample matrix by Sep-Pak extraction prior to
sample analysis. With direct sample injection cali-
bration graphs were constructed with spiked human
serum samples in the concentration range 10~120
uM (five data points) and with 60 uM theobromine
as an internal standard. Detection was at 280 nm. A
typical pherogram is shown in Fig. 9B. The cali-
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Fig. 7. Pherograms of saliva samples. (A) Complete data plot between 0 and 25 min and (B) expanded section of the same run with
direct injection of a saliva sample which was collected 1 h after the self-administration of 280 mg of caffeine. (C) Data obtained after the
direct injection of a saliva sample from a subject who does not consume any caffeine. (D) Data plot of the saliva sample of panels A and
B but after liquid-liquid extraction. Power conditions as in Fig. 1.
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Fig. 9. Single-wavelength electropherograms (280 nm) obtained
with direct injection of serum samples using the automated in-
strument. The injection time was 1 s, the effective capillary length
was 37 cm and the applied voltage was a constant 15 kV (32 uA
current) in all instances. (A) Blank serum sample; (B) blank se-
rum sample spiked with theobromine, caffeine and theophylline
(60 uM each); (C) sample from patient receiving theophylline;
(D) sample from patient receiving theophylline spiked with theo-
bromine (60 uM); (E) sample from infant (caffeine treatment);
(F) sample from infant (theophylline treatment).

bration graphs were linear (typical correlation coef-
ficient 0.995; slope 37.7; y-intercept 5.2 uM). Simi-
lar correlations were obtained with external data
evaluation, i.e., without the incorporation of the in-
ternal standard. It was interesting to find that bo-
vine plasma could not be used as a calibration ma-
trix for the direct sample injection because of in-
terfering peaks. For Sep-Pak extraction calibration
graphs were constructed with bovine plasma spiked
with theophylline in the concentration range 5~160
uM (six data points) and with 40 uM theobromine
as an internal standard. Detection was at 200 and
280 nm. The graphs showed good linearities with
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Fig. 10. Theophylline concentrations in serum samples from fif-
teen patients determined by MECC with direct injection (eval-
uated with and without internal standard and denoted by d(int)
and d(ext), respectively), MECC after solid-phase extraction and
with detection at 200 and 280 nm (both evaluated with internal
standard and denoted by e(int-200) and e(int-280), respectively),
EMIT and FPIA.

correlation coefficients of 0.998 and 0.995, slopes of
35.05 and 24.04 and y-intercepts of —10.6 and
—3.21 uM for the two sets of data, respectively.
Slightly lower correlations were obtained using the
external standard method.

Fifteen serum samples from patients receiving
theophylline treatment were analysed by MECC
and their theophylline concentrations compared
with those obtained by two non-isotopic immuno-
logical techniques, EMIT and FPIA. All the data
correlated well (Fig. 10 and Table I). It is interesting
to note that the data from the two immunological
procedures correlate better (coefficient 0.988, see
Table I) than the MECC data evaluated with differ-
ent approaches (coefficients between 0.895 and
0.984). The MECC data were slightly lower than
those obtained by EMIT (Fig. 11A), indicating the
presence of cross-reactivity of other purines in the
immunoassays. The data summarized in Table 1
show that with direct sample injection better corre-
lations with the EMIT data were obtained com-
pared with Sep-Pak extraction. This suggests that
more reliable theophylline concentrations are deter-
mined without extraction. Furthermore, after ex-
traction, more reliable data were obtained when
monitored at 280 than when monitored at 200 nm,
this difference being attributed to the difference in
the number of detected peaks at the two wave-
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Fig. 11. Comparison of drug concentrations determined by

EMIT and MECC (obtained with direct injection of serum sam-
ple and without incorporation of an internal standard). (A) Theo-
phylline concentration in serum samples from adult patients;
(B) caffeine concentrations in serum samples from infants born
prematurely.

lengths (Fig. 5). Several serum samples also showed
distortions of the theophylline peaks, which were
not seen in longer capillary columns. The devia-
tions, however, are insignificant with respect to the
relatively wide treatment range used for theophyl-
line. With direct sample injection good reproduc-
ibility was obtained. The mean retention time (rela-
tive standard deviation; R.S.D.) for theophylline of
ten consecutively injected samples was 5.47 min
(0.6%). The R.S.D. of peak areas was 5-7%. The
theophylline concentrations determined with and
without the inclusion of the internal standard were
essentially equal. This is in contrast to the results
with purines (data not shown) and barbiturates
[15,16] using sample extraction prior to analysis.
The determination of caffeine in serum samples
from infants born prematurely was performed by
the external standard method using peak areas of
single injections as the basis for data evaluation.
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LINEAR REGRESSION ANALYSIS DATA OF COMPARATIVE SERUM THEOPHYLLINE CONCENTRATIONS

The acronyms d(int) and d(ext) represent data obtained with direct injection of serum samples and data evaluation based on internal
and external calibration, respectively. e(int-280) and e(int-200) refer to Sep-Pak extraction and detection at 280 and 200 nm, respec-

tively.

Assay 1 Assay 2 n Slope y-Intercept  r
(x-axis) (y-axis) (uM)

MECC d(int) MECC d(ext) 8 1.0t 344 0.984
MECC d(ext) EMIT 14 1.12 —4.52 0.953
MECC d(int) EMIT 8 .23 -7.62 0.972
MECC d(ext) MECC e(int-280) 14 0.976 2.36 0.913
MECC d(int) MECC e(int-280) 8 0.969 1.37 0.936
MECC e(int-280) EMIT 15 1.06 -1.79 0.930
MECC ¢(int-200) EMIT 14 1.03 —-0.213 0.947
MECC e(int-200) MECC e(int-280) 14 0.964 1.89 0.895
FPIA EMIT 15 1.01 0.503 0.988

Samples were directly injected and pherograms
were measured at 280 nm. Typical pherograms are
depicted in Fig. 9E and F. Calibration graphs were
constructed with spiked human serum samples in
the concentration range 10-120 uM (five data
points). Linear relationships with correlation coeffi-
cients between 0.995 and 0.999, slopes of 0.0117 to
0.0135 and y-intercepts ranging from 0.9 to 3.2 uM
caffeine were obtained. Fifteen samples from in-
fants receiving either theophylline or caffeine treat-
ment were analysed and the caffeine concentrations
compared with those obtained by EMIT. The data
correlated well (Fig. 11B), but the MECC data were
conststently higher than the caffeine concentrations
determined by EMIT. No explanation could be
found for this deviation. In fact, higher EMIT con-
centrations were expected because of cross reactiv-
ity with other substituted purines, including para-
xanthine and theophylline. To gain an insight into
this problem further investigations are required.
The average retention time was 4.93 min with an
R.S.D. of 1.7% (r = 10). Occasionally, a sudden
increase in elution time to values between 5.2 and
6.7 min was observed. If this occurred a 15-min
wash with 1 M sodium hydroxide solution had to be
used to restore the correct measuring conditions.
Reproducibility was improved by rinsing with 0.1
M sodium hydroxide solution and buffer for 3 and 5
min, respectively, between each run.

It is interesting to add that caffeine concentra-
tions greater than 50 uM originated from caffeine

pharmacotherapy, whereas caffeine concentrations
less than 40 uM were found during treatment with
theophylline, when caffeine is produced as metabo-
lite. The conclusion is reached that MECC with di-
rect sample injection and without the inclusion of
an internal standard produces pharmacologically
meaningful data which can be used for monitoring
caffeine in serum samples of infants during treat-
ment with theophylline or caffeine.

CONCLUSIONS

Using body fluids as samples, fast-scanning poly-
chrome detection is an interesting approach for the
characterization and identification of eluting zones
in MECC. The multi-wavelength data reveal the
suitability of the direct injection of serum or saliva
samples (no protein removal required) for the deter-
mination of micromolar amounts of caffeine, theo-
phylline, paraxanthine and uric acid by MECC.
The direct injection of urine is not possible for the
determination of methylated xanthines at these con-
centrations.

The determination of theophylline and caffeine in
serum samples by MECC with on-column UV ad-
sorption detection can be used for concentrations of
pharmacological interest, i.e., covering the thera-
peutic ranges of the two drugs (55-110 and 25-100
uM, respectively). The results correlate well with
those obtained by homogeneous immunoassays.
No sample pretreatment of any sort, including pre-
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column treatment as in high-performance liquid
chromatography {20], nor internal standard is re-
quired. Measurements can be performed on serum
samples as small as a few microlitres and with a
detection limit in the low micromolar range. Hence
MECC is an attractive method for therapeutic drug
monitoring, particularly for small sample volumes
such as body fluids from infants. It is a rapid assay
which is easy to perform. With MECC as described
here, it is assumed that total drug concentrations
are determined (but not proven) as a result of the
release of the protein-bound portion of the drug by
SDS (direct sample injection) or the extraction pro-
cedure. Free drug concentrations would be ob-
tained if the proteins were removed (e.g., with ultra-
filtration) prior to sample injection or extraction.
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ABSTRACT

Various alkali metals, alkaline earth metals, transition metals and lanthanides were separated by capillary electrophoresis, and
factors influencing the separations were studied. The reproducible separation of fifteen metal cations was completed in 8 min. The
detection system showed a linear relationship between peak area and analyte concentration. To permit the use of indirect photometric
detection and to ensure symmetrical peak shapes, a highly UV-absorbing amine having an electrophoretic mobility similar to those of
the analyte cations was chosen as the major component of the electrolyte. Complexing compounds were added to the electrolyte to

maximize selectively the differences in the apparent mobilities of the cations and enhance the separations.

INTRODUCTION

In recent years, capillary electrophoresis (CE) has
been used mainly for the separation of biological
macromolecules [1-3]. Fewer papers have been
published relating to inorganic compounds. Of these
papers, the majority report separations of inorganic
anions. The separations of anions by CE have been
shown to be highly sensitive (nanomolar limits of
detection) and highly efficient (20 000-1 000 000
theoretical plates) [4-7]. They offer a selectivity
which is complementary to existing techniques such
as ion chromatography. Although the first pub-
lished application of CE for inorganic cations was
reported in 1967 by Hjerten [8], few applications of
CE for inorganic cations have since been published
[9-11].

A recent paper on cation separations was pub-
lished by Foret ez al. [12]. In this method, indirect
UV detection was utilized for the separation of a
group of lanthanide cations. Complexing agents
were added to the electrolyte to effect a highly
efficient separation in under 5 min. A different

0021-9673/92/$05.00 ©

complexing agent was employed by Swaile and
Sepaniak [13] for the laser-based fluorescence detec-
tion of three common metal ions. The effect of pH
and complexing agent concentration on the separa-
tion of the three metal cations was described.

We report here several successful separations of -
Group IA, Group IIA, transition metal and lan-
thanide cation mixtures by CE, with indirect UV
detection, and some method development rules
unique to the separation of inorganic cations.

EXPERIMENTAL

A Waters (Milford, MA, USA) Quanta 4000
capillary electrophoresis system, equipped with a
positive power supply, was used. Fused-silica capil-
laries, 75 um LD. and 52 c¢m from the point of
sample introduction to the detector window, were
obtained from Waters (AccuSep capillaries). Indi-
rect UV detection was achieved with the use of a zinc
lamp and a 214-nm optical filter. The samples were
introduced into the capillary by 20- or 30-second
hydrostatic injections from a height of 10 cm.

1992 Elsevier Science Publishers B.V. All rights reserved
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Standard 2-ml polyethylene sample vials (Sun
Brokers, Wilmington, NC, USA) were used as
containers for the carrier electrolyte and for all the
standards and samples. A Waters 860 Data Station
and Waters SIM interface were used to record and
evaluate the electropherograms, the subsequent sta-
tistical processing being performed using Cricket-
Graph (Cricket Software, Malvern, PA, USA) with
a Macintosh SE personal computer (Apple Com-
puters, Cupertino, CA, USA).

All solutions, electrolytes and standards were
prepared using 18-MQ water generated by a Milli-Q
laboratory water purification system (Millipore,
Bedford, MA, USA). The transition metal stan-
dards were prepared by the dilution of standards
obtained from Sigma (St. Louis, MO, USA), and the
alkali and alkaline earth metal standards were
prepared from salts obtained from Aldrich Chemi-
cal (Milwaukee, W1, USA), as was the analytical re-
‘agent-grade a-hydroxyisobutyric acid (HIBA). The
UV background-providing component of the elec-
trolyte, UVCat 1, was obtained from Waters.

RESULTS AND DISCUSSION

The selectivity of ion separations in CE can be
predicted from the tabulated values of the equiva-
lent ionic conductivities [14], 4;, which are directly
related to the electrophoretic mobilities, y;, of the
ions:

pi = MfF M

where Fis the Faraday constant. The electrophoretic
mobilities, in turn, determine the velocity of the
analyte under a given set of CE conditions. The
resulting velocity of the ion is a sum of two
contributions, the velocity of the ion and the velocity
of the electroosmotic flow (EOF). The EOF is the
bulk flow of liquid due to the effect of the electric
field on the electrical double layer adjacent to the
capillary wall. Hence it is the apparent mobility of
the ions, which includes an electroosmotic compo-
nent in addition to an electrophoretic component,
that is measured in CE.

The velocity of migration in CE, v,,, is givenin its
simplest form by

Vapp = (i + teor) E 2

wihicie ; is the clectrophoretic mobility of the ion,
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Ueor is the electroosmotic flow mobility and E is the
electric field, or, in more detail, by [15]

Ly Lo L
=y BT

A3)

where v,,, is the measured migration velocity of the
solute peak, E is the electric field strength, L is the
length of the capillary from the injection end to the
detector, L, is the total length of the capillary, ¢ is the
measured migration time of the solute and V is the
voltage across the capillary.

The velocity of the EOF is dependent on the
charge of the capillary wall. The polarity of the
charge on the wall determines the direction of the
flow, while the amount of charge (zeta potential)
determines the magnitude of the flow. For the
anions, the differences in the equivalent ionic con-
ductivities are sufficiently large that selective separa-
tions of large numbers of anions are possible [16]
simply by modifying the velocity of the EOF. On the
other hand, the equivalent ionic conductivities of the
cations, and consequently their mobilities, are too
close in many instances to expect selective separa-
tions based solely on the migration behavior of free
cations. However, the apparent mobilities of cations
may be affected by altering the charge on the
analytes, by modifying the pH of the electrolyte or
by the addition of complexing agents to the electro-
lyte.

An example of the effect of pH on the separation
of inorganic cations is given by the separation of the
alkali metals from the ammonium ion. In the
separation of inorganic cations by CE, the positively
charged ions migrate away from the positive power
supply towards the detector, in the direction of the
EOF. Smaller ions with higher equivalent ionic
conductivities migrate the fastest (Fig. 1). In the
separation in Fig. 2a, the cations elute in the order
predicted by their equivalent ionic conductivities. As
expected, potassium and ammonium co-elute at
pH 6.15 owing to their identical equivalent ionic
conductivities. By altering the pH of the electrolyte,
the ionization of the alkali metal cations and their
mobilities will be essentially unaffected. However, as
the pH of the electrolyte is increased, the NH; be-
comes progressively less protonated (pK, of NH; =
4.75) and its apparent mobility decreases. At pH 8.5,
the apparent mobilities of K* and NHZ become
sufficiently different to permit an effective separa-
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80 — tion (Fig. 2b). In addition to its effect on the mobility
o 751 < o of the ammonium ion, the pH also affects the EOF.
S 0 o —taCe As the silanol groups on the capillary wall are
E 651 vomeTnm by —Er—Ho—GI—E4 " weakly acidic (pK = 7-8) [17], the degree of their
2 /93' lonization is also dependent on the pH of the
o 5 sr—ce electrolyte. The higher the pH, the faster is the EOF.
5 551 .y 2ol —tMn— cumromca=—" Thus, at high pH (ca. 8), in addition to the separa-
2 s50{ M Na tion of K* from NH{, the total analysis time also
L] .
T s decreases (Fig. 2b).
2z 0 The separation of the alkalil metals from the
. } Y alkaline metals povides another example where poor
P e P resolution may be predicted from the equivalent
Metals Placed in Ascending Order of EIC ionic conductivities. As the equivalent ionic conduc-

Fig. 1. Plot of equivalent jonic conductivities (EIC) of the tivities of Strf)ntlum and calcium apd also of SOd}um
Group IA, Group IIA, transition metal and lanthanide metal and magnesium are close, strontium and calcium
cations, placed in asending order of EIC. The closer the values, co-migrate as do sodium and magnesium. In this
the more challenging the separation. It can be seen that the instance, however, the addition of a weak complex-

Group IA cations are more readily separated than the transition ing agent alters the apparent mobilities of the
metals or the lanthanides.
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Fig. 2. (a) Separation of the Group 1A metal cations in the presence of ammonia, using indirect photometric detection at 214 nm. Carrier
electrolyte contains 5 mM morpholinoethanesulphonate adjusted to pH 6.15. A fused-silica capillary (75 um LD., 52 cm from the point of
injection to the detector) was used for the separation and a positive voltage of 25 kV was employed. The sample was introduced into the
capillary by hydrostatic injection, from a height of 10 cm, for 30 s. Potassium and ammonium have identical equivalent ionic
conductivities and therefore co-clute. Peaks: | = potassium; 2 = ammonium; 3 = sodium; 4 = lithium. (b) CE separation of the
Group IA metal cations at pH 8.5 in the presence of ammonia. CE conditions as in (a) except for pH. By altering the pH, the apparent
mobilities of the analytes can be selectively modified. Peaks as in ().
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Fig. 3. Complete separation of Group 1A and TIA metal cations
due to the addition of a complexing agent (citrate) to the
electrolyte. Carrier electrolyte, 5 mM Waters UVCat-1 (pH 5.5);
capillary, 60 cm x 75 pm 1D. fused silica; voltage, 25 kV
(positive); hydrostatic injection, 30 s from 10 cm height; indirect
UV detection at 214 nm. Peaks: 1 = potassium; 2 = bariun; 3 =
strontium; 4 = sodium; 5 = calcium; 6 = magnesium; 7 =
lithium.

cations sufficiently to permit a separation. An
equilibrium, described by the stability constant K, is
formed between the more mobile free cation and the
slower, complexed form of the cation.

The interaction between the metal ion, M, and the
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complexing agent, CA, is described by the following
equilibrium expression [13]:

[M(CA™).]

K= Mcar

c
where # is the number of ligands. The apparent
(observed) electrophoretic mobilities of the metal
ions are then a combination of the mobilities of the
free metal and the various complexes:

Papp = O pm+ + B pvi + ...+ HeoF

where @ + f = 1 and are the mole fractions of each
species in the capillary and uy+ and uve are the
mobilities of the free ion and a metal complex,
respectively.

Although the equivalent ionic conductivities of
the co-migrating cations are close, they are not
identical. The addition of citrate at pH 5.5, a weakly
complexing agent, is sufficient to effect a separation
(Fig. 3). The additional benefit of the complexing
agent is its effect on peak symmetry. The uncom-
plexed metals have a higher mobility than the co-ion
in the background electrolyte and the peaks show
various degrees of fronting [18,19]. The complexed
cations posses lower apparent mobilities, which
more closely match the mobility of the electrolyte.
The peak shapes in Fig. 3, therefore, exhibit better
peak symmetry.

"

3.0 4.0 5r0
Minutes

7.0 8.0

Fig. 4. Separation of alkali, alkaline earth and transition metal cations with the aid of an alternative complexing agent, HIBA. Carrier
electrolyte, 5 mM Waters UVCat-1-6.5 mM HIBA (pH 4.4); capillary as described previously; voltage, 20 kV (positive); hydrostatic
injection, as before; indirect UV detection at 214 nm. Peaks: 1 = potassium (0.8 ppm); 2 = barium (1.5 ppm); 3 = strontium (1.5 ppm);
4 - caleium (0 7 ppm); 5 = sodium (0.6 ppm); 6 = magnesium (0.4 ppm); 7 = manganese (0.8 ppm); 8 = cadmium (0.8 ppm); 9 =
iron(11) (1.0 ppm); 10 = cobalt (0.8 ppm); 11 = lead (1.0 ppm); iZ = nickel (0.0 ppinj; 13 — lithium (0.2 ppm); 14 = zinc (0.4 ppm); 15 =

copper (0.6 ppm).
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Fig. 5. Simultaneous separation of alkali, alkaline earth and lanthanide metal cations by CE. Carrier electrolyte, 10 mM Waters
UVCat-1-4.0 mM HIBA (pH adjusted to 4.4 with acetic acid); capillary, 36.5cm x 75 um LD. fused silica; voltage, 30 kV (positive);
hydrostatic injection, 20 s from 10 cm height; indirect UV detection at 214 nm. Peaks: 1 = rubidium (2 ppm); 2 = potassium (5 ppm);3 =
calcium (2 ppm); 4 = sodium (1 ppm); 5 = magnesium (1 ppm); 6 = lithium (I ppm); 7 = lanthanum (5 ppm); 8 = cerium (5 ppm); 9 =
praseodymium (S ppmy); 10 = neodymium (5 ppm); 11 = samarium (5 ppm); 12 = europium (5 ppm); 13 = gadolinium (5 ppm); 14 =
terbium (5 ppm); 15 = dysprosium (5 ppm); 16 = holmium (5 ppm); 17 = erbium (5 ppm); 18 = thulium (5 ppm); 19 = ytterbium
(5 ppm). ’

In addition to citrate, HIBA has also been utilized complexation reactions with the lanthanides [20],
as a complexing agent applicable to the separation but was chosen here to aid in the separation of the
of metals which have mobilities similar to one alkali and alkaline earth metals from a group of
another [14]. HIBA is most commonly used in transition metals (Fig. 4). The separations of 1 ppm

TABLE 1

SENSITIVITIES FOR ALKALI, ALKALINE EARTH, TRANSITION AND LANTHANIDE METALS USING CAPILLARY
ELECTROPHORESIS

Detection limits defined as 2 x noise in concentration units, using 10-cm hydrostatic injection and indirect UV detection at 214 nm for
30 s with the alkali, alkaline earth and transition metals and for 20 s with the lanthanide metals.

Cation Sensitivity Cation Sensitivity Cation Sensitivity
(ppb)* (ppb)* (ppb)*

Potassium 135 Manganese 120 Lanthanum 92
Barium 394 Cadmium 162 Cerium 77
Strontium 243 Iron 132 Praseodymium 81
Calcium 107 Cobalt 110 Neodymium 89
Sodium 96 Lead 388 Samarium 115
Magnesium 57 Nickel 118 Europium 120
Litium 18 Zinc 72 Gadolinium 138
Copper 206 Terbium 146
Dysprosium 154
Holmium 163
Erbium 170
Thulium 183
Ytterbium 197

“ The American billion (10°) is meant here.
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TABLE 11
REPRODUCIBILITY OF CE METHOD

Cation R.S.D. (%) (n = 95)
Migration time  Peak area

Potassium 0.34 1.80
Sodium 0.37 2.60
Lithium 0.38 1.40
Barium 0.37 0.97
Strontium 0.38 1.07
Calcium 0.37 1.20
Magnesium  0.38 0.80

or less of each of fifteen cations was completed in
8 min with baseline resolution between the majority
of the peaks. In ion chromatography, the separation
of these fifteen cations requires two different separa-
tion modes and detection schemes [14].

The equivalent ionic conductivities of the lantha-
nides are even more similar to one another than
those of the transition metals. The separation of the
lanthanides from one another is therefore more
chellenging than the separation of transition metals.
Using HIBA as the complexing agent, a mixture
containing less than 5 ppm of each of nineteen
cations, including lanthanides and alkali and alka-

A. WESTON et al.
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Fig. 6. CE analysis of a fermentation broth sample. Carrier
electrolyte, 5 mM Waters UVCat-1-6.5 mM HIBA (pH 4.2),
capillary, 60 cm x 75 um 1.D. fused silica; voltage, 20 kv
(positive); hydrostatic injection, 30 s from 10 cm-height; indirect
UV detection at 214 nm. The original sample was diluted 1:100
before analysis. In the diluted sample, potassium and sodium are
in the 100-1000 ppm range, while the other threc analytes are in
the 10-100 ppb range. Peaks: 1 = potassium; 2 = sodium; 3 =
magnesium; 4 = manganese; 5 = zinc.

line earth metals, were separated in under 2 min
(Fig. 5).

Minimum detectable injected concentrations for
the metals, based on the peak height of twice the
baseline noise, are given in Table I for the electro-
phoretic buffer containing UVCat-1 and HIBA at

1
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Minutes

Fig. 7. CE analysis of a cominercial cough syrup. CE conditions as in Fig. 6. The syrup was diluted 1:200 before analysis. Peaks: | =

potassium; 2 = calcium; 3 = sodium; 4 = magnesium.
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pH 4.4. The relative standard deviation (R.S.D.) in
migration time for each of the Group IA and ITA
cations, shown in Table II, was less than 1% (n = 5),
and the R.S.D. in peak area was less than 2% (except
Na = 2.6%). The linear dynamic range was almost
two orders of magnitude above the detection limit
(R > 0.997), the upper limit of calibration being due
to loss of resolution rather than loss of linearity.

