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ber of physical principles. Gas chromat-
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Contribution of specifiable hydrophobic interactions to

chiral recognition

William H. Pirkle*, Jen-Ping Chang and J. Andrew Burke, II1

School of Chemical Sciences, University of Hlinois, Urbana, IL 61801 (USA)

(First received October 28th, 1991; revised manuscript received January 8th, 1992)

ABSTRACT

The reversed-phase chromatographic behavior of several homologous series of racemic analytes was examined using chiral stationary
phases (CSPs) derived from (R)-N-(2-naphthyl)alanine. For those analytes bearing an alkyl substituent on the stereogenic center, the
degree of enantioselectivity is observed to increase as the length of this alkyl substituent is increased. This effect is attributed to a
reduction in “wetted surface area” when the methylene chain “connecting arm” of the CSP contacts the alkyl substituent of the most
retained analyte enantiomer owing to intercalation of this alkyl group between the strands of bonded phase. In these series, the alkyl
substituents of the less retained enantiomers are differently oriented during interaction with the CPS and less effectively contact the
bonded phase. Although hydrophobic interactions contribute the retention, they need not always contribute to chiral recognition as
shown by other series of analytes. Cases may eventually be found where lengthening an alkyl substituent decreases enantioselectivity
owing to greater hydrophobic interaction between the CSP and the initially eluted enantiomer.

INTRODUCTION

The retention of an analyte on a non-polar sta-
tionary phase during reversed-phase chromatogra-
phy stems principally from the analyte being driven
from the mobile phase into (or onto) the non-polar
stationary phase so as to reduce the total “wetted
surface area” in the system. In the case of
enantiomeric analytes, hydrophobic effects provide
equal motivation for each enantiomer to partition
into (or onto) the stationary phase. However, it is
necessary that there be contact between non-polar
regions of both the analyte and stationary phase for
such partitioning to occur, this contact being re-
sponsible for the reduction in “wetted surface ar-
ea”. On chiral stationary phases (CSPs), such con-
tact is, in principle, dependent upon the stereo-
chemistry of the analyte. Hence, enantioselective
“hydrophobic interactions” might lead to differen-
tial retention of enantiomers. In most instances,
such enantioselective hydrophobic interactions will
be superimposed upon the more usual “polar. ef-
fects” invoked to account for chiral recognition. In

0021-9673/92/$05.00 ©

other words, hydrophobic interactions may be con-
sidered as just another type of intermolecular inter-
action which contributes to retention under re-
versed-phase conditions and may contribute to chi-
ral recognition. Except for the pioneering efforts of
Davankov [1] who has documented the contribu-
tions of hydrophobic interactions to chiral recog-
nition during ligand-exchange chromatography, no
mechanistic studies have been reported in which the
role of these interactions in chiral recognition has
been clearly defined. Davankov stands alone in the
deliberate incorporation into the CSP of structural
features intended to participate in enantioselective
hydrophobic interactions. It is true that hydro-
phobic interactions are invoked as occurring during
enantiomer separation on cyclodextrin [2] or pro-
tein-derived [3-5] CSPs. However, such effects are
usually held to be the source of the major portion of
the retention rather than the source of enantioselec-
tivity. It seems fair to say that while hydrophobic
effects promote analyte inclusion, differential con-
tributions by hydrophobic interactions to the reten-
tion of enantiomers are usually not well understood

1992 Elsevier Science Publishers B.V. All rights reserved



and, except for Davankov’s work [1], cannot be said
to be intentionally included into the design of the
CSP.

RESULTS AND DISCUSSION

Because of our interest in chiral recognition
mechanisms, we frequently examine homologous
series of enantiomeric analytes by reversed-phase
chromatography on the CSPs developed in our lab-
oratories. It is found that retention increases as one
proceeds through the homologous series but that
enantioselectivity generally remains relatively con-
stant. One prior instance of hydrophobic effects
contributing to enantioselectivity was noted for an
earlier n-basic CSP [6]. However, that system was
but briefly studied.

(CH, —SiE}
T‘ COz/ 2)n

N\c""'“c“a
A
H 1 n=tt

The mechanistic basis by which CSP 1, derived
from N-(2-naphthyl)alanine, distinguished between
the enantiomers of N-aroyl amino acid derivatives
in normal-phase -eluents is relatively well under-
stood [7,8]. This CSP suffices to separate the
enantiomers of many other compounds as well. For
example, Fig. 1 shows the relation between n, the
number of methylene units in the linear alkyl sub-
stituent of N-(3,5-dinitrobenzoyl)a-amino-a-phenyi
alkanes, 2, and the chromatographic separation fac-
tors of the enantiomers, o, when this homologous
series of analytes is chromatographed on CSP 1 us-
ing either hexane-2-propanol (90:10) or methanol-
water (90:10). In the normal mobile phase, « in-
creases until n reaches 5, thereafter decreasing slow-
ly. The retention of both enantiomers decreases as »n
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Fig. I. Dependence of the separation factor, o, for the

enantiomers of N-(3,5-dinitrobenzoyl)-a-amino-e-phenyl al-
kanes on the number of carbons, n, in the linear alkyl substi-
tuent. Column, CSP1 (250 x 4.6 mm 1.D.); mobile phases: B =
methanol-water (90:10), flow-rate 1.0 mi/min; ¢ = hexane-
propanol (90:10), flow-rate, 2.0 ml/min.

increases (Fig. 2). In the reversed mobile phase, re-
tention increases steadily (Fig. 2) as n increases as
does the magnitude of & (Fig. 1). However, « is only
1.06 when n = 3 and increases to but 1.13 when n =
17, so the hydrophobic contributions to chiral rec-
ognition are quite small. Chromatography of simi-
lar series of analytes in which the aryl substituents
are of greater hydrophobicity (p-anisyl, a-naphthyl,
f-naphthyl) generates very similar o vs. n curves,
retention increasing as expected. This type of obser-
vation has been encountered so frequently as to be
surprising in the face of Davankov’s persuasive re-
ports of the contributions of hydrophobic interac-
tions to chiral recognition [1]. If one truly under-
stood how to utilize hydrophobic interactions to
achieve chiral recognition, one might design CSPs
capable of separating the enantiomers of relatively
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Fig. 2. Dependence of the logarithm of the capacity factor, k3, of
the more retained enantiomer of N-(3,5-dinitrobenzoyl)-a-ami-
no-e-phenyl alkanes on the number of carbons, », in the linear
alkyl substituent. Experimental conditions are the same as in
Fig. 1. @ = log k’, methanol-water; ¢ = log k', hexane-2-
propanol.
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unfunctionalized compounds. Being purposely de-
signed to operate under reversed-phase conditions,
such CSPs might be useful to those wishing to mon-
itor the enantiomeric composition of drugs or their
metabolites in body fluids, possibly complimenting
present-day cyclodextrin or protein-derived CSPs.
Recently, several homologous series of analytes
were encountered which, when chromatographed
on CSP 1 using a methanol-water mobile phase, do
shown significant hydrophobic contributions to chi-
ral recognition. These analytes, depicted in general-

ized form as 3, 4 and 5, were available from prior.
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studies. Some aspects of the reversed-phase chro-
matographic behavior of the type 3 ion pairs have
been reported recently [9] as has the direct-phase
chromatographic behavior of the ester analytes, 4
[7] and 5[10]. It is important to note that, on CSP 1
using hexane—2-propanol (80:20), the separation
factors for enantiomers of the type 4 and 5 analytes
are fairly uniform within each series. Moreover, the
enantioselectivity is relatively uninfluenced by the
alcohol used to prepare the esters. This indicates
that, under normal-phase conditions, intercalative
effects, as noted for these analytes on other CSPs
[11,12], occur to a minor extent on CSP 1.

Under reversed-phase conditions, the number of
methylene units in the alkyl substituent on the ana-
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Fig. 3. Variation of the log &, with the number of carbons in the
linear alkyl substituent of (M) N-(3,5-dmitrobenzoyl)-a-amino
acid ethyl esters and () N-(3,5-dinitrobenzoyl-2-amino phos-
phonic acid dimethyl esters. Column, CSP 1; mobile phase,
methanol-water (80:20); flow-rate, 1.0 ml/min.

lyte’s stereogenic center affects both retention (Fig.
3) and enantioselectivity (Fig. 4) of the ethyl esters
of the type 4 a-amino acid derivatives and of the
dimethyl esters of the type § 2-aminophosphonic
acid derivatives. Similar observations are made for
the enantioselectivity of the type 3 amino acid ion-
pair derivatives (Fig. 5 and 6). Significantly, esters
derived from these acids and higher alcohols (n-bu-
tanol, n-octanol) show the expected increase in re-
tention under reversed-phase conditions but show
no significant change in enantioselectivity relative
to the corresponding ethyl esters. A similar obser-
vation was made recently when the hydrophobicity
of the trimethylalkylammonium ion-pairing reagent
was increased [9]. It is evident that, for these ana-
lytes, the hydrophobicity of the alkyl substituent on
the stereogenic center influences enantioselectivity
whereas the hydrophobicity of the alkoxyl or am-
monium ion portions of these analytes has essen-
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Fig. 4. Effect of the length of the alkyl substituent on the sep-
aration factor, «, for the enantiomers of () N-(3,5-dinitroben-
zoyl)-a-amino acid ethyl esters and (4) N-(3,5-dinitroben-
zoyl)-2-amino phosphonic acid dimethy! esters. Column: CSP 1;
mobile phase, methanol-water (80:20); flow-rate 1.0 ml/min.
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Fig. 5. Dependence of the logarithm of the capacity factor, k),
for the more retained enantiomer on the length of the linear alkyl
substituent of the N-3,5-dinitrobenzoyl)-a-amino acids. Column:
CSP 1; mobile phase, methanol-water (70:30) with 5 mAM oc-
tyltrimethylammonium phosphate with 0.01 M phosphate buf-
fer, pH 6.86; flow-rate, 1.0 ml/min.

tially no such effect, influencing retention only.
How may this be rationalized?

It is generally accepted that retention during re-
versed-phase chromatography stems principally
from expulsion of a hydrophobic analyte from the
aqueous mobile phase into the non-polar stationary
phase. Enantiomers must undergo identical hydro-
phobic expulsion forces from the achiral mobile
phase but, because they may differ in their “fit” to
the CSP, may undergo differential hydrophobic in-
teraction. “Fit’ is a vague and unsatisfactory term,
usually used in the absence of deeper understand-
ing. In the present instance, “fit” is used to mean
contact of hydrophobic portions of the analyte with
hydrophobic portions of the stationary phase while
(presumably) maintaining the stronger interactions
normally used to attain chiral recognition. This
contact reduces the surface area of these hydro-
phobic portions which must be wetted by the re-

0 2 4 6 8

Fig. 6. Relationship between the separation factor, a, for the
enantiomers of N-(3,5-dinitrobenzoyl)-e-amino acids on the
length of the linear alkyl substituent. Experimental conditions
are the same as in Fig. 5.

W. H. PIRKLE, J.-P. CHANG, J. A. BURKE

versed mobile phase. This lower the energy of the
system, contributing to the retention of the analyte.
Some contacts occur equally well for either
enantiomer, thus contributing equally to the reten-
tion of each. Whether or not a group contributes to
chiral recognition through hydrophobic interac-
tions bears upon the nature of the chiral recognition
process and is of mechanistic relevance.

The elution orders of the enantiomers presently
under discussion are the same using either direct or
reversed-phase conditions. A chiral recognition
mechanism has been advanced which is consistent
with the observed elution orders [4], spectroscopic
data (8], and the X-ray crystallographic structure
[13] of a 1:1 complex of compounds similar in struc-
ture to the selector used in CSP 1 and to a type 4
analyte. The origin of the antioselectivity shown by
CSP 1 toward the type 4 analytes is relatively well
understood in non-polar solvents. It is reasonable
to suppose that mechanistically similar processes
operate under reversed-phase conditions although
they may be modified to some extent by hydrophobic
interactions, more extensive solvation of polar sites,
and a weakening of the electrostatic components of
some interactions owing to the higher dielectric
constant of the medium. Although not now ad-
dressed, changes in the conformational preferences
of either the analytes or the CSP or deep-seated
changes in the structure of the bonded phase which
occur with changes in the mobile phase composition
might also influence chromatographic behavior.

The principal interactions occurring in the ho-
mochiral [i.e., the (R,R) or the (S,S)] adsorbate
formed from CSP 1 and a type 4 analyte are n-n
interaction between the dinitrobenzoyl and naph-
thyl systems, hydrogen bonding of the dinitroben-
zamide NH to the carbonyl oxygen of the CSP’s
C-terminal carboxyl group, and hydrogen bonding
of the CSP’s aniline-like NH to the analytes’ C-ter-
minal carbonyl oxygen. These interactions occur si-
multaneously and efficiently while the homochiral
components are in low energy conformations. For
these interactions to occur similarly in the hetero-
chiral adsorbate, at least one of the components
would have to assume a higher energy conforma-
tion. In hexane—2-propanol, the heterochiral adsor-
bates are formed to comparatively small extents.
Consequently, their principal structures are uncer-
tain. Similar mechanistic considerations are pre-
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sumed to apply to the type 5 analytes where, owing
to the Cahn-Ingold—Prelog [14] priority sequence, it
is the heterochiral adsorbates which are most sta-
ble.

In the structures expected of the more stable dia-
stereomeric adsorbates, study of space-filling mod-
els suggests that the alkyl group on the stereogenic
center of the analyte parallels the methylene chain
“connecting arm” linking the selector to silica. Al-
though the structure of the adsorbate(s) formed
from the less retained enantiomer is uncertain, we
conclude that the analytes alkyl group is oriented
differently. This inference is drawn from the chiral
recognition mechanism and from the present obser-
vations. These suggest that the hydrophobic contri-
bution to the chiral recognition of the type 3, 4 and
5 analytes stems from contact of the methylene
chains of the connecting arm of 1 with the alkyl
substituent on the stereogenic center of the most
retained analyte enantiomer. The alkyl group of the
other enantiomer presumably is oriented differently
and, when this group is short, does not efficiently
contact non-polar regions of the CSP. As the alkyl
groups of the less retained enantiomers become
longer, they are better able to establish contact with
a non-polar region of the stationary phase (presum-
ably in the neighboring strands) and thus dimish the
difference between the hydrophobic interactions
undergone by each enantiomer. This leads to the
“leveling-off” of enantioselectivity as shown in the a
vs. n plots.

Why is the connecting arm of CSP 1 chosen as the
site of the hydrophobic interaction which contrib-
utes to chiral recognition? This follows from the be-
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Fig. 7. The dependence of the separation factor, «, for the
enantiomers of the ethyl esters of N-(3,5-dinitrobenzoyl)-a-ami-
no acid on the length of the linear alkyl subsituent on three
CSPs: [J = CSP 1, € = CSP 6, A = CSP 7. Mobile phase,
methanol-water (80:20); flow-rate 1.0 ml/min.

5

havior of the ethyl esters of the type 4 analytes when
these are chromatographed on CSPs 1, 6 and 7.
These CSPs all use the same chiral selector but
have, respectively, eleven, three, and five methylene
groups in the connecting arms linking the selector
to the silica. Fig. 7 presents plots of «, the separa-
tion factor for the enantiomers, versus n, the num-
ber of carbons in the linear alkyl substituents of the
analytes as determined on CSPs 1, 6 and 7. The
surface coverages of the three CSPs are similar al-
though not identical. Hence, the vertical displace-
ments of the curves may be influenced by the small
differences in surface coverages [15]. However, it is
the curve shapes which convey the information per-
tinent to the argument. Note that « initially increas-
es on all three CSPs as the length of the alkyl sub-
stituent intercalated between (and presumably more
or less parallel to) the strands is of a length compa-
rable to that of the connecting arms. It appears that
any further increase in the length of this group re-
quires its reorientation owing to interaction with
the underlying silica. The « vs. n curve from CSP 7
shows a pronounced slope change atn = 5, whereas
the curve from CSP 1 shows no abrupt change in
slope. Indeed, « is still increasing at n = 14. These
curve shapes are clear indication of not only the
intercalation of the alkyl substituent of the more
retained enantiomer between the strands of bonded
phase, but also demonstrate a lesser extent of in-
tercalation by the less retained enantiomer.

The data in this paper make it clear that the effect
of hydrophobic interactions upon the enantioselec-
tivity of a CSP is dependent upon the relative orien-
tations and proximities of the nonpolar moieties in-
volved. The hydrophobic interactions reported
herein either enhance both retention and enantiose-
lectivity or simply increase retention without alter-
ing enantioselectivity. Clearly, it should also be pos-
sible for hydrophobic interactions to decrease enan-
tioselectivity. All that is required is that these inter-
actions occur to a greater extent in the least retained
enantiomer rather than the most retained enantio-
mer.