The potential of this technique for analyses for
cations in complex matrices is shown in Figs. 6 and
7. With only a dilution required for the sample prep-
aration, a fermentation broth and various cough
medicines were both successfully analyzed for metal
cations. In addition, this method shows great poten-
tial for use in environmental monitoring, to deter-
mine the concentrations of major cationic compo-
nents in fresh, sea and waste waters rapidly, repro-
ducibly and with high sensitivity.
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ABSTRACT

The influence of the primary structure (base composition) on the electrophoretic migration properties of single-stranded oligodeoxy-
ribonucleotides in capillary polyacrylamide gel electrophoresis was investigated using homo- and heterooligomers under denaturing
and non-denaturing conditions. Homooligodeoxyribonucleotides of equal chain lengths but of different base composition showed
significant differences in mobility. In addition, the migration properties of heterooligomers were found to be highly dependent on their
base composition. A simple equation is presented for predicting relative migration times using denaturing and non-denaturing po-
lyacrylamide capillary gel electrophoresis. Orange-G was used as an internal standard and as the basis of the relative migration time
calculations. Examples are presented using homo- and heterooligomers in the 10-20-mer range to show the correlation of the primary

structure and their predicted and observed migration rates.

INTRODUCTION

High-performance capillary  electrophoresis
(HPCE) is rapidly becoming an important separa-
tion tool in analytical biochemistry and molecular
biology [1-5]. Capillary polyacrylamide gel electro-
phoresis of oligonucleotides and DNA and RNA
molecules under denaturing and non-denaturing
conditions have been shown to provide separations
of very high efficiency [6-8]. As an instrumental ap-
proach to electrophoresis, the method offers the
ability to do multiple injections on the same gel-
filled capillary column, with on-column UV detec-
tion and on-line data processing [9].

In this work, the influence of the primary struc-
ture (base composition) on the migration properties
of homo- and heterooligodeoxyribonucleotides in
capillary polyacrylamide gel electrophoresis was
studied. Previous reports have described slab [10]
and capillary [11] polyacrylamide gel electrophore-
sis under denaturing conditions as an accurate
method for the determination of the-chain length
and molecular weight of small DNA and RNA mol-
ecules. However, in our experiments with capillary

0021-9673/92/$05.00 ©

gel electrophoresis, the direct correlation between
the chain length of the homooligomers and their
migration times was found to be unreliable. It was
observed that under both denaturing and non-de-
naturing electrophoresis conditions, oligonucleo-
tides were not separated according to their chain
lengths alone. In fact, base composition plays a sig-
nificant role in oligonucleotide migration in poly-
acrylamide gels. A reliable model has been devel-
oped to predict the electrophoretic migration times
of any oligonucleotide with a known sequence rela-
tive to homooligomers having the same chain
lengths.

EXPERIMENTAL

Apparatus

In all these studies, the P/ACE System 2100 capil-
lary electrophoresis apparatus (Beckman Instru-
ments, Palo Alto, CA, USA) was used with reversed
polarity (cathode on the injection side and anode on
the detection side). The separations were monitored
on-column at 254 nm. The temperature of the gel-
filled capillary columns was controlled by the liquid

1992 Elsevier Science Publishers B.V. All rights reserved
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cooling system of the P/ACE instrument at 25°C.
The electropherograms were acquired and stored
on an Everex 386/33 computer using System Gold
software (Beckman Instruments).

Procedures

Polymerization of the non-denaturing linear
(non-cross-linked) polyacrylamide was accom-
plished within fused-silica capillary tubing (Poly-
micro Technologies, Phoenix, AZ, USA) in 100
mM Tris—borate-2 mM EDTA (pH 8.5) buffer.
Polymerization was initiated by ammonium peroxo-
disulfate and catalyzed by tetramethylethylenedi-
amine (TEMED). The denaturing gel column em-
ployed was the eCAP gel U100P (Beckman Instru-
ments). To obtain a similar pore structure, both the
non-denaturing and the denaturing polyacrylamide
gels were prepared at the same concentration. The
samples were injected electrokinetically into the gel-
filled capillary columns, typically using 0.1 W s.
Samples were boiled for 5 min and then cooled for
30 s in ice-water before injection.

Chemicals

The homodecamers of adenylic [p(dA);o], cyti-
dylic [p(dQC);0}, guanylic [p(dG),6] and thymidylic
[p(dT)0] acids, the homooligomer mixtures,
p(dA)12-18, P(AC)12-18, P(dG)12-15and p(dT)12-18,
and the human K-ras oncogenes (dGTTGG-
AGCT-C-GTGGCGTAG, dGTTGGAGCT-
G-GTGGCGTAG and dGTTGGAGCT-T-
GTGGCGTAG) were purchased for Pharmacia
(Piscataway, NJ, USA). The samples were diluted
to 0.5 absorbance unit/ml {ca. 20 ug/ml) with water
before injection and were stored at —20°C when
not in use. Ultra-pure electrophoresis-grade acryla-
mide, Tris, boric acid, EDTA, urea, ammonium
peroxodisulfate and TEMED were employed
(Schwartz/Mann Biotech, Cambridge, MA, USA).
Orange G (Sigma, St. Louis, MO, USA) was used in
the electrophoretic separations as an internal stan-
dard at 0.001% concentration. All buffer solutions
were filtered through a 0.2-um pore size filter
(Schleicher & Schiill, Keene, NH, USA) and care-
fully vacuum degassed.

RESULTS AND DISCUSSION

Initial efforts were focused oii achieving high-res-
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Fig. 1. Non-denaturing capillary polyacrylamide gel electropho-
retic separation of p(dT),,_, oligodeoxythymidilic acid mixture
with the internal standard Orange G. Peaks: OG = Orange G; |
= pdT),,; 2 = pdT), 5 3 = pdT),; 4 = pdD),;; 5 =
p(dT),, 6 = p(dT),,; 7 = p(dT), ;. Conditions: isoelectrostatic
(constant applied electric field), 400 V/cm; prepacked non-dena-
turing polyacrylamide gel column, effective length 40 cm, total
length 47 cm; buffer, 100 mM Tris—boric acid—2 mM EDTA (pH
8.5); injection, 0.1 W s. Time in min.

olution separations of homooligodeoxyribonucleo-
tides using high-performance capillary gel electro-
phoresis under non-denaturing and denaturing con-
ditions. As reported earlier [12], the pH of the buffer
system used in capillary gel electrophoresis has a
remarkable effect on the migration properties of
different homooligomers; therefore, the pH in all
experiments reported (denaturing and the non-de-
naturing) was maintained at 8.5.

Non-denaturing capillary polyacrylamide gel col-
umns

Fig. 1 shows the baseline resolution of one of the
four homooligomer mixtures [p(dT);,_;g] separat-
ed on a non-denaturing polyacrylamide gel-filled
capillary column. The peak marked OG corre-
sponds to the internal standard Orange G, which
was selected because of its rapid migration relative
to the short oligonucleotides. The other three ho-
mooligomer mixtures, p(dA);2_is, P(dC);2_;5 and
p(dG);,_yg were also separated on the same col-
umn, again using Orange G as the internal stan-
dard. The relative migration times were calculated
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from the ratio of the migration time of the actual
oligomer to that of the internal standard. A linear
relationship existed between the relative migration
times (¢) and the chain lengths of the homooligom-
ers (n) in the size range examined, as shown in Fig.
2, according to the following equations:

p(dA),: 7(A,) = 0.0161n + 0.7979

(R.S.D. 0.999%) (1a)
p(dT),: 7(T,) = 0.02051 + 0.9023
(R.S.D. 0.999%) (1b)
p(dC),: (C,) = 0.01821 + 0.7961
(R.S.D. 0.998%) (1c)
p(dG),: (G,) = 0.0071n + 0.9590
(R.S.D. 0.999%) (1d)

where p(dA),, p(dT),, p(dC), and p(dG), are the
individual homo-n-mers of adenylic, thymidylic, cy-
tidylic and guanylic acid, respectively, and R.S.D. is
the relative standard deviation.

The plots have similar slopes for the p(dA){; s,
P(dC)12-18 and p(dT);,_;5 samples (eqns. la—c),
but a different slope for p(dG);,_y5 (eqn. 1d). This
last slope is much lower, resulting in a different mi-
gration order depending on the base number for a
mixture of the four homooligomers. For example,
the migration order below 14 basesis A > C > G
> T, between 14 and 18 bases A > G > C > T and
above 18 bases G > A > C > T. This anomalous
migration behavior may be due to the strong self-

i.3r

[
n
T

RELATIVE MIGRATION TIME
T

BASE NUMBER

Fig. 2. Relationship between the chain length and the relative
migration time of the homodeoxyribooligomer mixtures on non-
denaturing polyacrylamide gel-filled capillary. Conditons as in
Fig. 1. The calculation of relative migration times was based on
the migration time of Orange G. % = p(dA);, 5 O =
PUAT),, s O = pldC) s A = p(dG),_ 4
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Fig. 3. Capillary polyacrylamide gel electrophoretic separation
of @ homodecamer mixture on non-denaturing gel. Peaks: 1 =
p(dA) ;2 = p(dC), ;3 = p(dG), ; 4 = p(dT),,. Conditions as
in Fig. 1. Migration time of Orange G (determined in the imme-
diately following run): 12.386 min.

association tendency of guanosine under non-dena-
turing conditions, which migth cause conforma-
tional changes such as bending [10].

Also of interest in Fig. 2 is the comigration of the
14-mers of p(dC) and p(dG) and that of the 18-mers
of p(dA) and p(dG). These results indicate that the
migration rate of some oligomers could be relatively
insensitive to a difference in base composition re-
sulting in co-migration in non-denaturing gels.

As the base-specific retardation of oligonucleo-
tides is an additive effect [13], migration times can
be easily predicted using linear extrapolation from
the relative migration times of the homooligomers.
Fig. 3 shows a non-denaturing capillary gel electro-
phoretic separation of a mixture of four homo-
decamers and Table 1 gives the predicted and ob-
served relative migration times of the four sample
components. As can be seen in Table I, there is ex-
cellent agreement between the extrapolated and ob-
served relative migration time values (+0.1%). The
identification of the homooligomers was accom-
plished by spiking with the individual compounds.
The small peak after peak 4 is an impurity from
p(dT)10. As Orange G migrates too close to peak 3,
its migration time was determined in the immediate-
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TABLE 1

A. GUTTMAN, R. J. NELSON, N. COOKE

OBSERVED AND PREDICTED RELATIVE MIGRATION TIMES OF VARIOUS HOMO- AND HETEROOLIGODEOXYRI-
BONUCLEOTIDES IN NON-DENATURING POLYACRYLAMIDE CAPILLARY GEL ELECTROPHORESIS

Relative migration times were calculated using Orange G as internal standard.

Nucleotide sequence Relative migration time Migration
order
Observed Calculated
p(dA)10 0.957 0.960 1
p(dC)10 0.983 0.981 2
p(dG)10 1.039 1.032 3
p(dT)10 1.068 1.107 4
dGTTGGAGCT-G-GTGGCGTAG 1.149 1.150 1
dGTTGGAGCT-C-GTGGCGTAG 1.156 1.155 2
dGTTGGAGCT-T-GTGGCGTAG 1.160 1.16] 3

ly following run, by using peak 1 {p(dA)o] as in-
ternal standard.

Whereas simple relative migration time extrapo-
lation is satisfactory for homooligomers, the pre-
diction of the relative migration time of a hetero-
oligomer (') is improved by using the relative mi-
gration times of the four corresponding homooli-
gomers in the following relationship:

{
(AT,C.G,) = g ((A) + - (T

¢ g
S HC) + S (G (2
n n

where ¢ is relative migration time vs. the internal
standard, n is the oligonucleotide chain length (n =
a+t+ c+ g)and g, ¢, c and g are the numbers of
the individual bases in the oligonucleotide. The pa-
rameters #'(A,), £'(T,), £'(C,) and '(G,) correspond
to the relative migration times of the homooligo-n-
mers of adenylic, thymidylic, cytidylic and guanylic
acid, respectively. The most accurate calculation re-
quires the availability of standards with chain
lengths equal to the unknown. If standards are not
available, the extrapolated values from linear plots
such as Figs. 2 and 5 should be used. Capillary po-
lyacrylamide gel electrophoresis of homo- and/or
heterooligomers of known chain lengths and base
compositions showed exceiient correfaiion between

the observed and predicted migration times (Table
D).

We have also obtained (see Fig. 4) the separation
of heterooligomers with the same chain lengths and
similar sequences in order to emphasize the effec-
tiveness of the mathematical prediction of the mi-
gration order. Fig. 4 shows the non-denaturing gel

03
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Fig. 4. Non-denaturing capillary polyacrylamide gel electropho-
retic separation of a human K-ras oncogene mixture. Peaks: 1 =
dGTTGGAGCT-G-GTGGCGTAG; 2 = dGTTGGAGCT-
C-GTGGCGTAG; 3 = dGTTGGAGCT-T-GTGGCGTAG.

Conditiong as in Fig. 1.
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Fig. 5. Relationship between the chain length and the relative
migration time of the homodeoxyribooligomer mixtures on a
denaturing polyacrylamide gel-filled capillary. Conditions: iso-
electrostatic (constant applied electric field), 400 V/cm; eCAP gel
UL00P column, effective length 40 cm, total length 47 cm; in-
jection, 0.1 W s. The calculation of relative migration times was
based on the migration time of Orange G. Symbols as in Fig. 2.

electrophoretic separation of a mixture of three hu-
man K-ras oncogenes. These oligomers have the
same chain length (19-mers) and almost the same
primary sequence, differing only by one base in the
middle (position 10) of the chain (see primary struc-
ture in Table I). Because of the high resolving power
of capillary gel electrophoresis, this method is capa-
ble of separating these closely related species. Note
that the observed and predicted migration times are

TABLE I1

very similar (see Table I). The location of guanosine
in the tenth position speeds up the migration rate of
the heterooligomer, relative to that of cytidine or
thymidine. This migration order is consistent with
the data in Fig. 2. The identity of the oligomers was
confirmed by spiking the mixture with the individu-
al compounds. As no homooligo-nanodecamers
were available for these experiments, the £'(A,),
£(T,), £(C,) and r'(G,) parameters for eqn. 2 were
calculated by extrapolation of the linear plots in
Fig. 2.

Denaturing capillary polyacrylamide gel columns

When denaturing gels (eCAP gel U100P) were
used for the separation of the same oligonucleotide
mixtures, different migration properties were ob-
served. In contrast to the behavior seen in Fig. 2, all
four of the homooligomer mixtures have parallel
plots of relative migration time as a function of the
chain lengths, as shown in Fig. 5, according to the
following equations:

p(dA),: #(A,) = 0.0193n + 0.9609

(R.S.D. 0.999%) (3a)
p(dT),: £(T,) = 0.0202n + 1.1559
(R.S.D. 0.999%) (3b)
p(dC),: #(C,) = 0.0204n + 0.9590
(R.S.D. 0.999%) (3c)
p(dG),: £(G,) = 0.0188n + 1.0398
(R.S.D. 0.999%) (3d)

OBSERVED AND PREDICTED RELATIVE MIGRATION TIMES OF VARIOUS HOMO- AND HETEROOLIGODEOXYRI-
BONUCLEOTIDES IN DENATURING POLYACRYLAMIDE CAPILLARY GEL ELECTROPHORESIS

Relative migration times were calculated using Orange G as internal standard.

Nucleotide sequence Relative migration time Migration
order
Observed Calculated
p(dA)10 1.153 1.155 1
p(dC)10 1.163 1.162 2
p(dG)10 1.237 1.233 3
p(dT)10 1.356 1.355 4
dGTTGGAGCT-G-GTGGCGTAG 1.427 1.422 2
dGTTGGAGCT-C-GTGGCGTAG 1.416 1.419 1
dGTTGGAGCT-T-GTGGCGTAG 1.430 1.429 3
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‘The non-parallel discrepancy previously observ-
ed on non-denaturing gels does not occur in this
instance, probably owing to the denaturing effect of
the 7 M urea in the gel [14]. By means of eqn. 2,
relative migration times can be calculated in a simi-
lar way as above. The relative migration data for
the samples are summarized in Table II, which
shows the observed and calculated migration times
of the homo- and heterooligonucleotide mixtures
separated on denaturing gel. Referring back to the
migration behavior of the oligonucleotides on non-
denaturing gels, it is important to note that the mi-
gration order has been changed among the three
human K-ras oncogenes (Tables I and II). Again,
this was confirmed by spiking the mixture with the
individual oncogenes. As in this instance the in-
creasing guanosine content does not have the same
accelerating effect as was observed on the non-de-
naturing gel, the migration order is the same as that
observed for the homooligomers (Table II, A > C
> G > T). The accelerating effect of A- and C-rich
oligomers and the retarding effect of G- and T-rich
oligomers can be predicted for the chain-length
range examined.

CONCLUSIONS

Investigations of the electrophoretic migration
behavior of various homo-and heterooligomers of
known nucleotide sequences have been presented.
Using non-denaturing gels, we found that the rela-
tive migration order is not constant for homooli-
gomers of the same chain length, but is dependent
on the base number: for base numbers less than 14,
itisA > C > G > T, and for base numbers larger
than 18, itis G > A > C > T. This discrepancy is
probably caused by the strong self-association tend-
ency of guanosine (conformation changes such as
bending). Employing denaturing gels, however, the
migration order of the homooligomers is the same
for the entire chain-length range examined, namely
A > C > G > T. In this instance, the self-associ-
ation effect of the guanosine is assumed to be negli-
gible owing to the presence of urea, a denaturing
agent, in the gel. The denaturing gel has a much
higher sensitivity to guanosine content than the
non-denaturing gel. There is, however, an increased
ability of the iion-denaturing gel to resolve A and C
over the denaturing gel (compare Figs. 2 aid 5).

A. GUTTMAN, R. J. NELSON, N. COOKE

Because of the parallel slopes achieved using dena-
turing gels, we believe that the migration times of
heterooligonucleotides are more predictable in this
instance. In addition, it can be demonstrated using
eqn. 2 that several combinations of sequences might
be resolved in one system and not in another.
Therefore, in order to increase the confidence in oli-
gomer identity, one might need to utilize both dena-
turing and non-denaturing conditions.

Oligonucleotides of different sequences, but with
the same chain length, are more likely to show dif-
ferent migration times. With respect to base compo-
sition, an equation was derived in order to predict
the migration time of a known oligonucleotide se-
quence. Reproducibility and additivity of base-spe-
cific retardation are the basis of the calculation pro-
cedure for the relative migration times. It should be
emphasized that eqn. 2 is considered to be valid
only for primer-sized oligonucleotides (n < 25),
and it should be further evaluated for longer ones.

The method opens up a new feature of capillary
polyacrylamide gel electrophoresis in the identifica-
tion of, and discrimination between, oligonucleo-
tides by their mobility shift relative to an internal
standard. This can be easily computed by an auto-
mated capillary electrophoretic system, such as the
P/ACE 2100. A further interesting application of
this equation is to calculate the migration time dif-
ferences between oligonucleotides, and to design
appropriate electrophoresis conditions, such as col-
umn length, necessary for their separation. This can
be important for separations of oligonucleotides of
the same chain length but different base composi-
tion, such as two strands of double-stranded DNA
(denaturing gel), or in point mutation studies (non-
denaturing gel). Whereas denaturing conditions are
necessary to reduce guanosine self-association and
solve compression problems, non-denaturing gels
might also offer different selectivity in certain in-
stances.
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ABSTRACT

The construction and evaluation of an on-column joint utilizing Nafion tubing for the isolation of the electrical circuit from the
detection end of a capillary zone electrophoresis system is described. The Joint enables electrochemical detection to be performed
without adverse effects from the applied high voltage. The joint is both simple to construct and durable. The electrochemical detector
employing a carbon fiber working electrode exhibited high coulometric efficiencies and a detection limit of 6 - 1072 M or 34.8 amol for
hydroquinone. A high efficiency, of the order of 185 000 theoretical plates, was achieved for this compound. This system was evaluated
for the detection of phenolic acids in apple juice and for the determination of naphthalene-2,3-dicarboxaldehyde derivatized amino
acids in a brain homogenate. The use of voltammetry as a method of compound verification was also demonstrated.

INTRODUCTION

Since its introduction over a decade ago, capillary
electrophoresis (CE) has become established as a
powerful analytical tool for the separation of com-
plex mixtures [1]. Capillaries with small diameter are
advantageous over conventional slab gel electro-
phoresis for separations owing to the higher effi-
ciency, lower joule heating effect and faster analysis
times. One of the main areas of research is the
development of sensitive detection systems. Because

* Permanent address: School of Chemical Sciences, Dublin
City University, Dublin, Ireland.

0021-9673/92/$05.00 ©

of the small sample volumes involved, high-sensitiv-
ity and small-volume detectors are necessary for the
analysis of many real samples. Much of the work on
CE and most commercial instruments use UV
detection. However, as this is an optical technique
and is path-length dependent, the sensitivity is lim-
ited when using small-diameter capillaries. Laser-
based fluorescence detectors are more sensitive, but
are expensive and limited to certain wavelengths.
Electrochemical detection has an advantage over
these methods in that the response is not dependent
on path-length; therefore, very small capillary diam-
eters can be used without a sacrifice in signal. It also
utilizes relatively inexpensive instrumentation [2,3].

1992 Elsevier Science Publishers B.V. All rights reserved
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Wallingford and Ewing [2,3] developed an off-
column electrochemical detector and have reported
1078 M detection limits for several catechol com-
pounds. In their system, two pieces of capillary
column are coupled inside a piece of porous glass
capillary. This joint permits the flow of ions but not
bulk electrotytic flow, enabling the detection end of
the capillary to be held at ground. The fabrication of
this joint assembly is difficult and intricate. Unless
perfect alignment of both sections of the capillary is
achieved, considerable band broadening can occur.
The joint does not appear to be durable as the
porous glass is extremely fragile and must be kept
submerged in solution. Another limitation of this
design is that the porous glass capillary is not readily
available. Huang and Zare [4] designed an on-
column frit which also served to isolate the final
section of the capillary column from the applied
electrical field. However, they reported the draw-
backs of this design, including lack of capillary-to-
capillary reproducibility, leakage of the frit and
difficulty of fabrication (requiring the use of a
carbon dioxide laser). Recently, Huang et al. [5]
reported that it is not necessary to isolate the
microelectrode from the high voltage if capillaries
with very small inside diameter (5 um) are employed.
In such small capillaries, the current generated by

NAFION TUBING FRACTURE

T. J. O’'SHEA et al.

the CE separation is low enough that it does not
adversely affect the electrochemical detection. How-
ever, as a consequence of the small size, the concen-
tration detection limits are not as low as those
reported with larger inside diameter capillary col-
umns.

This paper describes an alternative construction
procedure in which the detection end of the capillary
column is isolated from the high applied voltage. We
believe this system to be simpler and more durable
than those previously published. The capacity of the
system for the analysis of real samples is explored, in
addition to the use of voltammetric characterization
as a method of compound identification.

EXPERIMENTAL

Construction of the joint assembly

Fused-silica capillaries (65-70 cm) with an I.D. of
50 um and an O.D. of 360 um were obtained from
Polymicro Technologies (Phoenix, AZ, USA). A
capillary cutter (Supelco, Bellfonte, PA, USA) was
used to score the polyimide coating ca. 1.5 cm from
the end of the capillary column. A 1-cm length of
Nafion tubing (I.D. 0.33 mm, O.D. 0.51 mm)
(Perma Pure Products, Tom’s River, NJ, USA) was
then carefully threaded over the score mark. Both

EPOXY CAPILLARY TUBING
!
|
-
__________________ _:______________—__._.
__________________ _:———-————_—_‘————*—.—.—-—__.
|
|
|
[ ]
JOINT SUPPORT

Fig. 1. Schematic diagram of Nafion joint.
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ends of the Nafion tubing were sealed to the
capillary tubing using 815 epoxy resin (Mid-Con
Plastics, Wichita, KS, USA) with 20% (v/v) tri-
ethylenetetramine. This was cured overnight. Once
cured, gentle pressure was applied to either end of
the Nafion tubing, causing the capillary to fracture
at the score. The Nafion tube holds the capillary
joint securely in place and insures correct alignment.
For additional support, the joint was epoxied to a
small section of glass. A schematic diagram of the
joint is illustrated in Fig. 1. We have completed the
construction with a 100% success rate.

CE apparatus

Electrophoresis in the capillary was driven by a
high-voltage d.c. (0-30 kV) power supply (Glassman
High Voltage, Whitehouse Station, NJ, USA). The
anodic high-voltage end of the capillary was isolated
in a Plexiglas box fitted with an interlock for
operator safety. A digital microampere current
meter was positioned between the platinum wire
ground cathode and ground. Experiments were
performed at ambient air temperature (24°C). For
UV work a CV* absorbance detector (ISCO, Lin-
coln, NE, USA) was employed. Sample introduction
was performed using pressure injection, which was
found to be reproducible and avoided bias asso-
ciated with electrokinetic injection. The injection
volume was calculated in a continuous-fill mode by
recording the time required for the sample to reach
the detector.