One additional comment on mechanistic differ-
ences between non-polar and aqueous mobile phas-
es will be made. Many of the analytes and all of the
CSPs we utilize have bulky groups projecting from
one “face” so as to control, through steric interac-
tions, the preferred mode of “face-to-face” ap-



proach. These bulky groups are typically hydro-
phobic. One must wonder whether in reversed-
phase solvents, hydrophobic interactions between
these groups and non-polar groups in the analytes
might lessen the ability of the bulky groups to bias
the mode of “face-to-face™ approach, thus contrib-
uting to the reduction in enantioselectivity which
generally accompanies a change from a non-polar
to a reversed-phase eluent.
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ABSTRACT

Cation-exchange matrices with ligand densities from 10 to 500 umol/g were prepared by reaction of diglycolic anhydride with
diol-bonded silica. Lysozyme and cytochrome ¢ were isocratically eluted from these columns under various conditions. The data was
used to examine a retention model of proteins in which the slope (Z number) of a plot of log k' vs. log (1/sodium ion activity) was
assumed to represent the number of points of binding between the protein and the matrix. As expected from the model, the Z number
increased as the ligand density of the matrix increased. However, many qualitative and quantitative deviations from the model were also
found, some of which may have been due to heterogeneity of the distribution of the ion-exchange sites on the matrix. An interesting
observation was a change in elution order of lysozyme and cytochrome ¢ as the ligand density changed; however, this may not have
much practical benefit dual to the large band-broadening observed at low ligand densities.

INTRODUCTION

Ton-exchange chromatography is a powerful sep-
aration tool for the isolation of proteins. This
method has seen rapid growth over the past decade
[1,2] and numerous stationary phase materials have
been developed to optimize the chromatographic
performance [3-8]. The main advantage is the high
recovery of proteins in terms of both mass and
biological activity. Although the methodology has
been frequently applied and the experimental condi-
tions (i.e., mobile phase velocity, pore diameter,
column length, salt composition, pH, temperature,
loading capacity, etc.) have been extensively investi-
gated [9-13), little is known about the underlying
retention mechanism and the factors that contribute
to the selectivity.

In a proposed retention model for ion-exchange
chromatography of proteins, Kopaciewicz et al. [14]

* Present address: BASF Corporation, 26 Davis Drive, Re-
search Triangle Park, NC 27709, USA.
** Present address: Drug Metabolism Research, The Upjohn
Company, Kalamazoo, MI 49001, USA.

0021-9673/92/$05.00 ©

suggested that as a protein comes into contact with
the chromatographic stationary phase, only a frac-
tion of the protein surface covers the binding area
and that the retention is exponentially related to a
parameter called the Z number, which is the number
of binding sites on a protein surface interacting with
the stationary phase. Since the number and distribu-
tion of charged groups on the surface of a macro-
molecule are fixed as well as its chromatographic
binding domain, it follows that the Z number and

retention should be mainly dependent on the sta-

tionary phase ligand density. Consequently, the
ligand density should have a profound effect on the
binding mechanism and chromatographic behavior
of macromolecules. For example, in hydrophobic
interaction chromatography, the protein retention
was found to increase with an increase in ligand
density [15]. There have been very few published
reports describing the effect of ligand density on the
performance of ion-exchange chromatography of
proteins. This has primarily been due to the unavail-
ability of supports covering a sufficiently wide range
of ligand density.

We have developed a technique [16] for the

1992 Elsevier Science Publishers B.V. All rights reserved
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preparation of silica-based supports of variable
ligand density by means of controlled reaction of
anhydrides with diol-bonded silica. By using this
technique, surface ligand densities ranging from a
few percent to complete monolayer coverage have
been obtained. In this study, cation-exchange sup-
ports of different ligand densities were prepared by
reaction with diglycolic anhydride. Chromatogra-
phic behavior of proteins was subsequently exam-
ined as a function of ligand density. The Z number,
based on a displacement model proposed by Board-
man and Partridge in 1955 [17], was used to
characterize retention. The equilibrium of sodium
ions, Na*, and proteins, P"*, between the resin (R)
and mobile phase (m) can be represented by the
equation:

ZNag + P, =Py + ZNa,, €))]

where Z is the number of sodium ions displaced
when one protein is adsorbed. The mass action
expresses the equilibrium as:

[Pe][Na,* _
[P.] [Nag}*

where K is the equilibrium constant; Pg and P, are
proteins in resin phase and mobile phase; Na,, and
Nay are sodium ions in mobile phase and resin

phase, respectively. The equation can be further
reduced to the following form:

logk’ = Zlog 1/[Na] + constant (/) 3)

@

By plotting log capacity factor (k') vs. log 1/[Na], Zis
thus obtained. The retention model has been widely
applied to various high-performance liquid chroma-
tographic (HPLC) systems. For example, Parenter
and Wetlaufer [18] were able to demonstrate using
cation-exchange chromatography that denatured
a-chymotrypsinogen A exhibited a larger Z value
than native protein even though it had a shorter
retention time. The same authors also measured the
log-log slope to fit a gradient elution retention
model [19], which made it possible to relate the gra-
dient and isocratic elution retention data. Melander
et al. [20] used the log-log plot to fit a retention
model that takes into account both the ionic and
hydrophobic interaction. They also used the same
plot to probe the ligand density [20]. The displace-
ment model was evaluated in this study by using
protein retention as a function of ligand density in
conjunction with Z number.

D. WU, R. R. WALTERS
EXPERIMENTAL

Reagents

Cytochrome ¢ (equine) and lysozyme (egg) were
from Sigma (St. Louis, MO, USA). Diglycolic
anhydride (DGA), benzylamine, and diglycolic acid
were from Aldrich (Milwaukee, W1, USA). Nucleo-
sil 300-5 (surface area: 100 m?/g) was from Alltech
(Deerfield, 1L, USA). Tetrahydrofuran (THF),
ethanol and diglycolic acid were purified as de-
scribed previously [16].

Instrumentation

A Model 344 gradient liquid chromatograph
(Beckman, Berdeley, CA, USA) was used. Absor-
bance was monitored at either 280 nm (proteins and
acetone) or 262 nm (benzylamine) by a V* variable-
wavelength absorbance detector (ISCO, Lincoln,
NE, USA). Data were collected and processed on an
Apple Ile computer via an ADALAB interface
board (Interactive Microware, State College, PA,
USA).

Methods

All of the carboxylate cation-exchange supports
were prepared according to a previously published
procedure [16]. The ligand density was quantitated
by a ferric hydroxamate ester assay [21]. Briefly,
samples containing 0.2-1 umol of ester in 0.5 ml of
distilled ethanol were treated with 0.25 ml of alkaline
hydroxylamine reagent and sonicated for 5 min.
After 1 h of reaction at room temperature, 4.0 ml of
ferric reagent was added followed by 2 min of
sonication and an additional 5-min reaction at room
temperature. The silica was removed by centrifuga-
tion prior to the final absorbance measurement at
530 nm. Dimethyl diglycolate was used as standard.

The carboxylated support was suspended in 0.5 M
sodium sulfate and packed into 100 x 4.1 mm 1.D.
columns at 5000 p.s.i. using upward-flow method
[22].

Chromatography

The weak mobile phase (A) was 0.01 M sodium
phosphate (pH 6.0) and the strong mobile phase (B)
was 0.01 M sodium phosphate-0.2 M sodium sulfate
(pH 6.0). The sodium concentration was adjusted by
premixing A and B in the desired ratio. Chromato-
graphy was performed isocratically at room temper-
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ature using a flow-rate of 1 ml/min. Aliquots of 10 ul
of either a 5 mg/ml protein solution or 10 uM
benzylamine solution were injected. In the experi-
ments where &’ was measured, the void volume was
individually determined for each column by inject-
ing 10 ul of 1% acetone. The experimental error of
the Z number measurement was estimated to be
+5% to +10% depending on the magnitude of the
Z number.

The protein adsorption capacities were deter-
mined by continuously applying 0.5 mg/ml lysozyme
to 6.2 x 2.1 mm LI.D. columns. The breakthrough
curves were corrected for the void volume.

The statistical moments were found by using the
modified B/A4, 5 method, where B/A4, 5 is the peak
width ratio at half height [23].

The activity coefficient of sodium ions was not
constant over the concentration range studied. This
was especially true at high salt concentrations (e.g.
when % B > 50%), where a two-fold change in %B
led to a 15% change in the activity coefficient [24].
To avoid errors due to this, the activity of the ions
was used in all calculations.

RESULTS AND DISCUSSION

Ligand quantitation and lysozyme binding capacity

The ligand density was quantitated by means of
assay of the ester groups formed when diglycolic
anhydride reacted with the diol groups of the matrix
[16]. To confirm the assay, k' was measured as a
function of ligand density using benzylamine as the
probe molecule (eluted isocratically at pH 6.0). Since
the &’ value of a monovalent molecule like benzyl-
amine should be linearity dependent on the number
of ligands in the column, the linearity of a plot of ¥’
vs. ligand density serves to confirm the validity of the
ligand density measurements. A linear relationship
was observed (Fig. 1) except at the highest ligand
density, indicating that the results of ester assay were
consistent with retention, at least in the low to
intermediate ligand density region of primary in-
terest.

The lysozyme binding capacity vs. ligand density
was measured using breakthrough curves. Blank
columns containing either no packing material or
diol-bonded silica were used to detect the possible
presence of nonspecific adsorption. The ion-ex-
change capacity so obtained was virtually negligible.

x

ligand density (pmol/g)

Fig. 1. Ligand density dependence of k&’ of benzylamine obtained
with phosphate buffer, pH 6.0.

This was probably due to the hydrophilic nature of
diol phase and the complete coverage of silanol sites.
For carboxylated supports, lysozyme capacity was
measured after previously saturating the column
several times to remove any irreversible adsorption
sites. Fig. 2 presents the lysozyme capacity as a
function of ligand density. The shape of the curve
was substantially different from that seen for a small
molecule (Fig. 1). The slope of the curve changed
sharply at a ligand density of approximately 70
umol/g. Below that point, the binding capacity
increased sharply, while above that point the curve
flattened. A calculation of the average distance
between the ligands (Table I) reveals that at ligand
density of 72 umol/g, the distance between two
nearest ligands (15 A) was less than the diameter of
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Fig. 2. lon-exchange capacity for lysozyme as a function of the
ligand density.
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TABLE 1

DISTANCE BETWEEN TWO NEAREST LIGANDS AS A
FUNCTION OF LIGAND DENSITY

Ligand Density Distance between two

(umol/g) nearest ligands (A)*
10 41
28 . 24
72 15

173 9.8

386 6.6

494 5.8

@ Calculated based on: § = (4/CN)'2, where S is the average
distance between two nearest ligands, Cis the ligand density, N
is Avogadro’s number and A is the surface area given by
manufacturer.

lysozyme (ca. 20 A), enabling the protein to form
multiple bonds with the stationary phase. Below 28
umol/g, the two closest ligands averaged 24 A or
more apart, limiting the protein binding to a single
ligand. It appeared from Fig. 2 that once the
stationary phase ligand density passed the threshold
of multiple binding (ca. 70 umol/g) further increases
in ligand density did not have much effect on the
binding capacity. The maximum binding capacity in
Fig. 2 was approximately 28% of a theoretical
monolayer of lysozyme. A similar relationship be-
tween the protein binding capacity and ligand
density was also observed by Alpert and Regnier [25]
when hemoglobin was bound to polyethyleneimine-
coated (CPE) silica.

Z number and stationary phase heterogeneity

The Z numbers of lysozyme and cytochrome c,
based on the model proposed by Boardman and
Partridge [17], were measured as a function of ligand
density and ionic strength, as shown in Fig. 3. The Z
number initially increased rapidly with ligand densi-
ty, but leveled off in the intermediate ligand density
region, in a manner similar to that observed in the
lysozyme binding capacity measurement of Fig. 2.

The lowest value of the Z number was about 4 at
the lowest ligand density (Fig. 3). One would have
expected the Z number to decline to 1 at low ligand
density, i.e., the protein should have been able to
interact with only one ion-exchange site when the
spacing of the sites was larger than the diameter of
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t
s} 100 200 300 400 S00 600

figand density (umol/g)

Fig. 3. The Z number of cytochrome ¢ (@, B) and lysozyme (4,
@) on various ligand density supports, as measured in the low
ionic strength range (A, M) and high ionic strength range (@,
@®). For high ionic strength, columns of 100 x 4.1 mm 1.D. were
used. Other conditions refer to Experimental section.

the protein. Possible reasons for this discrepancy
include (a) the irregular and microporous surface of
the support, formed from 1-100 nm silica spheres
[26], which could interact with several sides of the
protein molecule at once and thus increase the
apparent protein size, and (b) a heterogeneity in

ion-exchange site distribution which could result in

clusters of sites, with the Z number primarily
determined by the stronger multivalent interactions.

It is noted that the Z numbers obtained in this
study- were typically non-integer values. This was
probably a result of (a) partial ionization of various
basic groups in the proteins, which created varying
number of charges among individual molecules,
giving rise to statistically averaged fractional values;
and (b) heterogeneous distribution of ligands on
silica surface, leading to an averaging of Z values of
protein binding to different locations. Non-integer
Z values have been observed with other proteins,
e.g., B-lactoglobulin on an anion-exchange column
(14].

Z number and ionic strength

Although it is a common observation that an
increase in salt concentration would decrease pro-
tein retention, it was not clear whether the process
involved any change in Z value. In this study, the Z
number was measured in different regions of ionic
strength, as shown in Fig. 3 and Table TI. A
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TABLE II
Z NUMBER AS A FUNCTION OF IONIC STRENGTH*

%B* u(ionic strength)®  Z(lysozyme) Z(cytochrome c)
60-80 0.37-0.48 6.34 5.93
30-60 0.19-0.37 6.86 6.71
25-35 0.16-0.22 8.59 7.72

¢ Range of %B used in the Z measurement.

b Obtained from a 386 umol/g column at 1.0 ml/min. p =
1/23 [i]Z2, where [i] is the molar concentration of an ion, and Z;
is the charge of that ion.

moderate increase in the Z number was observed at
various ligand densities when the ionic strength was
decreased (Fig. 3), especially on high ligand density
columns where a strong mobile phase is usually
applied, suggesting that the Z number is ionic
strength dependent.

Z number and retention

Although for individual proteins and stationary
phases the Z number is determined from the slope of
a log-log plot, the model does not predict how the
retention (k') should relate to the Z number across a
range of matrices of different ligand density. As
shown in Fig. 4 for lysozyme and cytochrome c,
retention clearly increased with an increase in the Z
number, but other parameters must also have af-
fected retention since the curves for the two proteins

28

24 1

20 +

7.000

Fig. 4. Capacity factors obtained from isocratic c¢lution of
varying ligand density matrices with 50% B vs. the Z number
measured in the %B range of 30% to 60% for cytochrome ¢ (WY
and lysozyme (@).
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were not superimposable. Thus, the number of
apparent points of interaction between the protein
and the stationary phase must not be the only factor
affecting the strength of those interactions.
Additional evidence that the Z number is only one
component of retention is indicated by the log-log
plot shown in Fig. 5 for lysozyme and cytochrome ¢
on three stationary phases of different ligand densi-
ties. Although the slopes, i.e., Z number, of these
plots are all similar, note that there is an elution
order reversal of the two proteins as the ligand
density increased. At a ligand density of about 70
umol/g, both proteins coeluted. Above this density,

ysozyme eluted first; below this density, cyto-

chrome ¢ eluted first. The elution order reversal is
better represented by the intercept term (7) of eqn. 3,
as shown by a plot of I vs. Z (Fig. 6).

The divergence between the Z and retention (k')
was also observed by Parenter and Wetlaufer [18] in
a denaturation study of a-chymotrypsinogen A,
where the denatured protein was found to exhibit a
larger Z value but a much shorter retention time.

Band broadening and resolution

In principle, ligand density changes would pro-
vide a very useful means of altering selectivity, -as
shown in Fig. 6. However, it was observed that
band-broadening was large at low ligand density, as
shown in Fig. 7 for cytochrome ¢. The medium-to-
high density phases exhibited much less broadening.

1.60 T

1.20 +

0.80 A

log k'

0. 40 A

-0.40 T

-0. 80 . } t ot t +
0.60 .0.70 0. 80 0. 90 1. 00 1. 10 1. 20 1.-30 1. 40

log (1/Na activity)

Fig. 5. A plot of the logarithm of capacity factor vs. logarithm of
the reciprocal of sodium activity for cytochrome ¢ (A, O, B) and
lysozyme (A, @, ) on supports of ligand density 28 umol/g (A,
A), 72 ymol/g (O, @) and 386 umol/g ((J, M). Comparison of k'
values at different ligand densities shows elution order reversal.
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Fig. 6. Intercept /as a function of the Z number for cytochrome ¢
(®) and lysozyme (H).