The Nafion joint was manipulated through two
openings in opposite sides of a plastic beaker and

H
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subsequently sealed in place with epoxy. The joint
was immersed in buffer solution and this assembly
served as the cathodic buffer reservoir. The detec-
tion capillary section was then inserted into the
electrochemical detection cell. An illustration of the
complete system is shown in Fig. 2.

Previousinvestigations by Wallingford and Ewing
[2] reported that back-pressure in the detection
capillary section is a significant contributor to zone
broadening. However, they demonstrated that if the
length is shorter than 2 cm, peak distortion is
negligible. Accordingly, we positioned the Nafion
joint ca. 1.5 cm from the detection end of the
column. A small section of polyimide was removed
from the end of the detection capillary to provide
better visualization of the insertion of the micro-
electrode.

Electrochemical detection

The electrochemical cell is similar in design to
those described previously [2,6]. Cylindrical carbon
fiber microelectrodes were constructed by aspiration
of a 33-um diameter fiber (Avco Specialty Products,
Lowell, MA, USA) into a 1.0 mm LD. capillary
tube. The capillary tube was then pulled with a
List-Medical Model 3A vertical pipet puller (Medi-
cal Systems, Greenvale, NY, USA). Silicone rubber
adhesive (General Electric, Waterford, NY, USA)
was applied to the tip of the capillary where the fiber
protruded. Once cured, the sealant formed an intact
seal around the fiber which was found to be resistant
to all buffer solutions used. In addition, owing to the
nature of the sealant, added flexibility was imparted

—_— e Lt~

| WI—\ﬁ/?ﬁ

Fig. 2. Schematic diagram of CE system. A, High-voltage power supply; B, anode; C, buffer reservoirs; D, capillary column; E, Nafion
joint; F, cathode; G, detection cell; H, reference electrode; I, carbon fiber microelectrode; J, auxiliary electrode; K, amperometric

detector.
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to the fiber, which aided in the insertion of the fiber
into the capillary column. The fiber was then cut to
the required length, 150-250 um, using surgical
scissors. Electrical contact was established via a
copper wire cemented to the carbon fiber using silver
epoxy (Ted Pella, Redding, CA, USA).

The microelectrode was then mounted on an
X-Y-Z micromanipulator (Newport, Fountain Val-
ley, CA, USA) and positioned in the electrochemical
detection cell. With the aid of an optical microscope,
the microelectrode was aligned and inserted into the
capillary column. The cell was operated in a three-
electrode configuration, with platinum wire auxil-
iary and a laboratory-built Ag/AgCl reference elec-
trode.

Electrode connections were made to a BAS
LC-4C (Bioanalytical Systems, West Lafayette, IN,
USA) amperometric detector. The low currents
generated at the microelectrode required the electro-
chemical cell to be shielded in a Faraday cage to
reduce noise contributions from external sources.

Electrochemical pretreatment of the microelec-
trode was performed using a 50-Hz square-wave
waveform of 2 V amplitude for 1 min. This was
accomplished using a function generator (Exact
Electronics, Hillsboro, OR, USA) connected to the
external input of the BAS LC-4C. An oscilloscope
was used to monitor the applied waveform. Using
this arrangement, pretreatment could be performed
without removing the microelectrode from the capil-
lary column.

Chemicals

Hydroquinone, glutamic acid, aspartic acid, p-
chlorogenic acid, caffeic acid, p-coumaric acid and
sinapic acid were purchased from Sigma (St. Louis,
MO, USA) and used as received. Naphthalene-2,3-
dicarboxaldehyde (NDA) was supplied by Oread
Labs. (Lawrence, KS, USA). Sodium cyanide was
obtained from Fisher Scientific (Fair Lawn, NJ,
USA).

All other chemicals were of analytical-reagent
grade. All solutions were prepared in NANOpure
water (Sybron-Barnstead, Boston, MA, USA) and
filtered through a 0.45-um pore size membrane filter
before use.

Apple juice preparation
The phenolic acids present in apple juice (Tree

T. J. O'SHEA et al.

Top, Selah, WA, USA) were separated from possi-
ble interferents by passing 4 ml of juice through a
Sep-Pak C, 4 cartridge and washing the column with
10 ml of NANOpure water. A 2-ml volume of
0.01 M sodium borate solution (pH 9.25) was used
to elute the phenolic acids. Neutral phenols re-
mained on the column. This extract was injected
directly onto the capillary.

Brain homogenate preparation

A rat was killed by cervical dislocation and the
brain removed. Approximately 1.7 g of brain was
homogenized in 10 ml of 50 mM borate buffer
(pH 9.0) for 15 min. A 1-ml volume of homogenate
was then removed and acidified with 80 ul of
concentrated perchloric acid and centrifuged at
16 000 g for 10 min. The supernatant was filtered
with a 2-um filter. A 50-ul aliquot of the supernatant
was derivatized in a final volume of 1 ml. The
derivatization procedure was carried out as de-
scribed previously {7].

RESULTS AND DISCUSSION

Several tests were performed to evaluate the
Nafion joint and to characterize the effects of this
modification. No substantial difference (<1%) in
the current measurement was observed between
capillaries that did not contain the joint and those
that had been modified when the same applied field
strength and buffer were used.

No difference in electroosmotic flow was obtained
when grounding was conducted either through the
joint or at the detection end of the capillary column.
As this experiment could not be carried out with the
electrochemical detector, a UV-VIS detector was
employed. Current measurements taken at both of
these grounded positions were essentially the same.
Reproducibility of joint-to-joint construction was
examined based on the measurement of electro-
osmotic flow for six modified columns. The relative
standard deviation was calculated to be 6.8%. No
deterioration of the operation of a modified column
was apparent following daily use over a 2-month
period.

Although the Nafion joint completes the electrical
circuit, the detection end of the column does not
appear to be at “true” ground, as the noise levels
were found to be proportional to the applicd
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voltage. Further, when buffers were used which
exhibited higher electrophoretic currents (i.e., buff-
ers of a lower resistance), detector noise was ob-
served to increase. This has also been reported by
Wallingford and Ewing [2]. In order to minimize this
effect, buffers of high resistance should be em-
ployed.

Linearity and detection limit for hydroquinone

To ascertain the detector response using the
described sytem, hydroquinone was chosen as the
test analyte. Using 0.01 M sodium acetate buffer
(pH 6.0) and a separation voltage of 425 V/cm,
linear regression analysis for concentrations ranging
from 7-107%to 1 - 10™* M provided a calibration
graph with a correlation coefficient of 0.998 (n =
10). The high separation efficiency achievable with
CE was apparent, with the number of theoretical
plates calculated from the peak half-width for
hydroquinone being of the order of 185 000. The
detection limit for this compound was calculated
from the electropherogram shown in Fig. 3 and was
determined to be 6 - 107° M based on a signal-to-
noise ratio of 2. Using 5.8 nl as the injection volume,
the detection limit corresponds to 34.8 amol. From a
review of literature, this is the lowest concentration
limit of detection reported using CE with electro-
chemical detection. Relative standard deviations for
the reproducibility of the migration time and the
detector response for hydroquinone were 0.7% and
1.8%, respectively (n = 8).

e,

T T —

T
3 4 5 6

Time (min )

Fig. 3. Electropherogram of 7" 1078 M hydroquinone. 0.01 M
sodium acetate (pH 6.0); separation voltage, 425 V/cm; detection
potential, 750 mV vs. Ag/AgCl.
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Fig. 4. Coulometric efficiency as a function of flow velocity for |
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The coulometric efficiency of the detector was
also examined. Insertion of a 33 ym O.D. carbon
fiberinto a 50 um L.D. capillary column produces an
annular flow width of ca. 8.5 um. This, and the high
sensitivity, are indicative of a thin-layer flow cell of
high coulometric efficiency. To measure the cou-
lometric efficiency as a function of flow velocity, a
known volume of 1 - 107* M hydroquinone was
injected. Different flow velocities were achieved by
adjustment of the applied electrophoretic voltage
between 65 and 400 V/cm. The coulometric effi-
ciency could be determined by knowing the number
of moles, current sensitivity and chart speed, and
that the oxidation of hydroquinone involves 2 F/
mol. The coulometric efficiency was determined at
several flow velocities. Fig. 4 illustrates the data

A
T
0.2nA
_L C
ol
_.‘LNW
4 6 8§ 10 12

Time (min )

Fig. 5. Electropherograms of apple juice extract. 0.01 M sodium
borate (pH 9.5); separation voltage, 425 V/cm; detection poten-
tial, 650 mV vs. Ag/AgCL
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obtained in this study and, as expected, demon-
strates the high efficiencies for flow velocities typi-
cally utilized in CE separations.

Analysis of apple juice

The application of this system to real sample
matrices was examined. The electropherogram ob-
tained for the apple juice extract is shown in Fig. 5.
Based on the migration times, peaks A, B and C were
identified as chlorogenic acid, p-coumaric acid and
caffeic acid, respectively. However, migration time
is not always a reliable indicator of peak identity,
particularly in CE where the sample matrix can have
a considerable effect on the mobility of the sample
constituents. For further verification of peak iden-
tity and purity assessment, voltammetric character-
ization was utilized. The combination of voltammet-
ric characterization and migration time provides
peak identity assignments with a high degree of
certainty.

1t has been shown that it is not necessary to obtain
the entire voltammogram of the analyte in order to
characterize sample components; the comparison of
current response in the region where it changes most
rapidly is sufficient [8]. To do this, the current
response obtained at a potential near E; ;, (where the
current is most dependent on potential) was ratioed
to the current response at a potential where the
current is no longer dependent on potential (mass
transport-limited value). As each phenolic acid has a
different hydrodynamic response curve in terms of
voltage and shape, the ratio is unique to each
compound. Current ratios have been employed
extensively for the voltammetric characterization of
compounds in complex samples [9-11]. In this

TABLE 1

T.J. O’'SHEA et al.

system, the current responses for both standards and
sample peaks were measured at 550, 750 and 950 mV.
Current ratios (ratioed to 950 mV) recorded are
given in Table I. The ratios for p-coumaric acid and
caffeic acid were virtually identical with those of the
sample components eluting at the same time. How-
ever, peak A and chlorogenic acid did not exhibit
similar voltammetric behavior, indicating impurity.
This was further verified when sinapic acid, another
phenolic constituent of apple juice, was found to
co-elute with chlorogenic acid.

Analysis of brain tissue homogenate

The detection of glutamic and aspartic acid in a
rat brain homogenate was investigated. These are
important excitatory amino acids that can play a
role as neurotransmitters in the brain [12]. Both
amino acids lack electrochemically active moieties;
therefore, derivatization is necessary for their detec-
tion. NDA reacts with primary amines in the
presence of cyanide to produce cyanol f]benzoiso-
indole (CBI) derivatives. These have been shown to
be electroactive at moderate oxidation potentials
[13]. Fig. 6 illustrates electropherograms of a stan-
dard mixture of 1 10~ 3 M of both CBI-amino acids.
Fig. 7 shows the electropherogram recorded for the
derivatized brain tissue homogenate in which both
glutamic and aspartic acid were detected. This is the
first reported use of a derivatizing agent to enhance
detection in CE with amperometric detection.

It was found that the carbon fiber had to be
pretreated between successive injections of brain
homogenate samples in order to maintain current
sensitivity. It is presumed that fouling of the elec-
trode surface occurs owing to the formation of

VOLTAMMETRIC CHARACTERIZATION OF APPLE JUICE COMPONENTS

Conditions as in Fig. 5.

Sample Retention time Current ratio
components (min)

550 mV/950 mV 750 mV/950 mV

Sample  Standard

Sample  Standard  Sample  Standard
(A) Chlorogenic acid - 8.0 8.0 0.011 0.053 0.171 0.263
(B) p-Coumaric acid 9.1 9.0 0.025 0.026 0.254 0.246
(C) Caffeic acid 10.5 10.4 0.313 0.306 0.543 0.523
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Fig. 6. Electropherograms of CBI derivatives of 1 1075 M (A)
glutamic acid and (B) aspartic acid. (1) Response of untreated
carbon fiber microelectrode; (2) response for pretreated carbon
fiber microelectrode. 0.01 M sodium borate (pH 9.25); separation
voltage, 425 V/cm; detection potential, 900 mV vs. Ag/AgCl.

insoluble reaction products and the pretreatment
“cleans” these from the surface. Electrochemical
pretreatment has been shown previously to have a
dramatic effect on the response of carbon fiber
microelectrodes [14-16). This is demonstrated in
Fig. 6. Application of a square-wave waveform to
the microelectrode increased the current sensitivity
nearly ten-fold over that of the untreated electrode.
The detector response was also found to be very
reproducible when the electrode was pretreated
between injections [17].

CONCLUSIONS

An electrochemical detection system for CE has
been developed that is more easily constructed than
those previously reported. The design was evaluated
and found to be extremely durable with no adverse
effects on the CE separation. The resulting system
has detection limits for hydroquinone in the low
attomole range. In addition, voltammetry was used
to verify peak identity and purity.

We believe that the simplicity of construction of
this system should make electrochemical detection
for CE more accessible to other investigators. This
design also lends itself to sample collection and
coupling to other end-column detectors. Future
studies will be focused on the analysis of brain
dialysate, which requires the high sensitivity for
small sample volumes provided by the system.
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Fig. 7. Electropherograms of CBI-derivatized rat brain tissue
homogenate. (A) CBI-glutamic acid; (B) CBl-aspartic acid.
Conditions as in Fig. 6.
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ABSTRACT

Possibilities and limitations for the applicability of electroendosmotic flow as an elution system in reversed-phase chromatography
with packed capillaries were investigated. By using electroendosmotic elution, very high performance could be achieved. No loss of
column efficiency was observed up to linear electroendosmotic flows of ca. 3 mm/s. With 50-um 1.D. fused-silica capillaries, packed with
3-um ODS, reduced plate heights of 1.7-2.2 were obtained for test compounds (k' = 0—4.8) at a linear velocity of 2.6 mm/s. Electroen-
dosmotic elution systems allowed the use of very small-particle packing materials. With 1.6-um Monospher ODS, an extremely high
chromatographic efficiency of up to 790 theoretical plates/s was obtained.

INTRODUCTION

Capillary liquid chromatography has been inves-
tigated by several groups because of its potential to
increase the performance of chromatography for
high-resolution analysis and for the analysis of ex-
tremely small samples [1]. Packed [2,3], drawn
packed [4,5] and open-tubular [6,7] capillary col-
umns have been employed and high efficiency in
chromatographic performance has been demon-
strated. Capillary electrokinetic separation tech-
niques such as capillary zone electrophoresis [8-12],
capillary micellar electrokinetic chromatography
[13,14], capillary gel electrophoresis [15] and capil-
lary isoelectric focusing [16] have stimulated further
developments of capillary liquid chromatography.
In these techniques (except capillary gel electropho-
resis and capillary isoelectric focusing), the trans-
port of solutes, both uncharged and charged, is
based mainly on electroendosmotic flow induced by
the electrical field. Electroendosmotic flow origi-
nates from the electrical double layer on the surface
and this phenomenon has been fully described
[17,18]. The flow profile of electroendosmotic flow
is nearly flat compared with the parabolic flow pro-

0021-9673/92/$05.00 ©

file of pressure pumping. This feature offers high
plate efficiency in capillary electrokinetic separation
techniques.

Electroendosmotic elution systems have been
used in open-tubular [19-21] and drawn packed re-
versed-phase capillary chromatography [22] as an
alternative to pressure elution systems. Jorgenson
and Lukacs [23] discussed the applicability of elec-
troendosmotic elution systems in packed capillary
reversed-phase chromatography and reduced plate
heights of 1.9 were obtained for a peak eluting at ca.
30 min using a 65 cm x 0.17 mm LD. capillary
packed with 10-um ODS packing. However, they
pointed out some difficulties in working with these
systems.

For the analysis of very complex samples, it is
necessary to increase the chromatographic perform-
ance. It is expected that electrokinetic reversed-
phase chromatography with packed systems will al-
low the achievement of this goal and it also has the
advantages of packed capillaries (higher capacity
than open-tubular and drawn packed capillaries).
In this paper, we describe the possibilities and limi-
tations of applying electrokinetic elution systems in
packed capillary reversed-phase chromatography.

1992 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Preparation of packed capillaries

Fused-silica capillaries (50 pm 1.D., 365 um
0.D.) (Polymicro Technologies, Phoenix, AZ,
USA) were used as column materials. First, 4-um
spherical silica packings were packed into the capil-
laries in order to sinter the end-frit as follows. The
end of the capillary was firmly tapped downwards
into a tightly compacted pile of 4-um spherical silica
wetted with sodium silicate solution and deionized
water. The packing was sintered at the end of the
capillary by gently heating with a small microtorch
flame for ca. 15 s. A slurry of 4-um spherical silica
packing (Superspher Si 60; Merck, Darmstadt, Ger-
many) in acetonitrile (1:10, w/v) was prepared with
ultrasonication (5 min) and pumped into the capil-
lary at 5000 p.s.i. using a liquid chromatographic
pump (Model 100 solvent metering system; Altex
Scientific, Berkeley, CA, USA) and a stainless-steel
tubing reservoir (350 mm x 2 mm I.D.). The base
of the reservoir connected to the inlet of the capil-
lary was placed in an ultrasonic bath during pack-
ing.

After packing, the mobile phase was replaced
with distilled water and the capillary was equilibrat-
ed. The end-frit was sintered in ca. 19 cm from the
outlet frit by very gentle heating. First the packing
was dried and the polyimide coating was inciner-
ated in the lower part of the flame, then the end-frit
(3—-5 mm) was sintered by heating in the middle of
the flame for 20 s. During heating the capillary
should be rotated slowly and the heating should be
concentrated on the required position. The outlet
frit was cut off and the capillary was emptied of the
4-um spherical silica packings by pumping distilled
water from each side. The polyimide coating was
burned away to make a detection window. The cap-
illary was flushed with acetonitrile and packed up to
the inlet with a reversed-phase packing material
(3-um ODS-Hypersil, Shandon Southern Products,
Runcom, UK) as described above at 6000 p.s.i. In
order to pack 1.6-um Monospher ODS (Merck),
the pressure was set at 9000 p.s.i. After the equili-
bration with distilled water, the length of the
packed section and non-packed section was ar-
ranged by cutting the capillary ends. In electroki-
netic reversed-phase chromatography, ODS silica
packings are negatively charged, and the electro-
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phoretic mobility is higher than the elektroendos-
motic mobility. Therefore, it was necessary to sinter
a frit at the inlet to prevent the packing from mi-
grating out. The frit was sintered in the same way as
the outlet frit.

Chromatographic system

Chromatographic runs were carried out with a
laboratory-made apparatus similar to that used for
capillary zone electrophoresis. The inlet of the cap-
illary was connected to a stainless-steel six-port ro-
tary valve including an injection port (Model 7010;
Rheodyne, Cotati, CA, USA), in order to use high-
pressure pumping to eliminate air bubbles from the
capillaries. A carbon electrode from a positive po-
larity high-voltage power supply (Alpha MK II,
Model 2907P, 0-60 kV; Brandenburg, Surrey, UK)
and a stainless-steel tube from the valve were in-
serted in an anode chamber filled with the mobile
phase. The outlet was inserted in a capped cathode
vial. On-column detection was carried out with a
Model 783A ultraviolet detector (Applied Biosys-
tems, Foster City, CA, USA), which was modified
to separate the detection unit from the aparatus by
using optical fibres (600 yum I.D., 1 mm O.D.; Laab-
er Riisselsheim, Germany). The samples were in-
jected electrokinetically.

Reagents

Sodium tetraborate (Merck) was used to increase
the pH of the mobile phase. Acetonitrile, benzyl al-
cohol, benzaldehyde, benzene and toluene were ob-
tained from Merck, 1,2-dichlorobenzene, 1,2,3-tri-
chlorobenzene, 1,2,3,4-tetrachlorobenzene, penta-
chlorobenzene and hexachlorobenzene from Al-
drich-Chemie (Steinheim, Germany) and l-naph-
thol and 2-naphthol from Fluka (Buchs,
Switzerland). Distilled water was used to prepare
the mobile phase. The mobile phase was filtered
through a nylon 66 membrane (0.2-um pore size).
Isradipin [isopropyl methyl 4-(benzofurazanyl)-1,4-
dihydro-2,6-dimethyl-3,5-pyridinedicarboxylate]
and its neutral by-products were obtained from
Sandoz Pharma (Basle, Switzerland).

RESULTS AND DISCUSSION

Electroendosmotic flow in packed capillaries
The properties of electroendosmotic flow in
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packed capillaries have been discussed [23,24] and
are considered to be the same as in open-tubular
capillaries, except that an electrical double layer ex-
ists on the surface of each silica-based particle in
contact with the electrolyte. Several factors regulate
electroendosmotic flow (Fos). Field strength, pH
and ionic strength of the mobile phase, organic
modifiers and ionic modifiers have been investigat-
ed in open-tubular capillaries [9,19,25-27]. There-
fore, these factors were also investigated in packed
capillaries. The flow velocity was measured by mon-
itoring the retention time of an unretained peak
(thiourea). Fos increased with decreasing molarity
of sodium tetraborate. The highest Fos was obsery-
ed at concentrations of 2-4 mM. A curve similar to
that in open-tubular systems was obtained for the
pH of sodium tetraborate buffer adjusted with
phosphoric acid vs. Fos. Fog increased between pH6
and 8. No increase in Fog was observed above pH
8-9. It was important to investigate the dependence
on the concentration of organic modifiers, especial-
ly acetonitrile, in electrokinetic reversed-phase
chromatography. As shown in Fig. 1, Fos decreased
on increasing the concentration of acetonitrile. The
decrease in Fos was only ca. 33% at 60% aceto-
nitrile. This phenomenon was considered to be due
to the decrease in dielectric constant and the magni-
tude of the zeta potential.

16 1
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Fig. 1. Dependence of electroendosmotic flow linear velocity on
the concentration of acetoniirile. Capillary, 640 mm x 50 pm
ILD. x 365 um O.D. packed with Monospher ODS (1.6 ym);
applied voltage, 15 kV; mobile phase, 4 mM sodium tetraborate
(pH 9.2)-acetonitrile.
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Fig. 2. (A) Dependence of electroendosmotic flow velocity on
applied voltage; (B) reduced plate height vs. electroendosmotic
flow velocity. Capillary, 143 mm; packing, Hypersil ODS (3 um);
mobile phase, 2 mM sodium tetraborate (pH 8.7)-80% aceto-
nitrile; sampling, 1.5 kV for 4 s; sample, thiourea.

Dependence of theoretical plate numbers on linear
velocity -

In order to evaluate the electroendosmotic elu-
tion system in packed capillary chromatography,
the maximum applicable field strength and the de-
pendence of plate numbers on linear flow velocity
were investigated. For this purpose, a short capil-
lary (143 mm) packed with Hypersil ODS (3 um)
was employed, so that it was possible to apply very
high field strengths to the capillary. No formation
of bubbles was observed up to 55 kV across the
capillary (field strength ca. 2 kV/cm in the packed
section) and a ca. 6 mm/s electroendosmotic flow
was obtained. However, Fog was unstable above 50
kV applied voltage and higher than the expected
velocity, as shown by the curve of Fog vs. applied
voltage (Fig. 2A). This could.be considered to be
the result of heating effects. No decrease in plate
efficiency was observed until Fos = 3 mm/s (below
ca. 30 kV, field strenght ca. 1.1 kV/cm) (Fig. 2B).
This means that it is possible to perform rapid anal-
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Fig. 3. Example of chromatograms obtained by electrokinetic
reversed-phase chromatography with packed capillaries. A mix-
ture of Isradipin, its by-products and thiourea was analysed. Ap-
plied voltage, 30 kV; other conditions as in Fig. 2. Foi = 2.6
mm/s (current 1.8 uA).

yses without a decrease in plate numbers. An exam-
ple of the chromatograms obtained with this capil-
lary at Fos = 2.6 mm/s is shown in Fig. 3. Isradipin
and its six different by-products (k' = 0.17-0.90)
were separated in 1.6 min. With longer capillaries
(285 mm), better reduced plate heights were ob-
tained, e.g., 1.8-2.2 for thiourea and benzene deriv-
atives (k' = 0-4.8), as shown in Fig. 4. The decrease
in the plate numbers at very high Fos seems to be
due to band broadening caused by the heating. This
phenomenon has been observed in open-tubular
electrokinetic chromatography [9,21] and discussed
by Knox [24]. However, the peak shape was very

Absorbance (220 nm)

} + 4 } —

0 24 48 72 96

Retention Time (min)

Fig. 4. High-resolution analysis of benzene derivatives. Peaks,
from left to right: thiourea [N = 46 000, reduced plate height (/)
= 2.0}, benzyl alcohol (N = 54 000, # = 1.8), benzaldehyde (¥
= 56 000, 4 = 1.7), benzene (N = 47 000, h = 2.0), 1,2-dichlo-
robenzene (N = 54 000, h = 1.8), 1,2,3-trichlorobenzene (N =
52000, h = 1.8), 1,2,3 4-tetrachlorobenzene (N = 49 000, h =
2.0), pentachlorobenzene (N = 43 000, & = 2.2) and hexachloro-
benzene (N = 43 000, h = 2.2). Capillary, 285 mm; packing,
Hypersil ODS (3 um); mobile phase, 2 mM sodium tetrabo-
rate-80% acetonitrile; applied voltage, 45 kV (current 2.0 pA);
sampling, 2.5 kV for 5. Fyq = 2.6 mm/s.
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Fig. 5. Example of rapid analysis. Linear velocity of electroen-
dosmotic flow, 6.3 mm/s; applied voltage, 50 kV (current 2.9
uA). Peaks: left, thiourea (N = 6600, N/s = 290, h = 7.2); right,
Isradipin (N = 8000, N/s = 230, h = 6.0). Other conditions as in
Fig. 2.

symmetrical even at ca. Fos ~ 6 mm/s, as shown in
Fig. 5.