Lysozyme behaved in a similar manner. The prob-
lem was not a result of poor column packing since
benzylamine yielded low values for the plate height
on both low and high ligand density phases. The
possibility of overloading at low ligand density,
which could lead to severe tailing, was ruled out by
the observation that the elution profile was not
affected by a reduction of sample size. Factors which
might have affected the band-broadening include
heterogeneity of ligand distribution, which presum-
ably is more severe at low ligand density, or changes
in the adsorption/desorption rate constants due to
changes in the electrical double layer thickness. In
any case, the higher ligand density matrices ex-
hibited the best chromatographic resolution.

a000

8000 +

7000 1

6000 1

S000 1

H (um)

4000 1

3000 +

2000 +

1000

8 i2 16 20 ’ 24 28

Fig. 7. Plate height vs. capacity factor for cytochrome ¢ on
supports of ligand density 28 umol/g (@), 72 umol/g (M) and 386
umol/g (A). The k' was varied by varying elution salt concentra-
tion. The data were derived from those in Fig. 5 by measuring
plate height at each k' obtained.
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TABLE 111

EFFECT OF PHOSPHATE VS. ACETATE BUFFER ON
CAPACITY FACTOR OF CYTOCHROME ¢

%B  k'(phosphate) k'(acetate) % change in k'
30 477 612 21.9
40 79.5 115 309
50 33.6 374 10.1
60 11.2 16.2 30.5

Phosphate bound to cytochrome c

Phosphate is known to bind to cytochrome ¢ and
alter its retention on cation exchangers [27]. To
characterize the chromatographic behavior of cyto-
chrome c¢ in the presence of phosphate, phosphate
and acetate buffers of the same concentration and
pH were used to measure the Z number and k' of
cytochrome ¢ at a ligand density of 386 umol/g. It
was found that the Z numbers obtained from these
different buffers were essentially the same (phos-
phate, 6.71; acetate, 6.69) but the k' value was
markedly greater in the case of acetate, as shown in
Table IT1. The fact that the Z number did not change
with &’ further demonstrates that there is no inherent
correlation between protein retention (k) and the Z
number, even for a given protein.
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ABSTRACT

Two sorbents for high-performance immobilized metal ion affinity chromatography were synthesized on the basis of Separon HEMA
methacrylate matrices. Iminodiacetic acid was covalently bound on the surface of the sorbents by the means of two spacers of different
length. Tn addition to the fact that both sorbents could be loaded with similar amounts of Cu?* ions, their chromatographic properties
were different, which was demonstrated by the separation of four globular proteins.

INTRODUCTION

Numerous proteins are able to form coordinate—
covalent bonds with unoccupied coordination sites
of metals via electron donor groups resident on their
molecular surface. This ability was reported by
Porath er al. [1] in the development of immobilized
metal ion affinity chromatography IMAC). In this
method, the metal ion is immobilized on the surface
of the sorbent via a chelating ligand. The ligand was
iminodiacetic acid (IDA) covalently bonded to the
expoxy-derived Sepharose [1]. This chelating ligand
and reaction scheme have been used by most
previous workers [2-9]. There are other methods for
the synthesis of IDA carriers [10—-13], but they are
more complicated and usually do not provide more
effective sorbents.

IDA has been the most frequent chelating ligand
in IMAC,; others have been used only rarely [2,11,
14]. On the other hand, the choice of immobilized
metal ions is much wider. Cu?*, Ni?*, Fe3* and
especially Zn?* have been used for the purification
of proteins and peptidés [2-4,6-8,13-26], but a
number of other metals have also been examined
[6,8]. Sorbents for IMAC have been synthesized on
the basis of hydrophilic organic matrices [1,2,4-10]
or silica gel [3,11-13]. In high-performance (HP)

0021-9673/92/$05.00  ©

IMAC, silica gel or sufficiently rigid organic
sorbents (Superose, TSK gel PW and some others)
are used. Whereas the former offer better efficiency,
the latter are much more hydrolytically stable and
permit work even with alkaline buffered eluents.

Elution of adsorbed proteins is carried out using a
pH gradient (sometimes increasing [21] but mainly
decreasing [15-20,22,24-26]) or by increasing the
concentration of amino acids, imidazole and am-
monia in the eluent [2,4,22,23,27-29].

In addition to the separation and purification of
proteins and peptides, IMAC can serve as a valuable
tool in the study of their structure and topography
[5,13,17,30]. In addition, IMAC sorbents can be
used as regenerable carriers for immobilization of
enzymes in biotechnology [31].

In this paper, we report the synthesis of two
sorbents for HP-IMAC, based on Separon HEMA
microparticulate hydrophilic methacrylate sorbents.
The sorbents differed in the spacer arm length and in
the hydrophilicity of the matrix.

The aim of this work was to confirm if the
modification of Separon HEMA-BIO 1000 can
provide a better matrix for IDA attachment then
Separon HEMA 1000 E. In addition, we wished to
verify whether the separation of proteins on the
IMAC sorbents prepared could be influenced by

1992 Elsevier Science Publishers B.V. All rights reserved
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ionic or hydrophobic interactions when the concen-
tration of sodium chloride recommended in the
literature was used.

EXPERIMENTAL

Sorbents

Separon HEMA 1000 E and HEMA-BIO 1000
(this sorbent was indicated as Separon HEMA 1000
H in a previous paper [32]) were purchased from
Tessek (Prague, Czechoslovakia). Both sorbents
were declared by the producer to have a molecular
weight exclusion limit 10% and a wide pore-size
distribution. The particle size is 10 um.

Chemicals

Iminodiacetic acid (IDA) was obtained from
Janssen Chimica (Beerse, Belgium), 1,4-butanediol
diglycidyl ether (BUDGE) from Aldrich-Chemie
(Steiheim, Germany), imidazole from Serva (Heidel-
berg, Germany) and ethylenediaminetetraacetic
acid disodium salt (EDTA), NaCl, Na,HPO, -
H,0, and CuSO, - 5SH,0 from Lachema (Brno,
Czechoslovakia). Chicken egg white lysozyme
(Lys), bovine pancreatic ribonuclease-A (RNase)
and horse skeletal muscle myoglobin (Myo) were
purchased from Sigma (St. Louis, MO, USA) and
human transferrin (Tra) from Serva.

Chromatography

All experiments were performed with a Model
2150 high-performance liquid chromatographic
pump, a low-pressure gradient mixer, a Model 2152
LC controller, a C6W-HC injector, a Model 2140
rapid spectral detector and a Data Print com-
puter from Pharmacia—LKB (Bromma, Sweden).
Sorbents were packed into stainless-steel columns
(100 x 4 mm I.D.). A pressure of 2.5 MPa was
maintained during the whole operation.

The loading of sorbents with copper was done by
washing the column successively with 5 ml of 0.05 M
EDTA, 10 ml of water, 7.5 ml of 0.1 M CuSO,
solution and 10 ml of water. The flow-rate was 0.5
ml/min.

Synthesis of sorbents

Separon HEM A-BIO 1000-BUDGE. This epoxy-
activated product was prepared by a slightly modi-
fied version of the method published by Porath er al.
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[1]. A 5-g amount of Separon HEMA-BIO 1000 was
suspended in a mixture of 18 ml of 0.4 M NaOH, 18
ml of BUDGE and 25 mg of NaBH,. The suspen-
sion was stirred for 8 h at 25°C, then washed with
300 ml of water and 50 ml of acetone and dried
overnight at 35°C.

Separon HEMA 1000 E-IDA. Two reaction con-
ditions were applied to bond IDA to the epoxy-
activated sorbent Separon HEMA 1000 E.

Reaction scheme 1 is Porath’s method [1]. A 4.5-g
amount of IDA disodium salt and 80 mg of NaBH,
were diluted in 83 ml of 2 M Na,COj;, then 5 g of
Separon HEMA 1000 E were suspended in this
solution and stirred for 8 h at 65°C. The suspension
was subsequently kept at 65°C overnight, then the
sorbent was filtered, washed with 0.1 M NaOH,
water and acetone and dried for 6 h at 65°C.

In reaction scheme II, 8.7 g of IDA and 4.1 g of
NaOH were diluted in 23 ml of water and the pH was
adjusted to 10.0 with concentrated H,PO,. A 5-g
amount of the matrix mentioned above was sus-
pended in this solution and the suspension was kept
at 65°C for 24 h. The suspension was shaken
vigorously at 15-min periods for the first 8§ h.
Washing and drying were carried out as in reaction
scheme I, then the sorbents were suspended in 100 ml
of a 1 M solution of ethanolamine and kept for 8 h at
65°C with occasional shaking.

Separon HEM A-BIO 1000—Budge—IDA. This ep-
oxy-activated matrix was treated by both reaction
schemes described for Separon HEMA 1000 E.

Determination of content of epoxy groups in matrices
The method published by Pribyl [33] was used. A
0.2-g amount of sorbent was suspended in 20 ml of a
0.5 M solution of tetrabutylammonium bromide in
glacial acetic acid and titrated with a 0.1 M solution
of perchloric acid in glacial acetic acid. The equiva-
lence point was determined potentiometrically.

Analysis of synthesized sorbents

The content of IDA in the prepared sorbents was
determined by elemental analysis for nitrogen. Its
loading capacity for copper was determined in the
following way: 0.2-0.3 g of dry IDA sorbent was
suspended in 25 ml of 0.05 M CuSO, - 5H,0
solution and mixed for 30 min. The sorbent was then
filtered and washed with 100 ml of 0.1 M acetate
buffer (pH 4.5) containing 0.5 M NaCl and with 50
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ml of water. Cu?* ions were then eluted with 100 ml
of 0.05 M EDTA and measured spectrophotometri-
cally at 735 nm.

RESULTS

Two synthesis routes, outlined in Fig. 1, were used
for the preparation of IDA sorbents. The reaction 6f
IDA with epoxy-activated matrices was carried
out under strongly alkaline conditions with 2 M
Na,COj; (reaction scheme I) or at pH 10.0 (reaction
scheme I1). The results are summarized in Table I.
The concentration of epoxy groups in Separon
HEMA 1000 E (henceforth referred to as HEMA E)
was 850 umol/g of dry material (this value is
declared by the producer) and Separon HEMA-BIO
1000-BUDGE (henceforth referred to as HEMA—
BUDGE contained 520 umol/g of glycidyl groups
(this value was determined by the method described
under Experimental).

The ability of both sorbents for aminolysis was
tested by reaction with a large excess of a 1 M
solution of ethanolamine (EA) at 65°C for 8 h. The
molar content of nitrogen, equal to the proportion
of converted epoxy groups, was determined by
elemental analysis. A small increase in mass due to
EA attachment was considered in the calculations.

TABLE 1
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a
, CH,-COOH
~0-CH;CH-CHN{
o4 CH,~COOH
b
, CH5COOH
~ 0-CH-CH-CH-0- (CH,) -0-CH;CH-CH>N{ ~ 2
] OH OH CH2—COOH

Fig. 1. Structures of (a) Separon HEMA 1000 E-IDA and (b)
Separon HEMA-BIO 1000-BUDGE-IDA.

The average values for nitrogen in three parallel
experiments were 660 umol/g for HEMA E and 425
umol/g for HEMA-BUDGE. It is probable that
hydrolysis of epoxy groups proceeded simultane-
ously because no epoxy groups were determined
after EA treatment. The hydrolysis of epoxy groups
with 2 M Na,CO; was also followed. No epoxy
groups were determined after treatment for 24 at
65°C. The content of IDA was determined by
elemental analysis for nitrogen in the same way as
for EA.

Apart from the content of glycidyl groups, the
main difference between the matrices discussed here
is that these groups are attached directly to the

INFLUENCE OF MATRIX AND REACTION SCHEME ON SOME SORBENT PARAMETERS

No.  Sorbent” Reaction Content of Content of N Content of N Content
scheme €poxy groups after reaction after reaction of Cu
in matrix with IDA with EA® (umol/g)
(umol/g) (umol/g) (umol/g)
1 Separon HEMA 1 850 Below detection Below detection 11
1000 E-IDA 1 limit limit
2a Separon HEMA 11 850 332 610 135
1000 E-IDA IT
2b Separon HEMA I 850 332 334 - 137
1000 E-IDA 11
3 Separon HEMA-BIO 1000 1 520 180 184 121
BUDGE-IDA 1
4 Separon HEMA-BIO 1000— I 520 220 390 147

BUDGE-IDA 11

@ All data are averages of two parallel experiments for HEMA-BUDGE and three parallel experiments for HEMA E.
b The treatment with ethanolamine was performed after the reaction with IDA.
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surface in HEMA E whereas they are situated at the
end of a relatively long spacer in HEMA-BUDGE.

It is interesting that IDA was bonded on HEMA-
BUDGE under the conditions of reaction scheme I,
whereas HEMA E did not bind any IDA if 2 M
Na,CO; was applied (see sorbents 1 and 3, Table I).
The epoxy groups present in the matrices were
hydrolysed during the reaction in 2 M Na,CO;. No
reaction with EA was observed (see Table I).

When reaction scheme II was applied, almost the
same proportion of epoxy groups was converted
into IDA moieties (about 56%) in both matrices.
The subsequent reaction with EA decomposed non-
converted glycidyl groups. The final content of
nitrogen (see sorbents 2 and 4, Table I) was lower
then that obtained by the direct reaction with EA,
probably owing to the hydrolysis proceeding during
reaction with IDA. It seems that steric effects do not
play a significant role in the conversion of epoxides
into IDA groups under the given conditions. Even
an extended reaction time (48 h) did not increase the
degree of conversion with either sorbent.

On the other hand, steric effects can play a role in
the loading of sorbents with Cu?*. HEMA-
BUDGE carrying IDA at the end of the spacer arm
is capable of retaining a relatively larger amount of
metal (67% of IDA groups) than HEMA E (42% of
IDA groups), where the original glycidyl groups
were attached directly to the surface of the matrix
(see sorbents 2a, 3 and 4, Table I). Fleminger et al.
[34] discussed a similar property of bonded epoxy
groups.

The situation was different when reaction scheme
I was applied. Whereas the content of IDA was only
18% lower in comparison with reaction scheme II
when using HEMA-BUDGE, virtually no IDA was
found after the reaction with HEMA E (see sorbent
1, Table I). The fact that no IDA was bound and no
residual epoxy groups were present after the reac-
tion can be explained only by the preferred hydro-
lysis of epoxy groups during the reaction with 2 M
Na,COs;. The glycidyl groups attached directly to
the surface of the matrix are probably less accessible
for IDA than the same groups situated at the end of
the spacer in HEMA-BUDGE and, in addition, the
hydrolysis is much faster in 2 M Na,COj; than at pH
10.0. Hence it is possible that virtually all epoxy
groups of HEMA E were hydrolysed before they
could be converted into IDA groups.

P. SMIDL, J. PLICKA, 1. KLEINMANN

The question of whether EA bonded during the
decomposition of residual epoxy groups could in-
fluence the loading of the sorbent with copper was
also solved. The sorbent prepared according to
reaction scheme II was treated partly with EA and
partly with Na,COj after the reaction with IDA to
decompose residual glycidyl groups. No difference
was found in the loading capacity with copper (see
sorbents 2a and 2b, Table I).

An additional difference between the two types of
IDA sorbents is in the “effective” loading capacity.
If the number of micromoles of IDA present on the
sorbent is the limiting value for Cu?* content, then
HEMA E retained about 49% of this capacity (see
sorbents 2a and 2b, Table I) whereas for HEMA—
BUDGE this value was about 67% (see sorbents 3
and 4, Table I). This means that not all IDA ligands
chelated Cu?* ions with the same strength and some
metal ions were washed out with acidic buffer or not
all IDA ligands are accessible to Cu?* ions [34].

To compare the abilities of the two sorbents in the
chromatography of proteins, they were used for the
separation of a model mixture of four globular
proteins under the conditions optimized for each of
the sorbents individually. Although the amount of
Cu?" chelated was nearly identical for both col-
umns, substantial differences were observed. The
resolution of proteins was much better on HEMA~
BUDGE and they eluted as sharper peaks (see Figs.
2 and 3).

0.05
AU .
0.04} 2
.03} 3
0.02f .
0.01} LJ U
of—
5 10 75 30 25min

Fig. 2. Separation of model mixture on Separon HEMA 1000
E-IDA—Cu (see sorbent 2a in Table I). Column, 100 x 4 mm
LD.; flow-rate, 0.5 ml/min; gradient from 2 to 25 mM imidazole
in 0.02 M Na,HPO,—0.5 M NaCl (pH 7.0) in 20 min. Proteins:
1 = Lys; 2 = RNase; 3 = Myo; 4 = Tra. A 50-ug amount of
each protein was loaded. Absorbance was measured at 280 nm.
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0.05
AU
0.04r

op J

5 10 i5 76 25 min

Fig. 3. Separation of model proteins on separon HEMA-BIO

1000-BUDGE-IDA—Cu (see sorbent 4 in Table I). For proteins
and conditions, see Fig. 2.

In addition to the chromatographic resolution,
the reproducibility of Cu?* loading and its leakage
during gradient elution are important factors con-
cerning the routine application of this type of
sorbent. The following experiments were made:
columns were loaded with copper (see Experimen-
tal) and the gradient elution of the four above-
mentioned proteins was performed. The volumes of
effluent marked by arrows (see Figs. 2 and 3) were
collected and the amounts of copper were deter-
mined. The columns were then washed with EDTA
and water and repeatedly loaded with copper. The
amount of copper loaded was also determined. The
results of five repeated experiments are summarized

TABLE 11
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in Table II. The loading reproducibility was better
than 3% and copper leakage occurring with the
concentration gradient of imidazole was negligible.
Repeated gradient elution of the model mixture
without washing out and new loading of copper
shows that this very small loss of metal cannot
influence the capacity factors of proteins. In these
experiments we also measured spectrophotometri-
cally the recovery of proteins and in all instances
obtained values from 90% to 95%.