Curves of plate numbers vs. linear velocity for
electrokinetic chromatography and pressure-driven
chromatography were compared by using the same
capillary (Table I). Pressure-driven chromatogra-
phy was performed with the same procedure as elec-
trokinetic chromatography and the sample solution
was injected electrokinetically. With pressure elu-
tion, the highest plate number was obtained at ca.
0.9 mm/s and the value decreased subsequently with
increasing linear velocity. With electroendosmotic
elution, however, no changes in the plate numbers
were observed from 0.8 to 2.6 mm/s, as shown in
Table I and Fig. 2B, and improved plate numbers
were observed at any velocity owing to the plug
profile of electroendosmotic flow.

Stability and reproducibility of chromatographic per-

formance

An expected problem with this technique was the
stability of ODS silica packings at high pH. A high
pH is necessary to obtain high electroendosmotic
flow. In fact, it took some time to obtain stable con-
ditions of Fos, UV baseline and current with newly
packed capillaries. Once stable conditions had been
obtained, however, chromatography could be per-
formed with some daily initial equilibration proce-
dures as in conventional high-performance liquid
chromatography. Fos and the retention times of the
test mixture containing Isradipin, its by-products
and thiourea (k* = 0-0.9) were reproducible with
relative standard deviation 1.6-2.2% in ten contin-
vous runs at 40 kV with a capillary 285 mm x 50
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COMPARISON OF PLATE EFFICIENCY BETWEEN ELECTROENDOSMOTIC ELUTIbN AND HYDROSTATIC PRES-

SURE ELUTION

Values of reduced plate heights for nine components (k' = 0-4.8) were averaged. The chromatogram obtained at an electroendosmotic

flow of 2.6 mm/s is shown in Fig. 4.

Linear velocity (mm/s)  Reduced plate height

Electroendosmotic Hydrostatic pressure
1.1 (0.9)¢ 2.0 3.0
2.6(22) 1.9 3.6

“ Value in parentheses: linear velocity of hydrostatic pressure flow.

pm LD. x 365 um O.D.) packed with Hypersil
ODS (3 um), and stable results were obtained for
longer than 1 month.

The reproducibility of this technique between
capillaries was also examined. Three capillaries of
the same size packed with Hypersil ODS (3 um)
“were prepared, and Fog and k' of seven components
were compared (Fig. 6). The deviation of k' values
was about 9% in spite of good reproducibility of
Fos (3% deviation). This result may be due to differ-
‘ences in the packing conditions of the capillaries.

Capillary No.1

< =]
& ] &
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]:0.002 au.

0.35
*=0.58
0.98

Capillary No.2

Absorbance (220 nm)

Capillary No.3

037
0.63

15 20 25 30 35 40 45 80

Retention Time (min)

Fig. 6. Reproducibility of chromatographic performance be-
tween three capillaries. Three capillaries of the same size packed
with Hypersil ODS were prepared and employed for electroki-
nctic reversed-phase chromatography. Applied voltage, 40 kV;
other conditions as in Fig. 4. Sample as in Fig. 3.
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Fig. 7. Two examples of chromatograms obtained with 1.6-um
Monospher ODS. (A) Capillary, 680 mm x 50 um 1.D.; mobile
phase, 4 mM sodium tetraborate (pH 9.2). Fog = 2.2 mm/s.
Peaks, from left to right: thiourea (N = 243 000, N/s = 790),
benzyl alcohol (N = 220 000, N/s = 710), benzaldehyde (N =
108 000, N/s = 340). (B) Capillary, 675 mm; mobile phase, 4
mM sodium tetraborate-20% acetonitrile. Fo,g = 1.8 mmy/s.
Peaks, from left to right: thiourea (N = 248 000, N/s = 670),
toluene (N = 47 000, N/s = 120), 2-naphthol (N = 52 000, N/s
= 130), 1-naphthol (N = 62 000, N/s = 150). Applied voltage,
35 kV (current 1.3 a, 1.1 puA); sampling, 5 kV for 5s.
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Electrokinetic reversed-phase chromatography with
small-particle packing material

It is of interest to use very small particles in capil-
lary chromatography in order to increase the effi-
ciency. Thus 1.6-um Monospher ODS was used as
the column packing. Two of the chromatograms are
shown in Fig. 7. For the unretained compound
(thiourea) more than 240 000 theoretical plates per
680 mm (the reduced plate height of 1.9) were ob-
tained in 5.2 min (Fig. 7A). This leads to 790 theo-
retical plates/s, which is extremely high. From the
curve of reduced plate height vs. linear velocity (Fig.
8), it can be expected to obtain an even higher effi-
ciency than 800 theoretical plates/s when higher
field strenghts are applied. With pressure elution, a
ca. 0.24 mm/s linear velocity was obtained with the
same capillaries at ca. 6000 p.s.i., and it would nec-
essary to apply ca. 25000 p.s.iv-to -the system to
obtain even a 1 mm/s linear velocity. With 1.6-um
Monospher ODS, however, a significant decrease in
plate numbers for retained compounds was observ-
ed. Toluene (k' = 0.05) showed gave about one fifth
of the theoretical plates, as shown in Fig. 7B. The
reason for this phenomenon is unclear, but similar
results were observed with pressure elution. It might
be due to the small capacity of the Monospher
packing and the limitations of mass transfer.

o

Reduced H

0 T T T T Y
0 0.5 10 15 20 25

Linear Velocity (mm/s)

Fig. 8. Curves of reduced plate height vs. electroendosmotic flow
velocity in a capillary packed with 1.6-um Monospher ODS.
Capillary, 620 mm; (O) applied voltage 5-35 kV with 4 mM
sodium tetraborate mobile phase; (©) applied voltage 15-35 kV
with 4 mM sodium tetraborate—60% acetonitrile mobile phase;
sample, thiourea.
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Wide-bore capillaries

This technique offers other possibilities. One is
the use of capillaries of larger inside diameter with-
out a decrease in plate efficiency and in order to
improve the detection sensitivity. The sensitivity of
detection was improved about threefold without
any decrease in efficiency with 100 ym 1.D. capil-
laries compared with 50 um L.D. capillaries. Prelim-
inary experiments indicated that the use of capil-
laries larger than 200 um 1.D. is possible.

CONCLUSIONS

The advantage of the application of electroen-
dosmotic elution in liquid chromatography is the
possibility of achieving high plate efficiencies
(plates/s) without limitation of the particle seizes
(specially for very small particles). This is due to the
lack of pressure restrictions and the advantages of
the plug profile of electroendosmotic flow. As
shown here, electroendosmotic elution systems
could be applied successfully in packed capillary.re-
versed-phase chromatography. Very high perform-
ance (plates generated per unit time) could be
achieved. There was no limitation to the use of a
1.6-um packing, where 790 theoretical plates/s were
obtained. This technique is very useful for rapid
and high-resolution analyses and also in trace anal-
ysis because of the high capacity of packed capil-
laries.
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ABSTRACT

Previous work involved the utilization of the transalkylation reaction (retro-Friedel-Crafts reaction to transfer atkyl-substituting
chains from the asphaltenes aromatic matrix to a light aromatic acceptor) in the analysis of heavy crude oil fractions by coupling it with
capillary gas chromatography (GC). In such conditions, a mapping of alkyl chains substituting the complex aromatic matrix of heavy
crude oil fractions can be set up. Hoewever, it appears from NMR data and quantitative measurements of alkyl chains detected in GC
that only about 50% of the transferable chains are effectively involved. This result poses the questions of whether heavy fractions of
crude oil contain alky! chains longer than those evidenced by GC and whether the partial transalkylation is due to an equilibrium. In
order to answer these questions, supercritical fluid chromatography (SFC) was used instead of GC. An efficient transfer from model
molecules (n-alkylnaphthalenes) substituted by alky! chains up to C;, was observed, whereas GC did not show evidence for chains
longer than C,,. However, in with various petroleum asphaltenes (Boscan, Arabian Light, Maya) no transfer of chains longer than
C,,~C,4 was observed. Moreover, better quantitative results were obtained by SFC, as the analysis limit is well above C,,. For
instance, the global transfer yield of alkyl chains from Boscan asphaltenes was 5.2% versus 4.6% in GC. The transalkylation yields were

significantly increased when successive transalkylations were performed.

INTRODUCTION

Structural studies of heavy crude oils and heavy
oil residues are difficult because of the extreme com-
plexity of these mixtures [1]. Methods for separat-
ing such materials according to chemical classes
have been reported but, even within each separate
group, one still finds a complex mixture of com-
pounds [1]. For many of these mixtures, spectro-
scopic measurements, especially 'H and '*C NMR,
indicate the presence of alkyl groups and of aromat-
ic and heterocyclic rings [2]. However, obtaining
more detailed structural information from NMR is
difficult owing to the wide variety of compounds
and to the overlapping of peaks corresponding to
different chemical structures [3-6].

0021-9673/92/%05.00 ©

In order to obtain some information about the
nature and abundance of alkyl chains substituting
the aromatic matrix of these complex mixtures, we
previously used the reversibility of the Friedel-
Crafts reaction combinated with capillary gas chro-
matography—mass spectrometry (GC-MS) [7]. Af-
ter optimizing the operating conditions in order to
allow analytical studies, using model molecules and
a Boscan atomospheric residue, we found that a sat-
isfactory compromise between an efficient transfer
of alkyl chains and the minimum degradation of
these chains is possible [8,9]. This result is obtained
when benzene is used as an acceptor of alkyl chains,
with slightly hydrated aluminium bromide as Lewis
acid, and a 4-h reaction time at 60°C. Under these
conditions, it becomes possible to obtain relatively

1992 Elsevier Science Publishers B.V. All rights reserved
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precise mapping of the alkyl chains substituting the
aromatic matrix. However, with atomospheric res-
idues, a rough comparison between transfer yields
and data resulting from NMR measurements indi-
cates that only about 50% of potentially transfer-
able chains are effectively transferred to the light
aromatic acceptor. Hence, in spite of its efficiency,
the transalkylation reaction is not quantitative.
This relative lack of efficiency was recently con-
firmed by a comparative study by pyrolysis—GC-
MS of various asphaltenes before and after trans-
alkylation [10].

The lack of quantitativeness can originate partly
from the limitation of GC analysis because of the
low volatility of some compounds such as phenyl-
alkanes possessing C,3—C,4 or longer alkyl chains,
for which GC analysis is difficult or impossible,
partly from insufficient reversibility of the Friedel-
Crafts reaction, although this phenomenon should
be limited under our operating conditions as ben-
zene is used in large excess (solvent), and partly
from the poor accessibility of reaction sites in these
complex organic matrixes.

In order to answer these questions and to im-
prove the method, we considered the possibility of
replacing capillary GC with capillary supercritical
fluid chromatography (SFC). We report in this pa-
per an analytical study by SFC of the reaction
media obtained after transalkylation of four as-
phaltenes of various origins but of the same type
(type II) according to the classification of Tissot
and Welte [11].

EXPERIMENTAL

SFC analyses

SFC analyses were performed using a Carlo Erba
(Milan, Italy) SFC 3000 supercritical fluid chro-
matograph fitted with a 10 m x 100 gm 1.D. fused-
silica column coated with SE-52 stationary phase
and a flame ionization detector.

Samples were obtained from the mixing of the
products obtained from three parallel transalkyla-
tions of 150 mg of asphaltenes each time, under the
operating conditions reported below. The solution
was concentrated to about 5% of the initial volume
by evaporating benzene under nitrogen. The residue
was weighed, 0.25 wt. % of n-hexadecane was add-
ed as an inicriial standard and the mixture was then
injected.

P-L. DESBENE, A. ABDERREZAG, B. DESMAZIERES

The analytical conditions were as follows: eluent,
supercritical carbon dioxide (medical grade; Car-
boxyque Francaise, Paris, France); oven temper-
ature, 110°C; detector temperature, 310°C; conical
restrictor (giving a mobile phase linear flow-rate of
2.0-2.5 cm s~ !); and pressure programming, iso-
baric at 100 atm for 10 min, then a linear gradient at
5 atm/min to 280 atm and isobaric at 280 atm for 30
min.

Calibration

The response factors of the series phenylalkanes
possessing alkyl chain lengths from C; to Csy,
naphthylalkanes substituted by alkyl chains from
C, to C3; and 1,w-dinaphthylalkanes with alkyl
chain lengths from C; to C;o were measured in a
concentration range 0.05-0.15 wt.% using n-hexa-
decane as internal standard at a fixed concentration
(0.25 vol.%).

Transalkylation reaction

In a typical experiment, 150 £ 1 mg of asphal-
tenes were dissolved in 10 ml of dry benzene in a 20
ml SVL screw-capped tube (Prolabo). Benzene was
used both as a solvent and as a light acceptor of
alkyl chains. Then 10 pl of distilled water were add-
ed using a syringe. A 300-mg amount of aluminium
bromide was quickly dissolved in 5 ml of dry ben-
zene and the solution was immediately poured into
the benzenic solution of asphaltenes. The tube was
sealed and placed in an ultrasonic bath thermo-
stated at 60°C. This last operation represents the
zero time of reaction.

After 4 h in the ultrasonic bath, the reaction me-
dium, after addition of 3 ml of benzene to rinse the
reactor, was centrifuged at 23 000 g for 10 min. The
solid phase was treated with 5 ml of benzene and the
suspension was again centrifuged. This second or-
ganic phase was combined with the first and hydro-
lysis and neutralization were performed by adding a
5% aqueous solution of sodium carbonate (15 ml).
The organic phase was decanted, washed twice with
distilled water and stored in a sealed flask.

Samples and reagents

Asphaltenes were prepared by precipitation with
n-heptane, according to the NFT 6011S standard
[12] from atmospheric residues (340°C+) of Ara-
bian Light (Algeria), Boscan (Venezuela), Kirkouk
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(Iraq) and Maya (Mexico) furnished by the IFP—
Elf-Total sample bank (Solaize, France).

Anhydrous 98% -aluminium bromide from Jans-
sen (Puteaux, France) was used without any further
treatment. Benzene (analytical-reagent grade) from
Merck (Darmstadt, Germany) was purified by 3-4
successive crystallisations in a deep freezer, until a
constant melting point of 4°C was reached and a gas
chromatogram showed only the benzene peak. This
purification procedure allows for the elimination of
impurities such as toluene, and o- and m-xylene,
which are undesirable in analytical transalkylation.

Water was purified by double distillation or by
filtration and reversed osmosis using a Milli-Q +
Milli-Ro  system from Millipore (Molsheim,
France).

Calibration graphs were established using either
commerical compounds, viz., n-alkanes (C;5 and
Cz0), n-alkylbenzenes (alkyl chains from C, to C,,)
and ethylnaphthalenes of analytical-reagent grade
from Janssen, or compounds synthesized as de-
scribed previously [9], viz., n-alkylbenzenes possess-
ing Cy6, Cy9, Cy6 and Cs; alkyl chains, n-alkyl-
naphthalenes with C,,, Cy6, C,3, C,6 and Cs, alkyl
chains and 1,w-dinaphthylalkanes with w = 3, 4, 5,
6, 10.

RESULTS AND DISCUSSION

Using our previous analytical procedure [7,10] it
was difficult to obtain evidence for the transfer of
alkyl chains longer than C,,—C,,. In particular, it
was impossible to model the transfer of chains long-
er than C,, from alkylnaphthalenes, used as models
of the oil aromatic matrix, as these compounds were
not eluted by GC beyond C,,. We used capillary
SFC to solve this problem. Effectively this tech-
nique should allow the analysis in reaction media
obtained after transalkylation of non-volatile com-
pounds possessing alkyl chains of length clearly
longer than C,,, and also a sufficient efficiency to
analyse these complex reaction media in a reason-
able time.

As a first step we optimized the chromatographic
conditions with a mixture of compounds modelling
the reaction medium resulting from the transalkyla-
tion of an oil aromatic matrix. This model mixture
contained alkylbenzenes (from C, to Cs,) corre-
sponding to the potential products of transalkyla-

tion and alkylnaphthalenes (C,,, C,¢ and C, 1) used
as models of the oil aromatic matrix. As the aim of
this study was to obtain both qualitative and quan-
titative information about the transalkylation prod-
ucts, we added an internal standard to the model
mixture at the beginning of optimization. As al-
kanes are stable in the reaction medium [9], we
searched for one that did not interfere with phenyl-
alkanes under our conditions, and s-hexadecane
was adopted.

As shown in Fig. 1, it is possible to analyse the
model mixture in less than 1 h with our SE-52 col-
umn (10 m x 100 um 1.D.) at 110°C and with a
pressure gradient.

The analysis, under the same conditions, of the
reaction medium obtained after transalkylation of a
heavy oil fraction is reported in Fig. 2. It must be
noted that capillary SFC is less sensitive than capil-
lary GC and we had to concentrate the initial reac-
tion medium to 5% of its initial volume in order to
perform this analysis. Using the co-elution tech-
nique and extrapolation, it appears that this oil
fraction does not contain alky! chains longer than
C37-Cys.

However, as already mentioned, our aim was not
only to obtain qualitative information about the
composition of heavy crude oil fractions, so we
measured the response factors of the main products
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Fig. I. SFC analysis of a mixture of alkylaromatics modelling the
reaction media resulting from the transalkylation of oil heavy
fractions. Conditions: SE-52 column (10 m x 100 gm LD.);
eluent, CO,, linear flow-rate 2 cm s~ !; injection volume, 60 nl;
split, ca. 1:20; temperature 110°C; pressure programme, isobaric
at 100 atm for 10 min, linear gradient of 5 atm min "~ to 280 atm,
isobaric at 280 atm for 60 min. 9C, = Alkylbenzenes; N-C, =
alkylnaphthalenes; nC, ; = internal standard.
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Fig. 2. SFC analysis of the reaction medium resulting from the
transalkylation of Kirkouk asphaltenes. Conditions as in Fig. 1.

resulting from the transalkylation prior to the study
of asphaltenes from various origins. The response
coefficients obtained for a series of phenylalkanes
and for the same naphthylalkanes, normalized to
those of ethylbenzene and methylnaphthalene, re-
spectively, are reported in Table I. The results
shows that under the conditions used, alkylben-

TABLE I
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zenes substituted by alkyl chains from C; to Cys
give similar responses, regardless of concentration
(in the range 0.05-0.25%, v/v), the responses of al-
kylbenzenes possessing longer chains decrease when
the chain length increases and the detector response
is linear in the concentration range 0.05-0.1% (v/v),
regardless of the alkyl chain length. At higher con-
centrations, a deviation from linearity is observed
for both short and long alkyl chains. This relatively
limited range of linearity is not a problem because
the individual concentrations of the transalkylation
products remain below 0.1% (v/v) under the condi-
tions used and according to our previous studies
[7,10].

From these response factors, it was possible to
calculate the overall yield of transalkylation as
7.5% (¢ = 0.8%) for Kirkouk asphaltenes. This
yield is only slightly greater than that obtained by
capillary GC for the same asphaltenes (7%, o =
0.8%) [10]. Qualitatively, the comparison of the
SFC analysis reported here and of the GC analysis
described previously [10] shows that the phenylal-
kanes found in the reaction media are only slightly

RESPONSE FACTORS OF ALKYLBENZENES AND ALKYLNAPHTHALENES

Internal standard: n-hexadecane (0.25%, v/v).

Length Alkylbenzene concentration (%, v/v, n <16; % wjv, n > 16) Alkyinaphthalenes
of (concentration 0.10%, w/v)
alkyl 0.05 0.10 0.25
chain

R/RWCZ R/‘Rn-C16 R/ROCZ R/Rn-C16 ‘R/R(DCZ R/RN-C16 R/RNa-Cln R/RH—C16
C, 1.00 0.346
C, 1.00 0.190 1.00 0.370 1.00 0.755 1.04 0.361
C, 1.01 0.191 0.99 0.369 1.09 0.820
C, 1.01 0.191 1.01 0.375 1.22 0.922
C, 1.00 0.190 0.98 0.364 1.29 0.973
Ce 1.01 0.191 0.94 0.349 1.34 1.02
C, 0.95 0.181 0.92 0.340 1.29 0.971
C, 0.89 0.179 0.93 0.343 1.34 1.01
Cio 0.94 0.178 0.97 0.359 1.33 1.00 0.83 0.287
C,, 0.91 0.173 0.98 0.363 1.38 1.04
Cie 0.94 0.179 1.01 0.373 0.63 0477 0.78 0.270
C, 0.79 0.150 0.86 0.319 0.52 0.393
C,, 0.68 0.234
C,e 0.64 0.121 0.69 0.255 0.360 0.272 0.63 0.218
C,y 0.56 0.194
n-C 5.26 1.00 2,70 1.00 1.32 1.00 2.89 1.00

iv

¢ Na-C, is 1-methylnaphthalene.
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TABLE II

TRANSALKYLATION YIELDS OF ALKYLNAPH-
THALENES USED AS MODEL COMPOUNDS OF AS-
PHALTENES AROMATIC MATRIX

Alkylnaphthalene % of alkyl chain
transalkylated transferred as:

Cn Cn-4 Cn
n=22 10 22
n=26 8 32.5
n =31 12.5 32

longer than those previously identified (C,,~C,5 by
SFC versus c;,-C,3 by GC).

Some questions arise from these observations:
are aromatic matrices of oil substitued by alkyl
chains no longer than C,,~C,g, or is transalkyla-
tion inefficient in the case of long alkyl chains? In
order to solve this problem,we analysed by SFC re-
action media obtained after transalkylation of al-
kylnaphthalenes substituted by C,,, C,6 and Cs,
alkyl chains. These compounds were used as model
molecules of the asphaltenes matrices and the ana-
Iytical conditions were the same as those for Kir-
kouk asphaltenes.

The results of these transalkylations are given in
Table II, and the chromatogram obtained by SFC
for the transalkylation reaction media of #-Cj,-al-
kylnaphthalene is reported in Fig. 3.
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Fig. 3. SFC analysis of the reaction medium resulting from the
transalkylation of n-C, ,-alkylnaphthalene. Conditions as in F ig.
1.

These results indicate some of the main features
of the aptitude of long alkyl chains to undergo
transalkylation and the stability of the reaction
products. As previously observed with shorter alkyl
chains (Cyo and Cy; [9]), C;,-, Cz6- and Cs,-alkyl-
naphthalenes are transalkylated. The percentage of
chains transferred (between 30 and 45%) is close to
the values obtained with C,o- and C,,-alkylnaph-
thalenes (about 40%). As with the shorter chains,
the alkyl chain is partly rearranged by cyclization
during the transfer, producing tetralins substituted
by C,_, alkyl chains. Hence, in the transalkylation
of C,,-alkylnaphthalene, the reaction media can
still be analysed by GC-MS, allowing the identifica-
tion of the transalkylation product. The transalky-
lation yield is in fact greater for the transalkylation
of model molecules [9], indicating that the stability
of alkylbenzenes in the reaction media decreases
when the chain length increases. It was concluded
that the aromatic matrix of Kirkouk asphaltenes
does not possess n-alkyl chains longer than C,,—
C,s in detectable amounts.

We verified this conclusion by the SFC analysis
of reaction media from the transalkylation of vari-
ous asphaltenes. The chromatograms obtained for
Arabian Light, Boscan and Maya asphaltenes are
reported in Fig. 4.

Comparison of Fig. 2 and 4 shows that slightly
longer chains are transferred from the Kirkouk as-
phaltenes aromatic matrix to the light acceptor
(benzene) than from the other asphaltenes. In Kir-
kous asphaltenes, the longest alkyl chain trans-
ferred is C;7—Cyg, versus C,3-C,4 for Boscan,
Maya and Arabian Light asphaltenes. As SFC pro-
vides evidence for the transfer of alkyl chains appre-
ciably longer than those previously detected by GC,
we can now confirm that the length of alkyl chains
substituting the aromatic matrix of asphaltenes is
not greater than C;3-C,g, depending on the origin
of the oil.