The following study was performed with HEMA-
BUDGE only. It was mentioned above that part of
the IDA moieties are free from Cu?* and so their
carboxyl groups can act as ion-exchanging groups.
In the following experiments, the influence of the
concentration of NaCl in the eluent was tested. The
aim was to establish the contribution of ion-ex-
change effects to the retention of proteins. The
results are given in Table III. The large shifts in the
retention times of Lys and Tra obtained with 0.1 M
NaCl can be explained in the following way. The
electrostatic interaction of free carboxyl groups of
IDA are not suppressed sufficiently with 0.1 M
NaCl, so Lys (a protein positively charged and
retained on cation exchangers at pH 7.0) was
retained more with lower concentrations of NaCl.
The opposite situation was observed with Tra (a
protein negatively charged at pH 7.0), which is
excluded by negatively charged carboxyl groups at
pH 7.0 and in 0.1 M NaCl. The retention time of Lys
decreased and that of Tra increased when the
concentration of NaCl increased. The charges of
two other proteins. Myo and RNase. are nearly

TEST OF Cu LEAKAGE DURING THE ELUTION OF PROTEINS WITH IMIDAZOLE GRADIENT

Exp. Separon HEMA 1000 E-IDA—Cu Separon HEMA-BIO 1000-BUDGE-IDA-Cu

No.
Content of Cu in peak of protein Content of Content of Cu in peak of protein Content of
(ug) Cu in column (ug) Cuin column

(ng) (ug)

Lys RNase Myo Tra Lys RNase  Myo Tra

1 0.2 0.1 0.2 0.5 3415 0.2 0.1 0.2 0.6 3581

2 0.2 0.1 0.2 0.5 3200 0.1 0.1 0.2 0.6 3645

3 0.2 0.1 0.2 0.5 3245 0.1 0.1 0.2 0.5 3511

4 0.5 0.2 0.8 1.8 3245 0.1 0.1 0.3 0.7 3397

5 0.3 0.2 0.5 1.5 3245 0.1 0.1 0.2 0.6 3664
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TABLE 111

INFLUENCE OF NaCl CONCENTRATION IN THE ELU-
ENT ON PROTEIN RETENTION

Sorbent: Separon HEMA-BIO 1000-BUDGE-IDA-Cu. Gradi-
ent conditions: (A) 0.02 M phosphate buffer-NaCl as indicated—
0.002 M imidazole (pH 7.0); (B) 0.02 M phosphate buffer-NaCl
as indicated—0.025 M imidazole (pH 7.0); gradient from 0 to
100% B in 20 min.

NacCl tg (min)

concentration

(mol/l) Lys RNase Myo Tra
0.1 6.34 6.87 11.14 12.11
0.5 3.25 7.94 11.97 17.30

balanced at pH 7.0, so the change in the #; values of
these proteins was small when the concentration of
NaCl was changed.

We also followed the contribution of hydro-
phobic interactions of proteins with the sorbent
when a combination of an increasing gradient of
imidazole and a decreasing gradient of (NH,),SO,
was applied. The results are summarized in Table
IV. It is seen that the retention of all the pro-
teins increased with increasing concentration of
(NH,),S0, in eluent A. This means that hydro-
phobicinteractions play some role in the separation

TABLE IV

INFLUENCE OF SIMULTANEOUSLY INCREASING IMI-
DAZOLE GRADIENT AND DECREASING (NH,),SO,
GRADIENT ON PROTEIN SEPARATION

Sorbent: HEMA-BIO 1000-BUDGE-IDA-Cu. Gradient condi-
tions: (A) 0.02 M phosphate buffer-0.5 M NaCl-
0.002 M imidazole—(NH,),SO, as indicated (pH 7.0); (B) 0.02 M
phosphate buffer0.5 M NaCl-0.025 M imidazole (pH 7.0),
gradient from 0 to 100% B in 20 min. For the last line: (A) 0.02 M
phosphate buffer-0.5 M NaCl-3.0 M (NH,),SO, (pH 7.0); (B)
0.02 M phosphate buffer-0.5 M NaCl (pH 7.0); gradicent from 0 to
100% B in 20 min.

(NH,),50, tg (min)

concentration

(mol/l) Lys RNase Myo Tra

0 3.25 7.94 11.97 17.35
1.5 8.45 11.27 15.54 19.04
2.0 12.40 13.70 17.34 20.60
3.0 13.40 10.20 7.70 11.82

P. SMIDL, J. PLICKA, I. KLEINMANN

process, in addition to the interactions with immo-
bilized metal, only at a high concentration of
(NH,),SO4. This is also demonstrated by the last
line in Table IV. In this instance the sorbent without
immobilized Cu?* was used. Because the hydro-
phobicity of the sorbent was low, a higher initial
concentration was used to obtain comparable reten-
tion of solutes. Because the IMAC mechanism did
not take part in the separation process in this
instance, a change in retention order occurred and
the most hydrophobic protein, Lys, was eluted as the
last peak.

DISCUSSION

Two types of IDA-Separons were prepared.
Whereas the reaction of IDA with epoxy-derived
sorbents at pH 10.0 gave similar results, Porath et
al’s method [1] of synthesis (in 2 M Na,CO3) was
successful only with the BUDGE-derived Separion
where the epoxy groups are situated at the end of a
long spacer arm. The steric hindrance of glycidyl
groups attached directly to the surface of HEMA E
probably plays a role in combination with the more
rapid hydrolysis in 2 M Na,COj, because no epoxy
groups were left after the treatment in Na,COs.
Steric effects are not so important with HEMA-
BUDGE and this sorbent gave similar results with
both types of reaction. Steric effects can also affect
the loading of the sorbent with Cu?*. The “effec-
tive” loading capacity of HEMA-BUDGE was
higher than that of HEMA E even if the content of
IDA was higher in HEMA E.

The two types of sorbents show different chro-
matographic properties. Even if the chromato-
graphic conditions were optimized for each type of
sorbent, better resolution of the mixture of model
proteins was observed on BUDGE-derived IDA-
Separon. This improvement in resolution was not
caused simply by narrowing of peaks, which was
significant only with transferrin. The better resolu-
tion is a consequence of the favourable changes in
the retention times of the model proteins. It seems
that the spacer ligand affects not only the width of
the peaks but also the mutual relationships between
the retention times of proteins. The influence of
ionic and hydrophobic interactions is negligible
under the conditions of separation. A similar effect
of the spacer was also observed with modified
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Separon HEMA sorbents for hydrophobic inter-
action chromatography {32]. The introduction of a
spacer between a matrix and a ligand probably
reduces some undesirable interactions of proteins
with the sorbent surface and positively influences the
steric effects and mass transport during separation.

Synthesized Separon HEMA-BIO1000-BUDGE~
IDA is a stable and rigid material. The elution of
copper during separations is very low and the
retention times of standards are reproducible even
after 50 gradient cycles without new loading of the
metal.

A paper dealing with practical applications of this
sorbent is in preparation.
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ABSTRACT

Three commercially-available high-performance liquid chromatographic columns packed with restricted access media were evaluated
for suitability in multi-residue direct injection analysis at the ng/ml level. The internal surface reversed-phase and shielded hydrophobic
phase columns were not sufficiently retentive to separate all analytes from the tail of the matrix peak. Coelution of some of the analytes
was also observed with these columns. The semi-permeable surface column was significantly more retentive and selective, providing
good separation of analyte and matrix peaks. With this column, an analytical protocol requiring no organic solvents was developed for

the assay of six sulfonamides at a detection limit of 25 ng/ml.

INTRODUCTION

The injection of biological fluids into convention-
al high-performance liquid chromatographic
(HPLC) systems results in rapid degradation of per-
formance, typically evidenced by increased back-
pressure and reduced efficiency. These effects are
usually attributed to precipitation and irreversible
or slowly-reversible adsorption of proteins on the
stationary phase. Sample clean-up procedures
which remove protein prior to injection are there-
fore needed for conventional HPLC analysis of
small molecules in biological samples. These clean-
up steps are generally slow, difficult to automate,
and employ large quantities of toxic organic sol-
vents. As a result, much of the time and cost of
current methods for drug residue analysis are asso-
ciated with sample preparation, and the full capa-
bilities of modern, automated HPLC systems are
seldom realized.

One approach to removing the sample prepara-
tion bottleneck is to automate the clean-up oper-
ation [1], preferably utilizing methods which reduce
[2] or eliminate [3,4] organic solvent consumption.