Consequently, the lack of quantitativeness of the
transalkylation reaction results from some cause
other than the inadequacy of the technique used to
analyse the reaction media obtained after the trans-
fer of alkyl chains from the oil aromatic matrix to
benzene. The comparison of the overall yields of
transalkylation obtained by SFC and in GC for var-
ious asphaltenes, reported in Table III, clearly
proves this point.
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Fig. 4. SFC analysis of reaction media resulting from the trans-
alkylation of various asphaltenes: (a) Arabian Light (Algeria);
(b) Boscan (Venuzuela); (¢) Maya (Mexico). Conditions as in
Fig. 1.

As transalkylation is a reaction which on the one
hand is, in principle, an equilibrium (retro-Friedel-
Crafts), and on the other is applied to very complex
structures, reaction sites of which can be hindered,
we concluded this study by examining the impact of
one or more recyciings on the overali yields of
transalkylation. Table IV reports the results ob-
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TABLE III

OVERALL YIELDS OF TRANSALKYLATION PROD-
UCTS FROM VARIOUS ASPHALTENES DETERMINED
BY CAPILLARY SFC AND CAPILLARY GC ANALYSES

The standard deviation is calculated from five independent
transalkylations.

Asphaltenes Overall yield (%)

SFC GC
Arabian Light 7.5+ 09 69 £ 0.3
Boscan 52+ 02 46 £ 09
Kirkouk 7.5 4+ 0.8 7.0 £ (.8
Maya 59 + 0.6 57+ 0.8

tained by SFC analysis after one recycling of Kir-
kouk, Boscan, Maya and Arabian Light asphal-
tenes and after recycling Kirkouk asphaltenes
twice.

These experiments show clearly that one trans-
alkylation is not sufficient to transfer efficiently the
totality of alkyl chains substituting the aromatic
matrix of heavy crude oil fractions. The yields ob-
tained in the second and third transalkylations are
far from negligible. However, SFC and GC-MS
analyses indicate clearly that almost no long chains
are transferred in the course of these further trans-
alkylations. Hence it appears that the transfer of

TABLE IV

EVOLUTION OF OVERALL TRANSALKYLATION
YIELDS OF VARIOUS ASPHALTENES AS A FUNCTION
OF RECYCLING

Asphaltenes Transalkylation Overall yield by

number SFC (%)
Boscan 1 5.2

2 43

3 0.9
Arabian Light 1 7.5

2 3.5
Maya 1 59

2 3.9
Kirkouk ! 1.5

2
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long alkyl chains substituting aromatic matrices
was efficient in the first transalkylations. '

The short chains transferred in the first and sec-
ond recyclings give mainly di- and triphenylmeth-
anes and were previously considered to be respon-
sible for the distribution of aromatic entities in the
composition of heavy crude oil fractions [7]. They
can also be attributed to the fragmentation of long-
er or branched alkyl chains substituting heteroaro-
matic molecules (in place of simple aromatics),
which are also present in heavy oil fractions [13,14].

Because of the lack of studies concerning the be-
haviour of alkyl heteroaromatics under transalkyla-
tion conditions, we cannot answer this fundamental
question at present.

CONCLUSIONS

SFC, which is well adapted to the study of the
transalkylation of alkyl chains substituting the
complex aromatic matrices of heavy crude oil frac-
tions (regardless of chain length), allowed us to con-
firm that if relatively long linear alkyl chains are
present, their length does not exceed C,,—C,o.

The study of asphaltenes of various origins by
combining transalkylation and SFC indicated that
in spite of the differences observed in the distribu-
tion of alkyl chains substituting the aromatic ma-
trices as a function of the origin of the asphaltenes,
the length of the longer chains varies only slightly in
the different asphaltenes. The maximum chain
length is greater in Kirkouk asphaltenes than in
Boscan, Maya and Arabian Light asphaltenes. As
the alkyl chains substituting the oil aromatic matrix
are only slightly longer than those previsously iden-
tified by capillary GC, the non-quantitativeness of
the alkyl chain transfer must have a cause other
than the analytical procedure. Using successive
transalkylations of the same asphaltenes we proved
that an efficient transfer of alkyl chains cannot be
obtained after only one transalkylation. This may

4

be due to an equilibrium (in spite of the excess of
light aromatic acceptor) or to poor accessibility of
reaction sites in oil aromatic matrices which are ve-
ry complex.

The nature of the alkyl chains transferred after
recycling, which are relatively short, raised the
question of whether they are short chains distrib-
uted in heavy crude oil fractions or degradation
products of longer linear or branched chain sub-
stituted heteroaromatic molecules (containing ni-
trogen, oxygen and mainly sulphur) which consitute
part of heavy oil fractions. In order to answer this
last question, we are currently studying the trans-
alkylation of n-alkyl heteroaromatic molecules.
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ABSTRACT

The retention behaviour of fourteen closely related coumarins in normal-phase thin-layer chromatography (TLC) and high-perform-
ance liquid chromatography (HPLC) was studied with the aim of testing the suitability of TLC as a preassay for HPLC when the
optimization of the mobile phase has been carried out according to the “PRISMA” system. The retention (retardation) in TLC and
HPLC was measured at 37 and 13 selective points, respectively. The retention behaviour at different solvent strengths was also
examined. Capacity factors (k") and separation factors () were calculated to study the retention behaviour in the two systems. Two-
and three-dimensional evaluations of &' against selectivity points showed similar retention behaviour for the coumarins in TLC and
HPLC. According to quadratic regression, k’ showed a dependency on the change in solvent strength. Similar behaviour of « values for
TLC and for HPLC was demonstrated in three-dimensional evaluations.

INTRODUCTION

Coumarins are widely distributed in plants, espe-
cially in the Apiaceae and Rutaceae families. Cou-
marins usually contain many heteroatoms. The
number and position of the various substituents in
the coumarin molecule significantly influence their
adsorption behaviour in thin-layer chromatogra-
phy (TLC) and column chromatography [1].

Glowniak and Bieganowska [1,2] have studied
the retention behaviours of coumarins using both
normal- and reversed-phase TLC and high-per-
formance liquid chromatography (HPLC). They
studied the effects on retention of solvent composi-
tion and the individual substituents in the solute
molecules. They found a linear relationship be-
tween the experimentally -obtained retentions and
the concentration of the organic modifier. The most
selective mobile phase with respect to the effects of a
substituent on retention was chosen by plotting the
retention values of the coumarins against the mo-
bile phase.

0021-9673/92/$05.00 ©

Some theoretical aspects concerning the use of
TLC as a pilot technique for column liquid chroma-
tography (CLC) have been presented by Rozylo
and Janicka [3]. Their work utilizes a thermody-
namic description of adsorbent-binary solution—
solute systems to characterize a given chromato-
graphic process, and they investigated the effect of
the chromatographic technique employed on the
thermodynamic description of the chromatographic
system. Roézylo and Janicka [3] concluded that re-
tention data obtained from sandwich chambers de-
scribed adsorption from solutions in the same way
as measurements from column liquid chromatogra-
phy.

Nyiredy et al. [4] have presented strategies of mo-
bile phase transfer from thin-layer to medium-pres-
sure liquid column chromatography (MPLC) with
silica as the stationary phase. The major advantage
of the strategies was that mobile phase transfer
started from a TLC separation in which the whole
Rrrange was used, in contrast to the general rule {3]
that all zones should be below Rg=0.3 in TLC.

1992 Elsevier Science Publishers B.V. All rights reserved
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However, the prediction of the final MPLC result
was improved when overpressured layer chroma-
tography (OPLC) was used as a pilot method.

The “PRISMA” optimization model assists in
the selection of optimal eluent systems for both pla-
nar chromatographic techniques and column chro-
matographic techniques [6]. The PRISMA model
can be visualized as a graphic representation of the
solvent strengths (St) and the proportions of the
solvents (Ps). The prism described by PRISMA
consists of an unlimited number of triangular sol-
vent diagrams (horizontal functions; Ps) in which
every triangular plane corresponds to a different
solvent strength (vertical function; Sy) [7]. The
PRISMA optimization system consists of three
parts. In the first part the basic parameters such as
the stationary phase and the solvents are selected.
In the second part of the system the optimal combi-
nation of the selected solvents is achieved using the
actual PRISMA model. The third part includes se-
lection of a suitable method and transfer of the op-
timized mobile phase to the various chromato-
graphic techniques.

The aim of this study was to test TLC as a pre-
assay for HPLC when optimization of the mobile
phase has been carried out according to the PRIS-
MA system [6], as demonstrated by fourteen closely
related coumarins. A total of 37 selectivity points
(Ps) in the PRISMA model were examined using
TLC, and 13 selectivity points were examined using
HPLC. The retention was measured at five solvent
strengths (St) at Ps=333. The capacity factors (k'),
and the separation factors () of the two methods
were calculated and compared. Regression analysis
and three-dimensional evaluations were performed
in order to study the predictability of the HPLC
behaviour and optimization on the basis of the TLC
experiments.

EXPERIMENTAL

Apparatus

A Linomat IV TLC spotter (Camag, Muttenz,
Switzerland) was used to apply the samples to TLC
plates, and a CS-900 dual-wavelength flying-spot
scanner (Shimadzu, Kyoto, Japan) was used for the
densitometric evaluations. A 425 HPLC gradient
former and 420 pump (Kontron Instruments, Rot-
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kreuz, Switzerland) equipped with an ERC-7210
UV detector (ERMA Optical Works, Tokyo, Ja-
pan) and a Shimadzu C-R1B integrator were used.
The HPLC system was connected to an Olivetti
M24 personal computer (Olivetti, Ivrea, Italy).

Chemicals

The coumarins (Fig. 1) bergapten, imperatorin,
osthol, ostruthol, oxypeucedanin, psoralen, 2’-an-
geloyl-3'-isovaleryl vaginate and xanthotoxin were
isolated from Angelica archangelica L. at the Phar-
macognosy Division, Department of Pharmacy,
University of Helsinki. Angelicin, herniarin and
umbelliferone were obtained from Roth (Karls-
ruhe, Germany). Isobergapten, pimpinellin and
sphondin were isolated from Heracleum sphondyli-
um L. and identified at the Department of Pharma-
¢y, ETH Ziirich, Switzerland. The n-hexane was of
technical grade (Oy Exxon Chemicals; Espoo, Fin-
land) and was filtered before use. 1,4-Dioxane,
methyl ethyl ketone, 2-propanol and toluene were
of reagent grade and they were obtained from
Merck (Darmstadt, Germany). Diethyl ether and
acetic acid of analytical quality were from May &
Baker (Dagenham, UK). The chloroform stabilized
with ethanol of analytical quality was from RP
Normapur (Paris, France), and absolute ethanol
was from Alko (Helsinki, Finland). All other sol-
vents, i.e. dichloromethane, tetrahydrofuran and
ethyl acetate, were of HPLC quality (Rathburn,
Walkerburn, UK).

Chromatographic conditions

The TLC separations were performed on 10 x 4
cm plates in ascending one-dimensional mode in 22
x 6 cm unsaturated N-chambers (Camag) at ambi-
ent temperature. The solvent volume was 5 ml and
the migration distance was 8.5 cm. The assays were
carried out on alufoil, silica gel 60 F,54 (average
particle size 10 um) TLC plates (Merck, Germany).
The migration distances and the solvent fronts were
measured with the densitometer at 320 nm.

The column for the HPLC separations was a Li-
chrosorb Si 60 (average particle size 10 ym), 250 x
4 mm IL.D. (Merck) at ambient temperature. The
flow-rate was 1.0 ml/min and detection was effected
at 320 nm. The solvent peak was treated as the dead
volume.
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Fig. 1. Structures of the coumarins used in the study in the order according to the classification of Murray ef al. [8]. 1 = Umbelliferone;
2 = herniarin; 3 = psoralen; 4 = osthol; 5 = 2"-angeloyl-3'-isovaleryl vaginate; 6 =angelicin; 7 = bergapten; 8 = oxypeucedanin; 9 =
ostruthol; 10 = isobergapten; 11 = sphondin; 12 = xanthotoxin; 13 = imperatorin; 14 = pimpinellin.

Correlation between retention data obtained from
TLC and HPLC

Calculation of the correlations and the regression
analysis were performed with Stat View SE +
Graphics software on a Macintosh SE computer.
The Systat procedure was used for three-dimension-
al evaluation of the retention data and the separa-
tion factors.

RESULTS AND DISCUSSION

Ethyl acetate (Sy=4.4), chloroform (Sy=4.1)
and tetrahydrofuran (St=4.0) in n-hexane (Sy=0)

were selected according to the PRISMA model [6]
to give the best separation of the fourteen couma-
rins in unsaturated chambers with normal-phase
TLC plates. Retention measurements were per-
formed in TLC at 37 selectivity points (Ps) using the
three selected solvents, n-hexane serving as the sol-
vent strength (St) regulator (Fig. 2). Ps describes
the proportions of the selected solvents for the mo-
bile phase. For example, a mobile phase character-
ized by Ps=181 and St=2.0 is a combination con-
sisting of 4.5% ethyl acetate, 39.0% chloroform
and 5.0% tetrahydrofuran adjusted with 51.5% n-
hexane. The influence of St at the middle selectivity
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154 253 352 461

145 244 343 442 541

333
136 235 334 433 532 631

127 226 325 424 523 622 721

118 217 316 415 514 613 712 811

THF EAc

Fig. 2. The solvents selected for the analysis and selectivity
points (Pg) studied (TLC, all; HPLC, underlined). EAC = Ethyl
acetate; THF = tetrahydrofuran.

point, Ps= 333, was tested by varying St from 1.4 to
2.2. Solvent strength was adjusted to Sr=2.0, on
the basis of these experiments, to give retardation
factor (Rg) values between 0.2 and 0.8 for the sol-
utes in the TLC assays.

HPLC retention measurements were performed
at thirteen selectivity points (Fig. 2) using the same
solvents and n-hexane as the Sy regulator, as in the
TLC runs. The influence of St at the middle selec-
tivity point, Ps= 333, was tested by varying St from
0.8 to 1.6. For HPLC analysis St was adjusted to
St=1.2 to give the last-eluting compound a capac-
ity factor (k") of less than 20.

The capacity factors for HPLC (k;) were calcu-
lated from the equation k= (tg — to)/to, Where t is
the retention time of the compound and 1, 1s the
dead volume. The Ry values from TLC were trans-
formed so as to obtain capacity factor values (kp)
similar to k¢ values in HPLC, k;, = [1/(Re)obs] — 1,
using the observed values (Rg).ps from the plate
without correction [9,10].

The obtained experimental capacity factors were
plotted against the selectivity points along the edges
of the prism. Three representative compounds are
shown in Fig. 3. The compounds were chosen ac-
cording to elution, i.e. one from the beginning (pim-
pinellin; 14), one from the middle (herniarin; 2) and
one from the end (umbelliferone; 1). The mobile
phase composition has a similar effect on the elu-
tionn uf all the coumarins in both TLC and HPLC.
The k' value is highest at Ps=181.

P. HARMALA et al.

The possible existence of a mathematical depend-
ency between the capacity factor and Ps was also
investigated. Regression functions of different order
for the measured two-dimensional retention data
were compared at constant St, i.e. 2.0 for TLC and
1.2 for HPLC. The capacity factors of the couma-
rins at selectivity points along one edge, i.e., 118-
181, 181-811 or 811-118, of the PRISMA showed
high dependences, with quadratic regressions of the
type k'=A(Ps)*+B(Ps) + C (r=0.99-0.91 for
TLC and r=1.00-0.95 for HPLC). In reversed-
phase HPLC similar findings for retention have
been obtained by Nyiredy et al. [11].

Three-dimensional k’ surfaces of each compound
were constructed at all the investigated tertiary se-
lectivity points. The three numerical values of Ps
were plotted on an x—y coordinate against a fourth
parameter (z-coordinate; k') in order to obtain
three-dimensional figures of the P in the prism.
Coumarins have similar three-dimensional surfaces
in both TLC and HPLC, as demonstrated by pimpi-
nellin (14), herniarin (2) and umbelliferone (1) in
Fig. 4. Selectivity point 181 gives the highest capac-
ity factor values, falling to the corner of 118 with
the lowest k' values. The surface follows this de-
creasing trend rather smoothly, the corner 811 &'
values being about half of the maximum values for
each compound.

The influencee of solvent strength in TLC was
compared with that in HPLC. St values of 1.4, 1.6,
1.8,2.0 and 2.2 in TLC were examined and 0.8, 1.0,
1.2, 1.4 and 1.6 in HPLC at selectivity point 333.
The capacity factors (k, and k¢) of the coumarins
were calculated and plotted against the solvent
strengths, as demonstrated by pimpinellin, hernia-
rin and umbelliferone (Fig. 5). The capacity factors
in both methods showed high dependences, with
quadratic regression of the type k'=A4(St)* +
B(St) + C (r=1.00-0.99). In this study the depend-
ences for the coumarins were not linear over the
investigated k' range and the solvent strengths used,
which is in accordance with the findings of Vuorela
et al. [12].

The behaviour of St in these two methods was
studied further. In order to compare the changes in
retention with different St values in the two meth-
ods, k, and k¢ values at the joint St value of 1.4
were plotted against k, and k¢ values at the other
St, and regression analysis was carried out (Table



TLC AND HPLC RETENTION BEHAVIOUR OF COUMARINS

333

TLC HPLC
65 22
6 x » X
.55
o ° 18 x
x 5 v X
£ X £ 16
2 45 x 3t x
& 4 xx E’ 14 x
£ =
a 35 x “X 8 45
3 x R e x
x" x 1 x
25 xx x X% 0 x
2= 8 ——
118 181 811 118 181 811
Ps Ps
1 3
+ +
9 + 28 .
8 +
o + : 26 +
K4
£ 7 + £ +
& * 8 24
c 6 + + £
g + 2 22 +
. -+ .
+
4 + + ++ 2 + +
. e, .
3 1.8
118 181 811 118 181 811
Ps Ps
55 9
5 L4 8 °
45 °
L 4 ® S v
x ° i
2 35 € 6
S S
38 e ° 2 s
= 25 L4 £ ®
2 ° 2 . i
T 2 ° E 4
€ [ E ®
315 o N
1] o® *. Se o hd
oe® Soe, 2
118 181 " 811 ' 118 181 811
Ps Ps

Fig. 3. The capacity factors (k') of three coumarins in Pg along the edges, i.e. 118, 181 and 811.

D). The slopes of the curves (4 in Table I) were fur-
ther plotted against St (Fig. 6). Two curves for TLC
and HPLC were obtained with different slope val-
ues. The functions for TLC and HPLC showed
clearly different St behaviour. This indicates that a
change in St causes a different change in the reten-
tion behaviour of the compounds in TLC and
HPLC. This has to be taken into consideration
when transferring the mobile phase from TCL to
HPLC.

The possibility of predicting the retention in
HPLC from TLC experiments at the change in St
was tested. TLC Sr=2.0 capacity factors were plot-
ted against HPLC St=1.2. Fitted k. values for
HPLC at Sy=1.2 k; were calculated using the re-
gression function (Stat View SE + Graphics soft-
ware). The fitted and experimental k. values in
HPLC at Sy=1.2 were compared (Fig. 7). A high
dependency (r=0.93) was obtained between the fit-
ted and experimental k¢, thus making it possible to
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Fig. 4. The three-dimensional k' surfaces in TLC and HPLC for the three representative compounds (P= 118 at the front, Pg= 181 at

the top, P¢=811 on the right).

evaluate the effect of St on HPLC from TLC runs.

The separation factor () was defined as k3/k},
where k5 is the capacity factor for the second-elut-
ing peak and k} that for the first-eluting peak. The
three-dimensional « surfaces for each compound at
all Pg values were constructed as described for the
three-dimensional k' surfaces. Fig. 8 shows the be-
haviour of o as demonstrated by the two first- (a;)
and two last- (o;3) eluting coumarins, and an aver-
age value (o) for seven coumarins cluting in the

middle of the run. The average value was calculated

because the coumarins elute close to each other over
a k' range of less than 1.25, and their relative elu-
tion order changed from one selectivity point to an-
other.

The a; values give a starting inverted saddle for
TLC and an inverted saddle for HPLC. In a, the
saddles are no longer so pronounced. in ¢, 3 the sur-
faces decrease quite smoothly from Pg 118 down to
the corner of 118 in TLC and HPLC. The o surfaces
behave alike in the iwo methods. ‘T'his is in agree-
ment with the fact that the distances between the
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TABLE 1
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Akg -+ BFOR TLC AND HPLC AT Py = 333
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Fig. 6. The slope values plotted against various S;. ¥ = TLC;

® = HPLC.

fitted HPLC k'c (1.2)

Fig. 7. Comparison of fitted k. values and experimentally ob-
tained k[ values.
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Fig. 8. The separation factors construeted as « surfaces of the PRISMA (Pg=118 at front, P;=181 at the top, Pg=2811 to the right).

peaks follow an opposite order of detection in TLC
and HPLC. It should also be borne in mind that the
first-eluting compound in HPLC, which is usually
the sharpest, is the compound with the longest elu-
tion in TLC (broadest). This is the case for the space
between two compounds as well, e.g. the distance
between compounds eluting furthest on the TLC
plate is large, whereas in HPLC it is smaller and vice
versa. The range of the o values is kept rather con-
stant in the methods.

To conclude, using a multicomponent elutent re-
sults in the same kind of behaviour with regard to
the capacity factors of these fourteen coumarins. In
the two- and three-dimensional evaluations of the

capacity factors in TLC and HPLC, rather similar
behaviour of the coumarins can be observed when
the mobile phase selectivity is changed. In TLC and
HPLC, retention of the compounds is similarly de-
pendent the on mobile phase composition. It should
be noted that a change in Sy in TLC has a different
effect on the retention behaviour of the compounds
than a change in Sy in HPLC. The range of the «
values is kept rather constant in TLC and HPLC. A
similar, three-dimensional figure for the o values is
obtained with the methods.

The results showed that in normal-phase chroma-
tography TLC can be used as an HPLC preassay
method in the PRISMA system. The usc of TLC
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has the advantage that a great number of solvents
can be screened for optimization of the mobile
phase. It also gives preliminary information about
the retention behaviour in HPLC (k’ and «). The
selectivity in HPLC can be described by experi-
ments in TLC. However, the following must be tak-
en into account when transferring the mobile phase:
the elution process with regard to solvent strength is
different in TLC and HPLC.
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ABSTRACT

Equipment and techniques have been developed to program the crossed-flow force fields with parallel-plate, asymmetric channels in
flow field-flow fractionation (FIFFF). Force-field programming permits the rapid separation of samples with a wide range of molecular
sizes; resolution is easily varied. Detectability of late-eluting components is enhanced as a result of band sharpening. Force-field
programming probably can be performed with many functions. Exponential force-field decay method produces retention times vs.
diffusion coefficient or particle size plots that are more lincar than those from a constant force field. Resolution and measurement
precision is more constant over the separation range. The exponential function also simplifies computer software measuring diffusion-
coefficient and particle-size distributions. Optimum operating parameters for a desired FIFFF separation are predicted with a quantita-
tive exponential force-field decay theory. Force-field programming significantly enhances the utility of the mild FIFFF method.

Appropriate samples for this method include synthetic and natural polymers, organic and inorganic colloids and a variety of partic-

ulates.

INTRODUCTION

Flow field-flow fractionation (FIFFF) is one of a
family of field-flow fractionation (FFF) methods
that exhibit unique properties for separating and
characterizing a wide variety of macromolecular
samples [1-5]. However, FIFFF is proving to be one
of the most versatile and generally applicable of all
of the FFF methods. FIFFF is capable of separating
smaller macromolecules such as >10* molecular
weight proteins [6,7], but also is well suited for
describing the size of a wide range of colloidal
particulates [4,7-9]. Retention in FIFFF is based on
physical first principles [8]. Fundamental informa-
tion such as diffusion coefficients is available from
FIFFF retention data, and purified components are
easily isolated during separations. FIFFF competes
with sedimentation FFF (SdFFF) for many poten-
tial applications [4,5], but SAFFF equipment is more
complicated and expensive, and compounds with
molecular weights less than about 2 - 105 are not
retained with the highest force fields yet reported for
this method [10].

In FIFFF, the force field needed for the separa-
tion is generated by flowing a carrier liquid across
the channel thickness by means of semi-porous
membranes forming the walls of the thin separating
channel. FIFFF separations have been successfully
carried out in channels made with parallel plates
using two semi-permeable membranes [4,11] or in a
porous hollow fiber [12]. However, the most success-
ful FIFFF separations to date have been performed
with the so-called asymmetric channel [6,7,13,14].
This approach uses only a single semi-permeable
membrane at the channel bottom as the accumula-
tion wall. A solid plate at the top forms the upper
wall of the channel. To date most FIFFF separations
with asymmetric channels have been conducted with
constant force fields, that is, a constant volumetric
flow of liquid carrier across the channel through the
single semi-porous membrane. Equipment for this
form of FIFFF is relatively inexpensive, and a simple
theory describes sample properties as a function of
observed retention [6]. FIFFF can be conveniently
performed using constant force fields if sample
components do not span too large a range in
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molecular sizes (typically <50-fold). The highest
resolution of closely eluting components is generally
obtained with this approach.

However, as with the other FFF methods, the use
of constant force fields limits the range of useful
elution of components in a single separation [11]. In
constant force-field separations, the resolution var-
ies during the separation; the resolution of compo-
nents increases with increasing retention. Detection
is also difficult for highly retained materials owing to
inherent broadening of bands with increasing reten-
tion. In theory, programming the flow eluting from
the channel minimizes some of these limitations.
Unfortunately, however, this approach has serious
practical problems. Changes in the channel effluent
flow cause significant difficulties in maintaining
constant baselines and detector response for quan-
tification.

To reduce the limitations of constant force-field
operation in FIFFF, Wahlund et al. [11] program-
med the force field during separations of water-sol-
uble polymers using a rectangular channel with two
semi-permeable membranes. The most successful
programming used by these workers involved expo-
nential decay of the force field. This is the program-
ming form previously used extensively by Kirkland
and co-workers for both sedimentation [15-17] and
thermal [18,19] FFF separations. Other forms of
continuous force-field programming undoubtedly
also can be used advantageously in FIFFF. It is
often convenient to field program the initial separa-
tion of an unknown sample to include a possible
broad range of molecular sizes. This preliminary run
is then followed by runs under constant field to focus
on a desired narrower size range.

This paper describes the theory, equipment and
technique for programming the force field exponen-
tially within the channel during separation using
asymmetric FIFFF channels. Although more com-
plicated equipment is required for automation, this
approach eliminates many of the limitations of the
constant force-field method. Quantitative theory
and software have been developed to describe
elution when the force field is exponentially decayed
during the separation. This combination permits the
convenient measurement of diffusion-constant and
particle-size distributions of macromolecules and
particulates. Exponential decay of the force fieid
during the separation results in more uniform
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resolution of components across the elution profile.
With a programmed force field, bands for highly
retained components are compressed, making detec-
tion and quantitative measurement easier. Finally,
the described method permits a constant flow
through the detector during the separation, facilitat-
ing good detector baselines and subsequent quanti-
tative measurements.

EXPERIMENTAL

FIFFF apparatus

Fig. 1 shows the general arrangements of compo-
nents in our FIFFF equipment. Solvent metering
devices 1-3 were Model 870 reciprocating pumps
(DuPont Instruments, Wilmington, DE, USA).
Pump 4 was a Model LC-5000 syringe pump (Isco,
Lincoln, NE, USA). This pump was modified
electrically to permit it to be used as an “‘unpump’ to
meter out precisely the channel effluent during the
separation. This arrangement allows a constant flow
out of the channel and through the detector. Flows
from these systems were monitored by collecting
pumped mobile phase in a volumetric flask for an
observed time period. Model EC3W electronically
actuated valves (Valco Instruments, Houston, TX,
USA) were used as “on—off”” and “focus—detector”
valves. A Model EC6W electronically actuated valve
(Valco Instruments) was the sample injector. All of
these units were controlled with in-house-developed
Turbo-Pascal software used on a PS-2 Model 30-286
personal computer (IBM, Boca Raton, FL, USA).

_~|Computerj~~ _
,,’ Iyt N R
\

.

-7 ! \ Pump 4
Pump 1 Pump 2 | Vo Uﬁﬁfp
Channel/Cross Flow  Injection ! ) \
, l' \I
1 1 \
'
I' Pump_3 Micromixer
1
Injection Focus/Detector
Valve
Inlet Channel Qutlet
Waste
Fig. 1. Schematic diagramn of FIFTT apparatue for cross-flow

programming.
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Stainless-Steel The micromixer was a 0.25-ml magnetically stirred
Clamping Plate stainless-steel chamber. Detection was with a Model
Clamping Boit 783 UV-visible spectrophotometric high-perform-
mple In ance liquid chromatographic detector (Kratos Anal-
Carrier in ytical, Ramsey, NJ, USA). Detector output was
displayed on a Model 822B10-3 recorder (Esterline-
Angus Instrument, Indianapolis, IN, USA).

Glass Plate The FIFFF channel assembly is depicted by the
exploded view in Fig. 2. Fig. 3 shows a scaled
<~—Stainless-Steel end-view of the channel assembly. The channel was
Spacer of the rectangular asymmetric configuration [6], as
Channel depicted in Fig. 4. The separating channel was 41.0
ZSZ&Z‘:“‘* X 2.0 cm, formed with a nominal 0.025-cm thick
‘ < Semi-Permeable Mylar polyester or Kapton polyimide film spacer
> Membrane (DuPont, Wilmington, DE, USA). The actual chan-
T Porous Frit nel thickness was measured as 0.0241 cm by injecting
-~ ggfo‘gss's‘ee‘ a small sample of cytochrome ¢ with no force field
Waste Collection several times, and noting the average first moment
Cavity of the eluted peak at a flow-rate of 0.20 ml/min (cor-
,Base rections were made for the extra-channel volume
leading to the detector). As the volume, length and
width of the channel were known, the thickness
could be calculated. This channel was formed with

90° triangular inlet and outlet configurations.
Fig. 2. Asymmetric FIFFF channel assembly: exploded view. The semi—per.meable channel accumulation wall
was a YM10 Diaflo ultrafiltration membrane (Am-
icon, Danvers, MA, USA). This membrane was
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Fig. 3. Asymmetric FIFFF channel assembly: end-view.
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Fig. 4. Asymmetric channel for FIFFF. (A) Sample injection,
relaxation and focusing step; (B) elution step.

supported by a precision-grade, 1/8-in. thick, 5-um
porous polyethylene frit (General Polymer, West
Reading, PA, USA). Buna-N O-rings (Mercer Rub-
ber, Philadelphia, PA, USA) were used to seal the
channel to the supporting plates. A drilled float-
glass plate (Kaufman Glass, Wilmington, DE, USA)
was the upper wall of the asymmetric channel.
Sample injection was carried out through an injec-
tion port that was 3.5 cm downstream from the
liquid carrier inlet port, in a manner similar to that
described by Wahlund and Litzen [7]. The various
units of the channel assembly were fabricated at the
DuPont Experimental Station.

Operation of the FIFFF apparatus in the force-
field programmed mode typically proceeds as fol-
lows (see Fig. 1). Simultaneously using pump 1 and
“ynpump” 4, the channel is first conditioned with
the mobile phase carrier until a constant detector
baseline is obtained. Pump 4 is then isolated with the
“focus—detector” valve. The sample is slowly in-
jected into the channel with mobile phase carrier by
actuating pump 2 and displaciiig the sample from
the loop of the injector valve (usually at 0.06-0.1
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mi/min for a volume about twice the total volume of
the sample loop and the connecting line). Simul-
taneously during this injection period, pumps 1 and
3 are actuated at flow-rates appropriate to focus the
sample in a narrow band just below the sample inlet.
This focusing approach is similar to that developed
by Wahlund er al. [6,7,14]. Following the injection—
focusing period, the “on—off” valve is closed. Sam-
ple focusing-relaxation can be continued with flow
from pumps 1 and 3, if desired, or, if sufficient
focusing-relaxation has been accomplished during
injection, the “focus—detector” valve is actuated to
close off pump 3 and access the “unpump” 4.
Appropriate flow metering is then set on pumps 1
and 4 to conduct the desired separation. All steps in
this procedure are conducted by the computer. The
operator specifies the operating procedure by com-
pleting a software parameter block prior to the
desired separation. The sample loop is filled manual-
ly, and the operator actuates the computer program
to conduct the experiment automatically.

Separation data were collected on a PE/Nelson
ACCESS'CHROM data-handling system (Nelson
Analytical, Cupertino, CA, USA). In-house-devel-
oped software for the diffusion-coefficient or par-
ticle-size calculations and outputs was in
FORTRAN 77 on a Vax 3100 computer (Digital
Equipment, Maynard, MA, USA).

Reagents and chemicals

The proteins, Col E1 amp plasmid DNA, and Tris
buffer were obtained from Sigma (St. Louis, MO,
USA). Plasmid pSP 65 DNA was from Boehringer
Mannheim Biochemicals (Indianapolis, IN, USA).
Silica sol samples were prepared within DuPont.
Samples of Streptococcus faecalis bacteria were
kindly supplied by R. C. Ebersole of DuPont. Other
materials for buffers and mobile phase additives
were from J. T. Baker (Phillipsburg, NJ, USA).

THEORY

Retention with constant force field

Retentionin FIFFF separations witharectangular
asymmetric channel and a constant force field
(cross-flow) has previously been described by
Wahlund and Giddings [6]. Retention times for well-
retained components in such a system are described
by
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where # is the retention time of the component (s),
W is the channel thickness (cm), D is the diffusion
coefficient (cm?/s), z is the sample focusing distance
from the channel inlet (cm), L is the channel length
(cm), V. is the cross-flow flow-rate (ml/min) and ¥,
is the flow-rate out of the channel (ml/min). Hence,
component diffusion coefficients can be directly
calculated from the retention time if all operating
parameters are known.

Using the well known Einstein diffusion equation
[20], retention can be directly related to the size of
comparable spherical particles. Therefore, particle
sizes can be determined by measuring the retention
time, according to

2RTty
= 2
% Ve + V) @

z
L V.

1 Ve + Vou
Ve

where d, is the particle diameter (cm), R is the gas
constant (8.31 - 10" gem?/s? - K - mol), T'is temper-
ature (K), N is Avogadro’s constant (6.02217 -
10%3/mol) and # is the mobile phase viscosity (Poise;
g/cm - s). With this expression, the size of particu-
lates can be calculated directly from retention using
known operating parameters.

The relationship between retention time and
diffusion coefficient for a rectangular asymmetric
channel and a constant force field can be depicted
graphically as shown in Fig. 5. This log-linear plot
was calculated from eqn. 1 using the arbitrary but
typical operating parameters given. As noted above,
important characteristics of constant force-field
operation in FIFFF are illustrated in this plot. First,
less than two decades of diffusion coefficients (or
particle sizes) can be accessed in a single experiment
with good precision and in a convenient time span.
Second, the difference in retention for two compo-
nents with the same relative difference in diffusion
coefficient (or particle size) is non-linear. The dif-
ference in retention between two large particles with
small diffusion coefficients is much greater than that

(W?Nny) In
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Fig. 5. Retention in FIFFF with asymmetric channel and
constant force field. ¥, = 1.0 ml/min; V,,, = 0.5 ml/min; W =
0.0132 cm; L = 41.0 cm; z = 2.0 cm; breadth = 2.0 cm.

for small particles with larger diffusion coefficients.
This comparison is made for particle pairs having
the same relative diffusion coefficient difference,
related to the same percentage change, or the same
spacing of the two diffusion coefficients on a
logarithmic scale.

Retention using programmed force field with expo-
nential decay

To remove some of the limitations of constant
force-field FIFFF operation, we developed the ap-
paratus described above to permit programmed
force-field operation. This equipment can be used to
create virtually any form of force-field program.
What type of force-field programming would be
optimum for convenient and accurate measure-
ments in FIFFF? We found no clear theoretical
basis that a particular function for programming
the force field would create the best compromise for
the desired conditions, mainly uniform resolution
across a wide range of component sizes in a reason-
able separation time. However, constant force-field
data such in Fig. 5 produced retention vs. diffusion
coefficient relationships that were suggestive of a
logarithmic form. Previously, we had found that in
both sedimentation [15-17] and thermal [18,19]
FFF, exponential-decay of the force field results in a
simple calibration: a plot of particle size or molec-
ular weight vs. retention time produces a straight
line. This format provides several practical advan-
tages, including essentially uniform resolution (and
uniform measurement precision) across the separa-
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tion range and convenient quantification of data.
Our previous success with exponential programming
in sedimentation and thermal FFF and the prelimi-
nary results of Wahlund et al. [11] encouraged us to
develop the theory and software for performing
FIFFF with this force-field programming function
for asymmetric rectangular channels.

Retention in FFF can be represented by the
retention ratio, R = V,/Vx, where V,, is the channel
volume and Vy is the retention volume of the sample
component. Components that are well retained can
be represented by R = 64, where A is the ratio of the
mean height of the sample cloud from the accumula-
tion wall to channel thickness [4]. Retention for well
retained components in asymmetric rectangular
channels using programmed force fields with expo-
nential decay during the separation can be described
by

[ i
)G )] ©

where 7 is the time constant of the exponential decay
(s) and V., is the initial cross-flow flow rate
(ml/min). Results can be expressed in terms of
spherical particle size by using the Einstein rela-
tionship previously described for eqn. 2. Eqn. 3 is
analogous to that described by Wahlund et al. [11]
for rectangular channels with two semi-permeable
membranes. :

Previous studies in sedimentation {15-17] and
thermal [18,19] FFF further demonstrated that a
delay period equal to the time constant 7 of the
exponential decay added to the range of lincarity for
the molecular weight or particle size vs. retention
time plot. This method also is useful in providing
additional separation’ between early cluting peaks
and the potentially interfering channel dead-volume
peak. The usefulness of this approach suggested that
this also should be investigated for FIFFF separa-
tions. We found that retention in rectangular asym-
metric channels using programmed force field with
exponential delay and decay can be described by
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Derivations of eqns. 3 and 4 are given in the
Appendix.

SOFTWARE FOR QUANTIFICATION

To quantify desired diffusion-coefficient and par-
ticle-size distribution measurements, it was neces-
sary to solve eqn. 3 for the diffusion coefficient, D,
(or the corresponding particle diameter, d,) as a
function of retention time, fz. For this, an iterative
numerical process was developed. This approach
was simplified by combining certain parameters, so
that

= [(L = 2)/L] [Veol Voul )
and

S = (6Dt)/W? 6)
Then, by iteration on S; for the ith iteration,

S; = {tIn[l + o1 + 1/S;-)}/r} — 1 @)

This approach relates the diffusion coefficient, D, to
the retention time, tg, that is, S = f(D). Initially,

1S, =0; Sy = (¢/t)Inl + o) — 1 (8)

S; is solved by iteration when S is large. For
late-eluting particles, 4S; is calculated by

4S; = S(tr + Atg) — S(tr) )
and
kj+1 = 1/(1 + 85 + 45) In{l +

ofl + 1/(S; + 4Spl}  (10)

Here, AS;is manipulated to achieve equal steps in #,
which is defined by the sampling rate.

For retention near zero, S (being inversely related
to tg) is large and 1/S is small. For this case, the
mathematical relationship S = f(#, 1/S) is well
behaved and eqn. 7 converges nicely, because the
logarithmic term in eqn. 7 is dominated by In(1 + ).
For later retentions, 8 is small and 1/S is large. The
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logarithmic term in eqn. 7 is then dominated by
In(«/S), and the iteration behaves poorly. Therefore,
for later retentions, the S value for the previous
retention slice j is used to estimate S;;,, and the
corresponding retention time is determined. The
iteration searches for A4S with eqn. 10 to achieve the
known value of tz: Fig. 6 is a graphical representa-
tion of In S vs. retention time, t, for several values of
the exponential-decay time constant 7.

RESULTS AND DISCUSSION

Effect of exponential-decay t value on retention
The plots in Fig. 7 (based on eqns. 3 and 4) show
the effect of changing the 7 value on retention with
asymmetric rectangular channels using exponential-
ly programmed force fields. Plots are given for
exponential programs devised with arbitrary but
realistic operating parameters with and without
delay prior to the force field programming. As
expected, the delay increases the time of elution
between the first peak and the channel dead volume
peak. Smaller 7 values result in plots that are
increasingly more linear across the diffusion coeffi-
cient range selected for study. Larger t values
increase the non-linearity of the calibration. As
noted previously, a linear calibration generally is
advantageous. More uniform resolution and mea-
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0 50 100 150 200 250
Retention Time, Min

Fig. 6. Effect of combined retention parameters on retention time.
See eqn. 10 for details.
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Fig. 7. Effect of  value on retention in FIFFF with asymmetric
channel using exponentially programmed force field. V,, = 9.5
ml/min; ¥V, = 0.5ml/min; W = 0.0132cm; L = 41.0cm;z = 4.3
cm; breadth = 2.0 cm.

surement precision occurs across the separation
range of interest in a practical analysis time. Con-
trary to experiences in sedimentation and thermal
FFF, imposing a delay before starting the expo-
nential decay does not appear to improve the
calibration linearity.

The results presented in Fig. 7 and the following
simulated plots represent a rough first attempt to
determine the effects of the various operating pa-
rameters for exponentially programming the force
field in FIFFF for asymmetric channels. In these
simulation plots, results at very low retention are less
valid because of the assumption of R = 64 ineqns. 3
and 4. Still, these plots have been found useful in
selecting useful experimental conditions for expo-
nential programming in FIFFF.

As expected, similar effects were seen for retention
time vs. particle diameter relationships, as shown in
Fig. 8. In this instance, different operating param-
eters from those in Fig. 7 were selected to verify the
general trends. Again, log-linear calibration and
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Fig. 8. Effect of t value on particle retention in FIFFF with
asymmetric channel using exponentially programmed force field.
Conditions as in Fig. 7, except Vo, = 1.0 ml/min.

approximately uniform separation are more nearly
approached at smaller t values. In this instance,
calibration plots with delay in the force field before
exponential decay were not prepared.
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Fig. 9. Effect of channel thickness on retention in FIFFF with
asymmetric channel using exponentially programmed force field.
Conditions as in Fig. 7, except for W and 1 = 5.0 min.
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Effect of channel thickness on retention

The effect of channel thickness on retention with
exponential force-field decay is shown in Fig. 9.
These results suggest that log-linear calibration
linearity is favored with wider channels, with chan-
nel thicknesses of 0.025 cm being about optimum for
these particular operating conditions. No difference
in calibration linearity is shown between separations
carried out with and without delay before expo-
nential decay. However, use of the delay does permit
better separations of early-eluting peaks from the
peak at the channel dead-time, ¢,, at the expense of
increased separation time. Note that increasing the
channel thickness involves other compromises, as
the separation time and band width also change [8].
Increasing the channel thickness does not appear to
change significantly the relative separation between
the same two components, as indicated by the
approximately constant slope of the log-linear cali-
bration graphs. The exception is very narrow chan-
nels and components with larger diffusion coeffi-
cients.
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Fig. 10. Effect of channel effluent out-flow on retention in FIFFF
with asymmetric channel using exponentially programmed force
field. Conditions as in Fig. 7, except foi' ¥y and t = 5.0 min.
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Effect of channel effluent out-flow on retention

Fig. 10 shows the effect of channel effluent
out-flow V,,, with an asymmetric rectangular chan-
nel on retention using exponential force-field pro-
gramming. Calibration linearity is not seriously
influenced by the level of V,,,. However, larger
retention time differences occur at lower flow-rates.
Bands also should be narrower at lower flow-rates
because of more favorable mass-transfer effects [8].
Again, imposing a delay before exponential decay
does not affect calibration linearity.

Effect of initial cross-flow on retention

Theeffect of initial cross-flow, V,,, on retention in
exponential force-field programming is shown in
Fig. 11. As expected, increasing the initial force field
increases retention. Calibration linearity also is
better approached at higher initial force fields.
Relative separations are not affected by the initial
force field, except for small components with larger
diffusion coefficients. The possible deleterious effect
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Fig. 11. Effect of initial cross-flow force field on retention in
FIFFF with asymmetric channel using exponentially program-
med force field. Conditions as in Fig. 7, except for ¥,,and t = 5.0
min.
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of higher initial force fields causing problems with
unwanted interaction of components with rough
semi-permeable membranes forming the accumula-
tion is not predicted by this analysis. The effect of
possible steric interactions also is not featured.

Effect of channel length on retention

With a constant initial cross-flow, changes in
channel length have little effect on retention in
exponential programming, as shown in Fig. 12.
These results suggest that shorter asymmetric chan-
nels (10-20 cm?) might be better suited for pro-
grammed separations in FIFFF under these condi-
tions. This plot pictures components that are well
retained on the channel until a certain lower force
field is reached during programming. At that point
components move rapidly down and out of the
channel. The use of shorter channels may be prac-
tical because of the ability to focus the injected
sample into a narrow band before starting the
separation [7]. Focusing the injected sample mini-
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Fig. 12. Effect of channel length on retention in FIFFF with
asymmetric channel using exponentially programmed force field:
constant cross-flow. Conditions as in Fig. 7, except for Land t =
5.0 min.
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mizes band-broadening difficulties that arise from
utilizing some of the channel length at the inlet to
contain the injected sample, as is often the case in
sedimentation [15,21] and thermal [22,23] FFF
separations.

However, the results are different if the initial
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force field is maintained constant by proportio-
nately decreasing the cross-flow as the channel is
shortened, as shown in Fig. 13. Here, decreasing the
channel length with exponential programming also
decreases retention. This situation may be more
typical of actual experiments where the channel
length is not usually changed as an operating
parameter. The results in Fig. 13 suggest that
channel lengths in the range 2040 cm may be a good
compromise for many FIFFF separations, whether
constant-field or. programmed-field operation is
considered.

APPLICATIONS

Biological macromolecules

The ability to program the force field during the
FIFFF separation allows the elution of a wide range
of component sizes (molecular weight) to be eluted
in a convenient time. This capability is illustrated in
Fig. 14 by the 35-min separation of a synthetic
mixture of proteins and plasmid DNAs (no time
delay was used in the exponential decay program

0 10 20 30
TIME, MIN

Fig. 14. Fractionation of proteins and nucleic acids with asymmetric channel using exponentially programmed force field. Channel, 41 x
2.0 x 0.0241 cm; focus distance, 4.3 cm; initial cross-flow, 9.0 ml/min; channel out-flow, 1.0 ml/min; sample injection at 0.06 ml/min for
4.0 min; sample injection/focus: pump (1) 1.0 ml/min, pump (2) 10.0 ml/min for a total of 8.0 min; exponential decay constant, 6.0 min;
mobile phase, 0.05 M Tris buffer (pH 7.67)-0.05 M K;50,-0.02% sodium azide; detector, UV, 260 nm, 0.02 a.u.f.s.; sample volume,
0.050 ml; components as shown.
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used for this and the other applications reported in
this paper). The first- and last-eluting compounds in
the mixture in Fig. 14 have molecular weights of
12 400 and 7 300 000, respectively. This represents a
molecular weight range ratio of about 600 separated
in a single experiment. A stepwise gradient was
previously used to separate human serum albumin
from the dimer and trimer, but this approach
involved a much narrower molecular weight range
of components [13].

Calculation of the diffusion coefficients for the
proteins in Fig. 14 produced values that closely
correlated with those in the literature (e.g., for
cytochrome ¢ and bovine serum albumin, 11.0- 107
and 5.8 - 1077 cm?/s, respectively, compared with
1.1 - 1077 and 5.9 - 1077 cm?/s reported [24].
However, values for the high-molecular-weight plas-
mids appeared to be considerably larger than those
predicted, suggesting that these materials were re-
tained additionally by some other mechanism. It
appears unlikely that this additional retention was
caused by chemical interaction with the membrane.
This cellulosic membrane material normally does
not display such effects, particularly in the pH-ionic
strength environment used in this study. We specu-
late, therefore, that the added retention is due to
physical interaction with micro-imperfections of the
membrane surface. The strong initial force used for
the separation probably pushes the large plasmids
into observable micro-crevices or pockets in the
membrane surface. Because of poor diffusion for
these large components, significant time is required
for diffusion out of the micro-crevices back into the
normal channel flow streams. The net effect is that
the components then elute at retention times that are
larger than predicted. Apparently, more lightly
retained components (such as the proteins in Fig. 14)
do not interact deleteriously with the rough mem-
brane surface, probably because they are not pushed
sufficiently close to the surface by the particular
crossed-flow force field used. These postulates are
substantiated by constant force-field FIFFF separa-
tions with the same membrane (and membranes with
similar surface-roughness properties) that elute
components with predicted diffusion coefficients
[6,7,13,14]. In these instances, modest force fields
apparently did not push the components into a
region in which the deleterious interaction with the
membrane could occur.
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The results with the large components in the
separation in Fig. 14 and other similar experiments
strongly suggest that much smoother membranes
are needed for FIFFF. This is especially the case
when programming with high initial force fields is
used with samples containing large components.
Studies to identify better membranes for FIFFF are
in progress.

No attempt was made in Fig. 14 to optimize the
range of component resolution or separation time.
Therefore, all of these separation goals probably
could be improved, if desired. Optimizing such a
separation could be carried out by manipulating
channel thickness, initial and outlet channel flow-
rates and the value of the exponential time constant,
7. We believe that more than three decades of
molecular weight difference can be comfortably
spanned in a single FIFFF separation using opti-
mized programming techniques.

Biological particulates

The use of exponential programming in FIFFF to
separate a “real” sample of biological material is
illustrated in Fig. 15. A 4-day-old isolate of Strepto-
coccus faecalis bacteria was observed to have two
minor and two major constituents. The minor
components may be contaminating proteins that
were expressed by the bacteria during storage at 4°C.
The larger component eluting at ca. 21 min appears
to be the “singles” or individual bacteria. The last
large peak at ca. 30 min represents “chains” of these
bacteria that are known to occur and are micros-
copically observed. Fig. 16 shows the particle-size
(P,) distributions associated with the two major
peaks. These plots were obtained with software
based on eqn. 3, using a special deconvolution
method [25] to isolate each population effectively.
The material in the first large peak eluting at 21 min
demonstrated a weight-average diameter of 0.45 ym
(Fig. 16A), with a sample polydispersity (weight-
average/number-average) of 1.32 (uncorrected for
band dispersion). This size is in keeping with
microscopically observed values [26]. The differen-
tial plots in Fig. 16 relate the relative component
concentration to the log (particle size) (P,). The
cumulative plot relates the relative weight fraction of
the component to the log (particle size). The material
in the second large peak at 30 min in Fig. 15 showed
a weight-average diameter of 2.1 um (Fig. 16B), with
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Fig. 15. Fractionation of Streptococcus faecalis bacteria sample
with exponentially programmed FIFFF. Conditions as in Fig. 14,
except initial cross-flow, 5.0 ml/min; channel out-flow, 2.0 ml/
min; injection—focus, pump (1) 0.5 ml/min, pump (2) 4.5 ml/min
for a total of 8.0 min; exponential decay time constant, 5.0 min,
detector, 220 nm, 0.05 a.u.fs.

a polydispersity of 1.52. These data suggest that this
population is largely a mixture of 4-6-mer chains,
with much smaller amounts of dimers largely in the
“valley” between the two peaks. The data also
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Fig. 16. Particle size distribution plots for Streptococcus faecalis
bacteria. (A) 21-min peak (Fig. 15); (B) 30-min peak (Fig. 15). (A)
Particle diameter: weight-average (A) 0.45 um; (B) 2.1 pm;

-number-average: {A) 0.34 um, (B) 1.4 pm; polydispersity: (A)
1.32, (B) 1.52.
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suggest decreasing amounts of longer chains in the
“tail” of the latter peak. Again, these results are in
keeping with known properties associated with this
bacterium and with microscopic observations [26].

The size of the “chains” in Fig. 15 might be
expected to lead to earlier retention because of steric
effects for these large components [27,28]. However,
this effect apparently is not a strong feature under
the conditions of force-field programming used.
These and other of our studies in both FIFFF and
SAFFF have suggested that force-field program-
ming can be adapted to minimize steric effects
associated with large components in mixtures of a
wide size range. It is not intuitive that exponential
programming actually minimizes the potential for
steric interaction, if properly invoked. Smaller t and
V.u values reduce the tendency for steric interaction
during an exponentially programmed separation. At
the beginning of the separation, the initial high force
field holds the components tightly so they essentially
do not move down the channel; steric forces are
inoperable. As the force field is decreased exponen-
tially, the components rapidly move away from the
accumulation wall, so that steric forces quickly
become less effective.

Another phenomenon may have compensated for
any steric effects that might have occurred in the
separation in Fig. 15. Other studies in sedimentation
FFF have shown that particle conformation can
seriously affect retention. Components with high
aspect ratios are apparently intercepted by faster
flow streams than theoretical, causing earlier reten-
tion and smaller calculated particle sizes than ex-
pected [29].

Inorganic colloids

The utility of programmed FIFFF for measuring
the particle-size distribution of inorganic colloids is
shown in Fig. 17. This fractogram of a synthetic
mixture containing three different silica sols of
widely different sizes demonstrates the capability of
the exponential programming method to analyze
rapidly a sample.of wide particle size distribution in
a single experiment. A micro-mixing device was used
between the channel and the detector to eliminate
severe noise within the detector as the colloidal
sample passed through the cell. This “noise” is
caused by inhomogeneity in the channel effluent
emerging from the channel. This effect can be



ASYMMETRIC-CHANNEL FIFFF

~0.02um
c
2 2
2 8
] s r
& ]
o o
o S
S (]
g B
8 g
o
L ) L L
0 10 20 30 1.2 -1 -0.8 06 -04
RETENTION TIME log (Ps)
c
2
ks
i
w
=
Ry
Q L
2
®
2
&
3
£
3
(&)
-1.2 -1 -0.8 -0.6 -0.4
log (Ps)

Fig. 17. Fractionation of silica sol mixture by exponentially
programmed FIFFF. Conditions as in Fig. 14, except initial
cross-flow, 3.0 ml/min; channel out-flow, 2.0 ml/min; injection—
focus, pump (1) 0.3 ml/min, pump (2) 2.7 ml/min for a total of 5.0
min; exponential decay time constant, 4.0 min; sample 0.050 ml
0f2.5,0.05 and 0.005% each of the increasingly larger silica sols;
UV detector, 220 nm, 0.05 a.u.f.s. Particle diameter: weight-
average 0.21 um; number-average 0.18 um; particle dispersity =
1.22. Retention time in min.

removed by using the stirring micro-mixer depicted
in Fig. 1, or by using a low-volume packed-bed
column of ca. 150-pum glass beads. Fig. 17 shows the
differential and cumulative particle-size distribution
plots of the middle-size component of this mixture,
with a weight-average of 0.21 um and a polydispers-
ity of 1.22. Results for the 0.020- and 0.20-um silica
sols correlate closely with values obtained by sedi-
mentation FFF for these samples. However, the
calculated value for the 0.60-um sample was signif-
icantly higher than that measured by transmission
electron microscopy. This suggests an interaction of
this material with the rough surface of the mem-
brane in the same manner dlscussed for the plasmids
in Fig. 14.

Synthetic polymers
FIFFF is well suited for characterizing a wide
range of synthetic polymers, as illustrated by the
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separation of a commercial sample of polyacryl-
amide in Fig. 18. Fig. 18A is the detector signal
obtained during the exponentially programmed sep-
aration. The values listed in the figure caption are
various diffusion-coefficient averages and the sam-
ple polydispersity calculated for this sample. The
smoothed differential and cumulative plots in Fig.
18B and C are the result of a computer deconvolu-
tion method used for the presentation.

The FIFFF method is not limited to water-soluble
polymers. Organic-soluble polymers should be
handled following minor alterations of our equip-
ment. Future studies will investigate the proposed
method for determining not only diffusion-coeffi-
cient distributions, but also molecular-weight distri-
butions based on fundamental hydrodynamic vol-
ume relationships.
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Fig. 18. FIFFF characterization of Sepran MLG polyacrylamide
sample. Conditions as in Fig. 14, except mobile phase, 0.01 M
KH,PO, adjusted to pH 6.2 with NaOH; initial cross-flow, 5.0
ml/min; channel out-flow, 1.0 ml/min; exponential decay time
constant, 7.0 min; sample 50 l, 0.5% in mobile phase; detection,
UV, 2150m. [D]o = 1.74- 1075 [D ] 4, = 4.06-1078;[D],, =
105 - 1077 dppy = 2.33.
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CONCLUSIONS

This study has shown that exponentially pro-
gramming the (cross-flow) force field in FIFFF is a
convenient and effective way to provide data that
permit the measurement of diffusion-coefficient-
and particle-size-distributions of macromolecular
components and particulates. Although an asym-
metric rectangular channel was used as a model in
this study, the described approach can be used for
channels of any configuration. The method has
certain distinct advantages over constant force-field
operation, including (a) the ability to separate a wide
range of components with a single experiment in a
convenient time span; (b) maintaining more uniform
resolution over a wide retention range; (c) easier

APPENDIX

Derivation of eqns. 3 and 4

J. J. KIRKLAND er al.

detection of highly retained components; and (d)
constant flow out the channel for constant detector
response and good baseline stability. Although
force-field programming involves more complicated
apparatus, operation is simplified and made more
reproducible with the use of automated computer-
directed interfaces.
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The migration of retained solutes moving downstream a distance z can be described as
dz 6D 6DL <0>;
st Yz = o Al
d¢ * <W2>Z w2 |:<v>i,, — <v>0ut] (AD
Let v, = <v>j;, — <0>ou, then eqn. Al becomes
dz 4 6D ;= 6DL|v, + <v>,q| 6DL 4 6DL  <v>gy
ds w2 w? vy oW owr oy,
or
dy 6D 6DL\ <v> 4y
hid —\ly = — oot A2
i (- - () w2

with y = (L — z). The solution to the first-order ordinary differential equation of the type of eqn. A2 is readily
available in the following form (with ¢ = integration constant):

~ 6D 6Dt 6DL <v>q | 1
= e W% wr | - —— " - d¢
R R o

(A3)
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Derivation of eqn. 3
For the case of exponential-decay force-field programming,

t/t

Uy = Oy €~ (A4)
and eqn. A3 becomes (with constant <v> )
—6Dt 6Dt 6DL <v> .
— o WZ wZ | .~ ~Y~ out t/t dt
y=e {+j [ - }
ot [ <p>,, 1
= e — = U7 ~ et (AS)
Ve 1 + K
6D1

With the initial condition of y = L — zat ¢ = 0 (recalling that z is the sample focus distance in the channel),
eqn. AS gives the following expression for the integration constant c:
L <v> 1

c=L—-z+
Dye w?

(A6)

At t = t3, the solute emerges from the channel, whenz = L or y = 0. By combining eqns. AS and A6 and
setting y = 0:

L <v>, 1 ~6Dty L <v>, 1
L —z+ b t 3 e W? — v t ) etR/r (A7)
Ve 1 + K. Uy 1 + K
6Dt 6Dt
By rearranging and taking logarithms, eqn. A7 becomes
T L -z vV w?
R=———" In|[1 el [ i e A8
R 6Dt n[ I Vm< * 6D‘E>j| (A8)
I + we
As <v>, WB = v, (volumetric flow-rate of channel effluent) and u,LG = V,, (initial volumetric
cross-flow-rate),
Veo U,L Dyo
Vout <D>outW <D>0ul ( )

By substituting eqn. A9 in eqn. A8, we complete the derivation of eqn. 3:

T L —z V w2
S M e 2 A
' 6Dt n[ I Vou,< * 6Dr>] (A10)

1 -

Derivation of eqn. 4
t—t

Fort < 7,0, = vy, and for t > 1,0, = vee”™ = . For ¢ < 7, from eqn. A3:,

6Dt 6Dt 6Dl < > ou
y=e 7 {c + feW’[— szt} dt}
x

- 6Dt
_ufz_ L <v>,

= (€
Dye
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With the initial condition y = L — 2’ at ¢ = O
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6Dt L < ou _6Dt
Ve = Yr=e = (L — Z) e W + —%(e we — 1> (A11)
2
Fort = 1,let ¢/ = t — 7 and from eqn. A3:
6D O6DL <v> gy 1 ,
= o e WI _ out L at'lt A12
Y c e vy W2 6_D . l € ( )
w2 T
With the initial condition y = y.at ¢ = 0:
¢ = L <v>q 1
=y Dye L. KZ
6D1
and
6Dt 6Dz 1 6Dt’ L< >ou 1 ,
=l @@=y w4 2207wy e 2 _\e (A1)
Uy 1+ E/__ Vx 1+ K
6Dt 6Dz
Since, at the time of solute elution, ¥ = tr — taty = O
(52 AN B
T =e- Ul +—) | V—L 4+ 1| - —¢e" Al4
© © tent) | L <osom | 6Dt (Al4)
or
T L — Z\V, w2 L —-Z7 7 6Dz
R=] ——— 1 + In<1 = )2 —1 - = 2] — eW?
R 6D7 ( +n{ +< L )Vm 6Dr[+< 3 V(,m> ¢ ]})
1 + W
‘ 14 800 L A Y P ze‘?t i
= _— e n _— —_— _—
6Dz w2 L Vo 6Dt 6Dt
1 + ﬁ—/?
And, finally we obtain eqn. 4:
T L -7 V W2 & 6Dz
= ——— \In{1 . —le™ W — 1 AlS5
o L [ S (R -2 R T2 G| S
1 + W
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Simple solution of velocity profiles of laminar flows in
channels of various cross-sections used in field-flow

fractionation
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ABSTRACT

A simple method for the two-dimensional description of the flow velocity profile of Newtonian liquids in narrow channels is
presented. This procedure is applied to a few types of cross-sections used in field-flow fractionation because the solutions of the flow
velocity profiles are necessary for the theoretical description of the separation process in which the flow plays an active role. Limitations
of the approach are discussed, and published results on this subject are compared.

INTRODUCTION

Field-flow fractionation (FFF) is an analytical
method based on simultaneous actions of physical
field forces and the flow of the carrier liquid passing
through the separation channel [1]. The carrier
liquid takes an active part exhibiting the non-uni-
form flow velocity profile caused by viscosity effects
and by the channel cross-section. Vectors of effective
forces of the field and of the carrier liquid are
mutually perpendicular: the field acts across the
channel and the liquid flows longitudinally. Having
different properties and consequently different Spa-
tial distributions due to the action of the field,
components of a sample migrate along the channel
with different elution velocities and thus separation
occurs. It follows from the principle of FFF that the
most important exploitations are separations of very
high-molecular-weight samples; FFF thus holds a
promising position in separations of polymers and
particles, especially those of biological origin. These
compounds, with respect to the properties of biolog-
ical substances, could be irreversibly changed under
conditions currently used in other separation meth-
ods, e.g., high pressures, organic solvents and mul-
tiple transfers from the mobile to the stationary
phases [2].

0021-9673/92/$05.00

Channels of various cross-sections can be em-
ployed in FFF. Channels of rectangular cross-sec-
tions are commonly used for the classical mode of
exponential concentration distribution [3] and in
some instances for the focusing mode [4-7]. A dis-
advantage of this cross-section for focusing tech-
niques is the symmetry of the flow velocity profile.
This fact implies the application of asymmetric flow
profiles in channels of trapezoidal cross-sections for
focusing techniques [8-10]). Channels of circular
cross-section are used, for example, in FFF tech-
niques operating with an internally induced field
(pressure FFF) [11] or with an external electrical
field [12].

In all these instances a theoretical description of
the separation is impossible without a knowledge of
a mathematical expression of the velocity profile of
the carrier liquid. While the velocity profiles for the
channels of rectangular, circular and elliptical cross-
sections have been solved [13-15], the sofar pub-
lished results for the channels of trapezoidal and
parabolic cross-sections [16,17] have not brought
generally applicable solutions. This work is concen-
trated on a simple procedure for finding a two-
dimensional description of the flow velocity profiles
in channels which are or can be used in FFF.

© 1992 Elsevier Science Publishers B.V. All rights reserved
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THEORY

For a unidirectional, horizontal and steady-state
laminar flow of an incompressible viscous liquid in a
channel of given length L, the general Navier-
Stokes equations hold in the following form (the
coordinate system is shown in Fig. 1):
vy = _G (1

n
where V2 is the Laplacean, v is the z-component of
the velocity vector of the streamline, G is equal to
—0p/0z or approximately to Ap/L (4p is the differ-
ence in pressures between the inlet and outlet of the
channel) and # is the fluid viscosity.

The solution of eqn. 1 is simple for two infinitely
wide parallel planes with a distance w (V? =
0*/oy*):
W) = 2 w2

4 2
A @

When we rewrite eqn. 2 in the form

W) = 22 ()

TnL - 3)

where for the above mentioned case k = 2and xisa
real constant, the channel is divided into abstract
elements coplanar to the plane yz and eqn. 3
describes the velocity profile in such an arbitrary
element x.

Fig. 1. Channel of rectangular cross-section. The velocity profile
is schematically represented by the parabola in the plane yz and
by the curve in the plane xz (see eqns. 2 and 5 for x = 0 or y = 0),
h is the channel widih aiid s ic the channel height.

S =1~
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For the real flow velocity profile of the liquid in a
rectangular cross-section channel with cross-sec-
tional dimensions sand w (see Fig. 1) and for 2 > w,
Takahashi and Gill [14] derived the relationship

v(x,y) = v(»)f (%) 4)

where v(p) is the velocity profile defined by eqn. 2
and

cosh(,/3a2x/h)

= %)
cosh({/3a)
where a = h/w. The notation of the cross-section,
with 4 as the larger and w as the smaller dimension,
could seem to be unusual for the rectangular cross-
section, but in the following cases of triangular and
trapezoidal cross-sections, this approach is com-
mon. That is why this notation is also used for the
rectangular cross-section channel. The course of
eqn. 4 is schematically drawn in Fig. 1 as the curve in
the plane xz for y = 0 and as the parabola in the
plane yz for x = 0.

Eqn. 4 does not fulfil eqn. 1 because of the term

f(x). We used the term f(x) to display approximate

flow velocity profiles in real channels. However, for
most analytical purposes, the central parts of chan-
nels are utilized. With respect to this fact (expressed
by the condition | x| < //2), eqn. 5 is approximately
equal to 1 and eqn. 4 converts into eqn. 2, which does
fulfil eqn. 1.

To solve the problem of the velocity profile in
channels with non-rectangular cross-sections, let us
start with eqn. 3. If we are able to express w(x) as a
function of the variable x that describes the width of
the cross-section of the channel in a point x, then we
can substitute w(x) for this function and provide a
function of two variables: v(x,y). To become the
solution of egn. 1, the new function must satisfy
eqn. 1. This appropriate modification can be
achieved by substituting v(x,y) into eqn. 1 and the
following calculation of k, however, only for poly-
nomial functions v(x,y) of second or first order with
respect to both x and y, so that their second
derivatives are constant. This limitation is fulfilled
by the functions w(x) of the types w(x) = \/ex + f,
w(x) = Jex? + f and w(x) = ex + f, where e and

f are constants. Therefore, the above-described

procedure will be further applied to these possible
cross-sections of the channels.



VELOCITY PROFILES OF LAMINAR FLOWS IN FFF

The triangular cross-section is described by the
expression w(x) = 2q(x + h/2), where ¢ = tan (§/2)
(the coordinate system is shown in Fig. 2). After
substituting this equation for w(x) in eqn. 3 and
calculating of k, we obtain

4p
W) = qr T W W =y (@
If we use the equation for the mean velocity:
hi2
Ve = 1/h | v(xy)dx, y = constant (7)
—h/2

we obtain the mean velocity in the plane xz (y = 0):

4 ¢ 2

:611—L'1—q2. (8)

1§

and then we can write eqn. 6 as
v(x,0) = 3<v). 3 + x/h)? ®

which is valid for each y = cw(x), where c € 0,1/2).
The analogous process yields the following results.

1

Fig. 2. Channel of trapezoidal cross-section. The velocity profile
is schematically represented by the curves in the planes yz or xz
(see eqn. 20 for x = 0 or y = 0), h is the channel height, w is the
channel width, f is the angle between the side walls of the channel
-and K'is the distance of the apex line from the axis z. The dotted
line represents the channel of triangular cross-section and the
corresponding velocity profile.
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Forthe trapezoidal cross-section w(x) = 2¢(x + K)
(see Fig. 2) the following holds:

dp  PK?
V) = 5 I+ XK — K (10)
_dp  ¢K?
o, = AU /1212 (11)
Wor0) = —2x x/K)? (12)

(1 + K12K%)

For the parabolic cross-section with the upper
restricting wall we can write w(x) = 2\/ 2P(x + h/2)
(the coordinate system is shown in Fig. 3) and

y(x,y) = 2% - hP(1 + 2x/h — y*/hP) (13)

= 2

o= 57 P (14)

v(x,0) = (1 + 2x/h) (15)
h y

J b2

Fig. 3. Channel of parabolic cross-section with two restricting
walls. The velocity profile is represented schematically by the
curves in the planes yz or xz (see eqn. 21 for x = Qor y = 0), 4 is
the height of the channel, Pis the parameter of the parabola of the
edge of the channel cross-section and K is the distance of the apex
line from the axis z. The dotted line represents the channel with
only one limiting (upper) wall and the corresponding velocity
profile.
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For a parabolic cross-section with two restricting
walls, the following relationship holds:

w(x) = 2/2P(x + K)
(see Fig. 3) and, consequently,

v(x,y) = :—Ilj - KP (1 + x/K — y*/2KP) (16)
_4r

Vs = nL KP (17)

v(x,0) = (Wl + x/K) (18)

Tt is obvious from the procedure of derivations of
the above-mentioned expressions that eqns. 6, 9, 10,
12, 13,15, 16 and 18 do not generally vanish for x =
+ h/2 (the upper and lower walls of the channel).
Similarly to the case with the rectangular cross-sec-
tion channel, we can eliminate this fact by rearrang-
ing these equations according to Takahashi and Gill
[14]. However, one has to keep in mind that the
validity of the equations generated by this procedure
is limited only for | x| < A/2.
For both the trapezoidal and parabolic cross-sec-
tions we can write [provided that & > w(x) for
x € {—h/2,h/2))]

a = hjw(x) (19)

By multiplying eqns. 10 and 16, respectively, by
f(x) from eqn. 5 in which 4’ is used, the final velocity
profile is obtained. Hence, for the trapezoidal cross-
section

A 1
v(x,y) = 211—]2 Tog lg*(x + K)* — »%)
. I:l 3 cosh(\/3a/_-2x/h)] 20)
cosh(,/34a’)

and analogously for the parabolic cross-section
[2P(x + K) — 7

. [1 B co‘sh(\/3a’_~2x/h)] on
cosh(y/3a")

v(x,y) =

The courses of egns. 20 and 21 are shown in Fig. 4.
In Figs. 2 and 3, the final velocity profiles are
schematically drawn for y = 0 in the plane xz and
for x = 0 in the plane yz, respectively.
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¥ (x,0)
ap/2ql ’\
7\
la// \
Ve |
2a_. —
P
1b \\‘
// |
Z=— |«
K

-K -K/2 0 K72

Fig. 4. Velocity profiles in channels of triangular, trapezoidal and
parabolic cross-sections. Curves 1a and 1b represent the courses
of eqn. 20 and curves 2a and 2b those of eqn. 21 for the case h = K
(two limiting walls) (full lines 1b and 2b) and for the case & = 2K
(one restricting wall) (dashed line). The dotted line displays the
course of eqn. 6. Selected values: § = 5% P = 0.001; y = 0.

In the following two cases, we can obtain well
known relationships {15] using the same basic pro-
cedure. For a circular cross-section with radius R
wx) = .’Z\/R2 — x2, Fig. 5], we provide

vixy) = = (R2 - x> =y (22)

and for the elliptic cross-section with semi-axes a,b

[w(x) = 2a /1 — x*/b?, Fig. 6] analogously
dp  ap?
1 — 2/52 . ,21,2 2
v(x,y) = L @+ bz( x*b* — y*la*) (23)
V 1
Jy
R

Fig. 5. Channel of circular cross-section. The velocity profile is
represented schematically by two parabolas in the planes xz or yz
(see eqn. 22 for y = 0 or x = 0); R is the radius of the tube.
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/

Fig. 6. Channel of elliptical cross-section. The velocity profile is
schematically represented by two parabolas in the planes xz or yz
(see eqn. 23 for y = O or x = 0); g and b are the semi-axes of the
channel cross-section.

DISCUSSION

Several workers have tried to find the mathemat-
ical description of the velocity profiles in channels
with non-rectangular cross-sections.

JanCa and Jahnova [16] solved the cases of
channels with trapezoidal and parabolic cross-sec-
tions. Their solutions are mathematical modifica-
tions of the velocity profile (eqn. 4) according to
Takahashi and Gill [14]. The flow velocity profile for
the trapezoidal cross-section obtained by Jan&a and
Jahnova [16] can be written as [without the term
J(x), see eqn. 5]

Vxy) = 2‘,'7—’; KA1~ PR +x/K)7 (24)

Fig. 7shows the courses of eqns. 10 and 24 fory =
ew(x) (¢ = 0, 0.25, 0.50). It is obvious that eqn. 24
has a different course for y < >0 and even negative
values. These authors’ solution for the parabolic
cross-section exhibits analogous differences (see
Fig. 8):

v(x,y) = ;‘—z -KP (1 — y*2KPX(1 + x/K) (25)

The two solutions have another disadvantage as
they do not satisfy the general eqn. 1 [regardiess of
the term f(x)]. This discrepancy was introduced by
Wicar [18].

Janca and Chmelik [17] published the following
relationship for the description of the flow velocity
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v{x,y)
ap/29L

-1 -0.5 .0 0.5 1 K

Fig. 7. Comparison of solutions of the velocity profile in a channel
of triangular cross-section. Presented are the solution of eqn. 10
(fullline) and the solution of ref. 16 (eqn. 24) (dashed line). Values
used: y = 0 (curves 1 and ') (plane of channel symmetry), y =
w(x)/4 (curves 2and 2') and y = w(x)/2 (curves 3 and 3 (the side
walls of the channel). Selected values:' K = A/2; B =5

profile in a channel with a trapezoidal cross-section:

W«

v(;) T 1+ ttanp

[1 + (2x/h) tan B)? (26)
which was derived from eqn. 24 for y = 0 and p 0.
This equation may be obtained from eqn. 24 or 10
but only for A/w(0) = 2, which contradicts the
premise conditioning the validity of the solutions of

vix,y) )
ap/2yl 1=1"

-1 -0.5 0 0.5 1 K

Fig. 8. Comparison of solutions of the velocity profile in a channel
of parabolic cross-section with one restricting wall. Presented are
the solution of eqn. 16 (full line) and the solution of ref. 16
(eqn. 25) (dashed line). Values used: y = 0 (curves 1 and 1’) (plane
of channel symmetry), y = w(x)/4 (curves 2 and 2') and y =
w(x)/2 (curves 3 and 3') (the side walls of the channel). Selected
values: K = #/2; P = 0.001.
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v{x,0)
(v)x

o 1 I 1 I
-1 -0.5 0 0.5 1 K

Fig. 9. Comparison of solutions of the velocity profiles in
channels of triangular and trapezoidal cross-sections. Presented
are solutions of eqn. 9 (curve 1) and eqn. 12 (curve 2). Curves 3
and 4 show the course of the solution of ref. 17 (eqn. 26) for f =
10° and 8 = 1°, respectively.

eqns. 4 and 24, respectively: & >> w. In Fig. 9 the
different course of eqn. 26 to that of eqns. 9 and 12
can be seen.

Wicar [18] solved the case of the flow velocity
profile in a channel of a triangular cross-section
without the restricting upper wall. His solution is
identical with eqn. 6 (see Fig. 4, dotted line).

Eqn. 20 displays the course of the flow velocity
profile in the plane xz (y = 0) for the trapezoidal
cross-section channel. In the central part (| x| < 4/2)
one can see the parabolic shape of the flow velocity
profile (see Fig. 2). In the case of a parabolic
cross-section channel (eqn. 21) and under the same
conditions, the shape of the flow velocity profile is
linear (see Fig. 3). The solution of the flow velocity
profile for a channel with a circular cross-section is a
circular paraboloid (see eqn. 22 and Fig. 5). For the
elliptical cross-section channel the solution is an
elliptical paraboloid (see eqn. 23 and Fig. 6).

As a comparison criterion for channels of differ-
ent cross-sections, the limiting ratio defined as

R = lim vmax(x90)/<v>x

x—h/2

J. PAZOUREK, J. CHMELIK

can be used [Vimax(x,0) is the maximum velocity in the
plane xz (y = 0) and the other symbols have
the above-mentioned meanings]. As follows from
egns. 9 and 15, for channels with triangular cross-
sections this limiting ratio is equal to 3 and for
parabolic cross-sections to 2. Consequently, chan-
nels with triangular or trapezoidal cross-sections are
of greater advantage than those of parabolic cross-
sections because of their easier design and because of
the values of the comparison criterion.

The results of this work permit the design of a
theoretical model of the FFF separation process in
channels of trapezoidal cross-sections and, conse-
quently, a comparison of the efficiencies of channels
with different cross-sections for the individual tech-
niques of FFF.
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ABSTRACT

Partition coefficient determination and direct application of high-speed counter-current chromatography allowed the selection of
suitable chloroform-ethyl acetate—methanol-water solvent systems for the separation of macrolide antibiotics. Sample loading limits
were found to be 10 ml and 200 mg for a total volume capacity of 108 ml. This allows scale-up to higher volume counter-current
chromatographic apparatus and direct competition with semi-preparative high-performance liquid chromatography for crude extract

samples.

INTRODUCTION

Pristinamycins are macrolide antibiotics mainly
acting on Gram-positive Staphylococcus and Strep-
tococcus. They consist of two families: pristinamy-
cins I with acid—base properties and pristinamycins
IT without such properties. Fig. 1 shows the molec-
ular structure of the four components that we in-
vestigated, i.e., pristinamycins IA and B and pristi-
namycins IIA and B. As pristinamycins are ob-
tained from a fermentation broth, the direct prepar-
ative separation of the crude extract by high-per-
formance liquid chromatography (HPLC) is not
possible without damage to the stationary phase
and a tedious crystallization pretreatment is neces-
sary to obtain the purified samples that can be in-
jected on to the columns.

Counter-current chromatography (CCC) uses a
liquid stationary phase retained in the apparatus by
a centrifuged force field. The planetary motion of
the column promotes solute mass transfer between

0021-9673/92/$05.00 ©

the stationary and mobile phases. Consequently, ef-
ficient separations can be obtained and there is no
risk of stationary phase degradation. The principles
and examples of applications of the technique can
be found in special issues of Journal of Chromatog-
raphy and Journal of Liquid Chromatography devot-
ed to CCC [1-3].

This paper described how suitable solvent sys-
tems for the separation of pristinamycins were se-
lected and modified until satisfaction resolution was
obtained on our analytical unit. Then, sample load-
ing limits were studied for comparison with semi-
preparative HPLC. Preliminary promising results
are presented. ‘

EXPERIMENTAL

Apparatus

High-speed  counter-current  chromatography
(HSCCC). The HSCCC system was a Model
CPHV 2000 (SFCC, Neuilly-Plaisance, France)

1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structures of (a) pristinamycins IA and B and (b) pristina-
mycins ITA and B.

equipped with three identical columns connected in
series and arranged symmetrically around the cen-
tral axis of the centrifuge. The columns were pre-
pared from 1.6 mm I.D. polytetrafluoroethylene
(PTFE) tubing wound on to a holder to give a total
capacity of 108 ml and the connections between the
columns were made of 0.8 mm I.D. PTFE tubing.
The columns underwent synchronous planetary
motion and revolved aicund their own axis, avoid-
ing twisting of the column flow tubes. The maxi-

S. DROGUE er al.

mum revolution speed attainable was 2000 rpm.
The f value (ratio of the rotational radius to the
revolution radius) ranged from 0.5 at the internal
terminal to 0.85 at the external terminal.

Apart from the HSCCC system, the complete
HSCCC apparatus consisted of a Shimadzu Model
LC 5 A reciprocating HPLC pump (Touzart et Ma-
tignon, Vitry sur Seine, France) for the mobile or-
ganic phase and a preparative pump (LC-XPS
pump, Pye Unicam, Philips Industries, Bobigny,
France) for the stationary aqueous phase. The col-
umns were connected to the pumps by 0.8 mm I.D.
PTFE tubing via a three-way valve. Samples were
injected into the column via a Rheodyne Model
7125 injection valve equipped with different loops
of variable volume. Each solvent system was thor-
oughly equilibrated in a separating funnel at room
temperature and the two phases were separated
shortly before use. After filling the columns with the
stationary phase, injections of the samples dissolved
either in the mobile or the stationary phase were
carried out into the mobile phase according to a
special injection procedure.

A Sedex 45 evaporative light-scattering detector
(ELSD) (Sédeéré, Vitry sur Seine, France) manufac-
tured for HPLC was used without modification.
The basic principles of the ELSD were described
previously [6]. This detector allows the detection of
samples whose UV absorption is poor and also the
use of high-UV cut-off solvents, and the baseline
obtained is very stable even with slight bleeding of
the stationary phase during the separation.

HPLC. Using the procedure developed by
Rhéne-Poulenc Rorer (Centre de Recherche de Vit-
ry-Alfortville, France), HPLC analyses of sample
solutions for the determination of partition coeffi-
cients were performed on a Pecosphere 5 CR Cg (5
um) column (150 x 4.6 mm 1.D.) (Perkin Elmer,
Saint Quentin en Yvelines, France), thermostated
at 35°C in a Crocosil oven, with 0.1 M phosphate
buffer (pH 2.9)-acetonitrile (67.5:32.5, v/v) as mo-
bile phase pumped by a Shimadzu Model LC 5 A
reciprocating HPLC pump (Touzart et Matignon)
at a flow-rate of 1 ml/min. The injection solvent was
water—acetonitrile (60:40, v/v). Injections of the
sample vials by a Rheodyne Model 7125 injection
valve equipped with a 20-ul sample loop were auto-
matically carried out by an Kontron 360 automatic
injector (Kontron Instruments, Montigny-Le-Bre-
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tonneux, France), the column effluent was moni-
tored at 220 nm by a Model 2550 UV detector (Var-
ian, Orsay, France) and all chromatographic data
were stored in a CR4A Shimadzu data system (Tou-
zart et Matignon).

Reagents

All organic solvents were of HPLC grade except
methanol, which was of analytical-reagent grade.
Alcohols were purchased from Prolabo (Paris,
France) and other organic solvents from Rathburn
(Chromoptic, Montpellier, France). Each phase
was filtered before use through on-line filters (2 um)
after the pumps. Water was doubly distilled. Nitro-
gen (L’Air liquide, Paris, France) supplied the neb-
ulizer of the ELSD system.

Pure pristinamycins IA and IB were provided by
Rhone-Poulenc Rorer.

RESULTS AND DISCUSSION

Selection of solvent systems

In CCC, there are three main criteria in choosing
a solvent system. First, the solvent systems must be
composed of two immiscible phases, second, their
selectivity towards samples of interest has to be suf-
ficient to lead to separations with good resolution
and third, the stationary phase retention must be at
least of 50% of the total column volume when ap-
plied on a CCC unit.

The main criterion is the second one. The selec-
tivity of different solvent systems can be evaluated
by determination of the partition coefficients for
each component. All partition coefficients are ex-
pressed as the ratio of the concentration in the or-
ganic phase to that in the aqueous phase, whichever
phase is the mobile phase, whereas the ratios of con-
centration in the stationary phase to that in the mo-
bile phase were used to predict possible separations.
The selectivity () of the solvent system is the ratio
of the partition coefficients of the solutes. Different
methods are commonly used for the determination
of partition coefficients [7-9]. As crude pristinamy-
cins consisted of four main components, HPLC,
which allowed the simultaneous determination of
the four partition coefficients and did not require
the use of pure samples, was chosen to measure
their concentrations. -

Taking into account the relative hydrophobicity
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of pristinamycins, several hydrophobic solvent sys-
tems based on heptane—-water mixtures were investi-
gated. The basic system heptane-water (1:1, v/v)
was not selective enough so modifiers such as meth-
anol and ethyl acetate were added in various pro-
portions to modify the polarity of this system. Un-
fortunately, with heptane-methanol-water or hep-
tane-ethyl acetate-water solvent systems, all the
partition coefficient values were of the same magni-
tude and, considering the accuracy of their determi-
nation, no solvent system with sufficient selectivity
could be found.

Based on the data for the Craig separation of
these macromolecules [10], dichlorethane-water—
methanol solvent systems were studied. The solvent
system used with Craig’s Machine, dichlorethane—
water-methanol (40:7:30, v/v/v) gave partition
coefficients and selectivity that were too low. Parti-
tion coefficients and selectivity were increased, by
first modifying the proportion of water in the sys-
tem, then changing the pH of the aqueous phase
(pristinamycins I have acid-base properties) and
then increasing the proportion of another compo-
nents of the solvent system. In this investigation,
two kinds of difficulties were encountered. Some
proportions resulted in miscible solvent systems
which were therefore not consistent with CCC and,
second, neither the aqueous nor the organic phase
was retained as the stationary phase in the CCC
unit irrespective of the mobile phase flow-rate and
the rotation speed.

As reported in numerous papers, most separa-
tions of antibiotics by counter-current chromatog-
raphy use a two-phase solvent system based on
chloroform-water systems [11-18]. Commonly,
methanol, carbon tetrachloride, ethyl acetate or an
aqueous buffer is added to modify the polarity of
the solvent system and increase its selectivity. The
first attempts were to add methanol, which is mis-
cible in the two phases. All solvent system composi-
tions are presented in Table I and on a ternary dia-
gram (Fig. 2) that is very useful in CCC [19-23] to
study the influence of each component of solvent
systems on partition coefficient and in HPLC to
study the polarity and selectivity of various solvents
(Snyder selectivity diagram [24]). Ternary diagrams
were used to determine ranges where solvent sys-
tems provided separations not too slowly and with
good resolution. Either the partition coefficients
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TABLE 1

S. DROGUE et al.

PARTITION COEFFICIENTS FOR CHLOROFORM-METHANOL-WATER SOLVENT SYSTEMS

No. Solvent system composition (volumes) PIA PIB PIIA P IIB
Chloroform Methanol Water

1 3 1 3 o0 s’ «© 0

2 1 1 1 0 o0 o0 o0

3 2 5 4 99 86 31 22

4 i 2 1 23 49 39 -

5 1 3 1 single phase

6 1 5 1 single phase

“ Partition coefficient not available.

values were too high (solvent systems 1-4) or the
solvent system was composed of a single phase (sol-
vent systems 5 and 6). As methanol was mostly mis-
cible with water, ethyl acetate which was mostly
miscible with chloroform was added; hence both the
aqueous and organic phase polarities were modi-
fied. The solvent system chloroform—ethyl acetate—-
methanol-water (3:1:3:2, v/v) was applied on the

CHCl5

Fig. 2. Ternary diagram for chloroform-methanol-water solvent
systems. Compositions of each components are expressed in vol-
diiie percentage and numbers refer to Table I. A, Single-phase
solvent system.

CPHV 2000 unit with the organic phase as mobile
phase pumped from head to tail and promising re-
sults for the separation of pristinamycins II were
obtained. Hence this solvent system had to be im-
proved and adapted to the separation of pristina-
mycins 1.

Separation of pristinamycins I and II using chloro-
form—ethyl acetate-methanol-water solvent systems

Using the analytical HSCCC CPHV 2000 unit,
modified solvent systems were tried directly without
wasting any time in calculating low-accuracy parti-
tion coeflicients.

The separation of pristinamycins ITA and B was
first improved. Ethyl acetate was the component of
the solvent system with the greatest influence on
selectivity. Its proportion was modified until a sep-
aration with sufficient analytical resolution to allow
scale-up to preparative separation was obtained.
All the results in terms of solvent systems, resolu-
tion, selectivity and stationary phase retention for
CPHYV 2000 are presented in Table II. Fig. 3 shows
chromatograms of the separation of pristinamycins
IIA and B with increasing proportion of ethyl ace-
tate, the total volume of chloroform and ethyl ace-
tate being constant. If too much ethyl acetate was
added (Table II, solvent system 5), there was no
longer any retention of the aqueous stationary
phase. The best resolution between pristinamycins
ITA and B was obtained when chloroform and ethyl
acetate were in equal proportions (Table II, solvent
system 4, i.e., R, = 2.21 against Ry, = 1.2 with the
first solvent system).
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TABLE II
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IMPROVEMENT OF THE PRISTINAMYCINS IIA AND IIB SEPARATION

Chloroform-ethyl acetate-methanol-water solvent system compositions in volumes, resolution between pristinamycins IIA and B,
solvent system selectivity and stationary phase retention obtained on CPHV 2000. Aqueous stationary phase. Mobile phase flow-rate, 2

ml/min.
No. Solvent system composition (volumes) R (PIIA/ o (P IIB/ Capacity factor, k' Stationary phase
P IIB) P I1A) retention

Chloroform  Ethyl acetate Methanol Water P A P IIB (%)

1 3 1 3 2 1.2 1.5 0.52 0.8 81

2 2.5 1.5 3 2 1.87 1.67 0.30 0.61 80

3 2.4 1.6 3 2 2.0 1.7 0.83 1.4 78

4 2 2 3 2 2.21 1.76 0.61 1.06 77

5 1.5 2.5 3 2 0

Solvent system 4 in Table II, which offered the
best resolution between pristinamycins ITA and B,
was not at all selective towards pristinamycins TA
and B. Through the protonable nitrogen and hy-
droxyl groups, pristinamycins I present acid—base
properties so formic acid was added to solvent sys-
tem 4 to control the aqueous phase pH and thus
increase selectivity. Table IIT summarizes the re-
sults. Formic acid was added until there was less
stationary phase retention (which induced a de-
crease in resolution), then the proportions of chlo-
roform and ethyl acetate were changed (their total
volume remaining constant) and the proportion of
formic acid increased again, etc. As the proportions
of methanol and water were maintained constant,
the more interesting solvent systems, that is solvent
systems 1 and 6-16 in Table ITI, were plotted on a
ternary diagram (Fig. 4). For limited component
proportions, general trends of resolution, solutes
retention and stationary phase retention could be
highlighted.

When the proportion of formic acid was in-
creased (solvent systems 1-7 and 8 against 9), solute
solubility in the stationary phase and retention in-
creased, stationary phase retention tended to de-
crease until it became zero and resolution increased
as long as there was no bleeding of the stationary
phase. With a significant proportion of formic acid
(solvent systems 7-16), the same trend as before was
observed with increasing amount of ethyl acetate.
Solvent system 12 was not selective; it showed the
need for ethyl acetate to obtain sufficient selectivity,

which was already observed for ethyl acetate to ob-
tain sufficient selectivity, which was already observ-
ed for the optimization of the separation of pristi-
namycins ITA and B. The effect of an increasing
proportion of chloroform on separation was mainly
to lower the solute retention and to give excellent
stationary phase retention (solvent systems 7, 8 and
10). As far as resolution was concerned, no obvious
influence could be seen. The best solvent system for
the separation of pristinamycins TA and B seemed
to be solvent system 8, which combined rapidity
(the separation lasted less than 30 min) and a reso-
lution close to 2, which would allow easy semi-pre-
parative scale-up studies that are now in progress.

Preliminary semi-preparative studies

The maximum volume and amount that can be
injected on to the CPHV 2000 system without ap-
preciable losses in efficiency and resolution were de-
termined. A 1-mg amount of pristinamycin [A was
injected while the sample volume was increased
from 50 pl to 20 ml. For each injected volume, sam-
ples were diluted alternately with the mobile phase
and the stationary phase. Figs. 5a and b and 6a and
b show respectively the variation of efficiency versus
injected volume and the ratio of injected volume to
peak volume versus injected volume. Figs. 5a and 6a
refer to mobile phase as sample diluent and Figs. 5b
and 6b to stationary phase as sample diluent. As
injection in mobile phase did not disturb the phase
equilibrium and distribution, no stationary phase
bleeding was observed but a dramatic decrease in
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Fig. 3. Chromatograms for separation of pristinamycins I1A and
B on CPHV 2000. Solvent systems: chloroform—ethyl acetate—
methanol-water, (a) 3:1:3:2 and (b) 2.4:1.6:3:2 (v/v). Organic
mobile phase flow-rate, 2 ml/min; injection, 50 ul; rotation
speed, 1400 rpm; ELSD, 40°C; nitrogen pressure, 2 bar.

peak efficiency occurred (1500 theoretical plates for
a 50-ul sample loop against 20 theoretical plates for
a 20-ml sample loop). In contrast, although injec-
tion in stationary phase disturbed the phase equilib-

S. DROGUE er al.

HCOOH

CHCl 5

Fig. 4. Ternary diagram for chloroform—ethyl-acetate-metha-
nol-water-formic acid solvent systems, all with 3 volumes of
methanol and 2 volumes of water; compositions of the other
three components are expressed in volume percentage and num-
bers refer to Table I1I. [, Interesting but no stationary phase
retention:

rium and induced significant bleeding of the sta-
tionary phase. for injected volumes over 5 ml, the
peak efficiency increased slightly up to 2000 theoret-
ical plates for 10 ml injected. A higher peak effi-
ciency would have been obtained without taking in-
to.account that loss of stationary phase during sep-
aratton induced artificially longer retention times.
In additions with injections over 5 ml, peak com-
pression-occurred. This has already been observed
[25-27) and could beof advantage for one-step pre-
concentration and separation of diluted samples.
Hence the maximum injection volume was 10 ml
(10% of the column total capacity) in stationary
phase sample diluent. The injected amount was
then increased from 0.5 mg to 200 mg of a mixture
of pristinamycins A and B to study the variation of
resolution,. ‘Each injection, consecutive or not, was
performed ‘in stationary phase and had to follow a
specific procedure in order not to induce bleeding of
the stationary phase and to obtain good reproduc-
ibility of solute retention times. It consisted in filling
the apparatus while the injection valve was in the
“inject” position. Then the injection valve was com-
muted to the “load” position and the stationary
phase sample solution was loaded in the 10-ml sam-
ple loop. Before starting rotation and pumping the
mobile phase, the injection valve was commuted to
“inject” and 1 or 2 ml of pure stationary phase were
pumped -to prevent direct mixing between mobile
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(a) 2000

0 2 4 6 8 10 12
Injected volume
(ml )

Injected volume
(ml)

Fig. 5. Variation of the separation efficiency versus injected vol-
ume on CPHV 2000 for (a) mobile phase sample diluent and (b)
stationary phase sample diluent . Solvent system: chloroform—
ethyl acetate-methanol-water—formic acid (2.4:1.6:3:2:0.4, v/v).
Organic mobile phase flow-rate, 2 ml/min; injection, pristinamy-
cin IA 1 mg, 0.05-10 ml; rotation speed, 1400 rpm; ELSD, 40°C;
nitrogen pressure, 2 bar.

phase and sample solution. Hence the first injection
was made before the phases were equilibrated. For
consecutive injections, mobile phase pumping was
stopped but not the rotation and before being filled

PIA PIA

S. DROGUE et al.
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Fig. 6. Variaton of the ratio of injected volume to peak volume
(V.. V... versus injected volume on CPHYV 2000 for (a) mobile

inj peak
phase sample diluent and (b) stationary phase sample diluent.
Operating conditions as in Fig. 5.

the sample loop was rinsed with 20 ml of pure sta-
tionary phase, the injection valve having been com-
muted to the “load” position. It ends as for the first
injection: the injection valve in the “inject” posi-
tion, a small volume of stationary phase was
pumped and mobile phase pumping was resumed.
Fig. 7 shows three consecutive chromatograms with

PIA

PIB PIB PIB
I T | R | T T | | T
0 10 20 30 0 10 20 30 0 10 20 30
Time (min) Time (min) Time (min)

Fig. 7. Three consecutive chivinatograms of the separation of pristinamycin IA following the special injection procedure. Operating
conditions as in Fig. 5 except for sample size: 100 mg of piistinamycin 1A dissolved in 10 ml of stationary phase.
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100 mg injected in 10 ml of stationary phase. As a
result of this injection procedure, mean retention
times + standard deviations were 21.9 4+ 1.3 min
for pristinamycin IA and 26.6 + 1.2 min for pristi-
namycin IB and the stationary phase displaced cor-
responded to the 10 ml injected. Up to 200 mg of
pristinamycins IA and B dissolved in stationary
phase were injected (the sample solution corre-
sponded to the solubility limit of the compounds)
and the separation still had a mean efficiency blank
(1000 theoretical plates) but no resolution.

CONCLUSION

No direct transposition of solvent systems from
Craig Machine separation of pristinamycins to
CCC was possible because of the high stationary
phase retention requirement of HSCCC. Therefore,
an original solvent system was developed allowing
the rapid separation of pristinamycins when the sta-
tionary phase was the aqueous phase. Injections in
stationary phase permitted large amounts of puri-
fied sample to be separated without too much loss
of resolution. Further investigations are being car-
ried out direclty on the crude extract to scale-up the
separation (300 to 1000 mL column volume) and to
evaluate the yield of the process in terms of amount
and purity. These preliminary results demonstrate
that HSCCC can be a powerful tool for the frac-
tionation of compounds.
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SHORT CONFERENCE REPORT

15TH INTERNATIONAL SYMPOSIUM ON COLUMN LIQUID CHROMATOGRAPHY (HPLC'92),
BASEL, SWITZERLAND, JUNE 3-7, 1991

The fifteenth Column Liquid Chromatography (HPLC *92) meeting, excellently organized by Dr. Fritz Erni
and his many co-workers, was attended by more than 1200 participants from all over the world. In addition to
the scientific programme (consisting of about 60 lectures, close to 500 posters and a number of discussion
sessions), there was a large exhibition of scientific instruments and other accessories, where almost a hundred

Fig. 1. Professor W. Simon (Chairman of the First Symposium on Column Liquid Chromatography, held in
Interlaken in 1973) presents a typical Swiss cowbell to the Chairman of HPLC'91, Fritz Erni, to allow the latter
to subtly remind the speakers not to exceed their time.



manufacturers presented their latest products in the field of separation science. An extensive social programme
offered the participants plenty of opportunity to meet less formally during receptions, dinners and a concert.
These photographs attempt to recapture some of the atmosphere during the event.

Fig. 2. Roger Giese (Northeastern University, Boston) and Michael Widmer (Ciba-Geigy, Basel) in anticipation
of things to come at one of the plenary sessions.

Fig. 3. Jack Kirkland (DuPont, Wilmington) and Klaus Unger (Johannes Gutenberg University, Mainz)
sampling Swiss cheese at the reception offered by the Government of the canton of Basel.
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Fig. 4. Jan-Ake Jénsson"(UiﬁverSitil of Lﬁn’d) explains to "Claudia_- Lipschitz (Elsevier, Amsterdam) the
advantages.of applying supported liquid membranes to'sample preparation:

4P o m

Fig. 5. Klaas Bij (Elsevier), :Cs-aba I-Iior;étl“l"(Y.;é‘lié‘»Qﬁi?eﬁsity, New Haven), John Haken (University of New
South Wales, Kensington)-and Guy van Dam (Elsevier’s promotion manager, who attended his last chromato-
graphy symposium before retiring) at the informal get-togéther on Sunday.
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