0021-9673/92/805.00  ©

Another approach is the use of stationary phases
which permit the direct injection of proteinaceous
samples. Several dozen phases have been developed
specifically for HPLC of protein-containing sam-
ples [5,6]. These phases are generally referred to as
restricted access media (RAM), and a number of
such columns are now commercially available. Di-
rect injection HPLC on RAM columns has been
applied to the analysis of a large number of phar-
maceuticals [5] at therapeutic levels (10-100 ug/ml)
in human body fluids, but to our knowledge it has
not been used for quantitative determinations at
concentrations (1-100 ng/ml) relevant to residue
analysis (a detection limit of 5 ng/ml has been
claimed in one report [7], but quantitative results
were demonstrated only at ug/ml levels). The ability
to determine traces of drug and pesticide residues in
foods without sample preparation would greatly en-
hance the speed and cost-effectiveness of food safe-
ty monitoring programs. Elimination of sample
treatment steps would also reduce the time required
for development and optimization of new analytical
methods. We therefore initiated a study of several
commercially available columns in order to assess

1992 Elsevier Science Publishers B.V. All rights reserved
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the use of RAM for detection of ng/ml levels of
drug residues, using the sulfonamide antibiotics in
bovine serum as a test system. We briefly discuss
here the columns used in this study, and refer the
reader to recent review articles [5,6] for detailed in-
formation on history, nomenclature, synthesis,
mode of operation, and applications of restricted
access media. Three different types or classes of
packings were studied: the internal surface re-
versed-phase (ISRP) type [8], the shielded hydro-
phobic phase (SHP) type [9], and the semi-perme-
able surface (SPS) type [10]. ISRP packings consist
of small-pore silica particles having a bonded phase
with hydrophilic properties at the outer surface and
hydrophobic properties within the pores. The pack-
ings are generated in three steps: bonding of a hy-
drophilic group to the silica; capping the hydrophil-
ic group with a hydrophobic species (polypeptide in

the original work); and enzymatic cleavage of the -

hydrophobic end group at the particle surface to
expose the hydrophilic sub-phase. The commercial
ISRP column used here (GFF-II) employs a glyc-
idoxypropyl hydrophilic sub-phase and a glycine-
phenyalanine-phenylalanine hydrophobic cap. The
SHP uses hydrophobic moicties (disubstituted aro-
matic rings) embedded by a proprietary process in a
hydrophilic polyethylene oxide polymer network
bonded to a silica support. The SPS phase utilizes
hydrophilic polyoxyethylene ““tails” bound to alkyl-
ated silica particles. The column used in this work
had a C,g alkyl group, but packings with other hy-
drophobic moieties are available. Size exclusion
plays the dominant role in restricting retention of
protein in the ISRP, while chemical effects (e.g. hy-
drophobic interactions) are claimed to predominate
with the SHP and SPS phases. However, it has been
pointed out that size exclusion may also be the
dominant mechanism for limiting protein retention
in the SPS and SHP packings due to the small pore
size of the silica used for these phases [6]. Despite
differences in structure and chemistry, all three col-
umns exhibit similar behavior: large molecules (pro-
teins) are prevented from interacting with the sta-
tionary phase and are eluted in or near the void
volume, while low-molecular-weight analytes are
retained and separated by mechanisms similar to
those operating in conventional reversed-phase
HPLC. Comparison of the columns was facilitated
by the fact that all had identical dimensions (150 x
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4.6 mm) and support particle size (5 yum), and exhib-
ited similar efficiency for test compounds (plate
count > 50 000 m™1).

EXPERIMENTAL

Reagents and solutions

Sulfamethazine (SMZ), sulfamerazine (SM), sul-
fapyridine (Sp) and sulfathiazole (STZ) were ob-
tained from Sigma (St. Louis, MO, USA) and sulfa-
nilamide (SA) was from J. T. Baker (Phillipsburg,
NJ, USA). N*-acetylsulfamethazine (N4-ASMZ)
was prepared from sulfamethazine and acetic an-
hydride (gift of Dr. Owen W. Parks, USDA, Phila-
delphia, PA, USA). Reagent grade dibasic potassi-
um phosphate, phosphoric acid, sodium acetate,
ammonium acetate and acetic acid were obtained
from Thomas Scientific (Swedesboro, NJ, USA).
Dimethylsulfoxide and Tween 40 (Aldrich, Milwau-
kee, WI, USA) were used as received. Spectrapor
dialysis tubing, 10 000 molecular weight cutoff (Ar-
thur H. Thomas Co., Philadelphia, PA, USA) was
rinsed in distilled water before use. House-purified
HPLC grade water was used in all mobile phases
and solutions. Mobile phases were filtered through
0.45-pum membranes and degassed with helium be-
fore use. Bovine serum albumin (Sigma) was re-
ceived in freeze-dried form and reconstituted as
needed using HPLC-grade water. Stock solutions of
the sulfonamide drugs were prepared in methanol
and added to serum to generate the spiked serum
samples. Serum samples were stored at 4°C and fil-
tered through 0.45-um syringe-top filters prior to
injection. Beef and pork samples were prepared by
blending 2.5 g muscle tissue with 15 ml water for 1
min in a Polytron mixer (Brinkmann Instr., West-
bury, NY, USA), centrifuging the homogenate 5
min at 3000 g, and adding stock solutions of the
sulfonamide drugs to the supernatant.

Apparatus

The HPLC system consisted of an HP 1050 qua-
ternary pump (Hewlett-Packard, Avondale, PA,
USA), a Model 7125 loop injector (Rheodyne, Co-
tati, CA, USA), a Spectroflow 773 variable-wave-
length detector (Kratos Analytical, Ramsey, NJ,
USA), and an HP 3396A integrator (Hewlett-Pack-
ard). A Fiatron CH-30 column heater (Alltech,
State College, PA, USA) was used for some analy-
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ses. The shielded hydrophobic phase (SHP) column
used was the Hisep (Supelco, Bellefonte, PA, USA),
the internal surface reversed-phase (ISRP) column
was the GFF-II (Regis, Morton Grove, IL, USA),
and the semi-permeable surface (SPS) column was
the SPS-C18 (Regis). All columns were packed with
5-um particles and had dimensions of 150 x 4.6
mm I.D.

Procedures

Each analytical column was protected by a com-
mercially-packed guard column containing the
same packing and by a 2-um in-line filter. Unless
otherwise noted, mobile phase flow-rate was 1.0 ml/
min, temperature was ambient (20-30°C), injection
size was 20 ul, and detection was performed at 265
nm with a 1-s detector risetime. Phosphate buffers
were used in the pH range 5.7-7.5, and sodium ace-
tate buffers were used for lower pH. For analyses at
levels below 100 ng/mi, the column was temper-
ature-controlled at 30°C and a detector rise time of
5 s was used. For studies of injection size response,
the injection valve was fitted with a 100-ul loop
which was partially filled with a syringe to obtain
the desired injection volume. Chromatographic per-
formance was evaluated periodically using benzene
and toluene as analytes with a 70% methanol mo-
bile phase. Guard columns were backflushed or re-
placed when elevated backpressure or reduced effi-
ciency were observed.

RESULTS AND DISCUSSION

The nominal goal of this work was development
of an HPLC method for direct injection analysis of
a mixture of sulfonamides in bovine serum with a
detection limit below 100 ng/ml. The success of
RAM technology in determinations of individual
drugs at therapeutic levels (ca. 10 ug/ml) suggested
that this goal could be readily met. However, initial
experiments showed that simple extrapolation from
results obtained at therapeutic levels was not pos-
sible. A typical chromatogram of phenobarbital in
serum at the 10 upg/ml level (Fig. 1a) showed an
isolated analyte peak on a flat baseline. At the 100
ng/ml level (Fig. 1b), the long tail of the matrix peak
became apparent, and the steeply sloping back-
ground under the analyte peak (SMZ) made detec-
tion and quantitation very difficult. The need for

25

ulfamethazine

Phenobarbital

;

4 -
111 T 1 1 1
0 2 4 6 0 2 4 6 8 10 12

Fig. 1. RAM analyses at therapeutic and trace levels. (a) Pheno-
barbital (12.5 ug/ml) in human serum, 625 ng injected. SHP col-
umn, 150 x 4.6 mm 1.D.; mobile phase, 180 mA/ ammonium
acetate—acetonitrile (95:5); flow-rate 2.0 ml/min; wavelength, 240
nm; injection volume, 50 ul. (Reproduced with permission from
Supelco Chromatography Products Catalog 28, p. 178). (b) Sul-
famethazine (100 ng/ml) in bovine serum, 2 ng injected. SHP
column, 150 mm x 4.6 mm 1.D.; mobile phase, 100 mM pH 7
phosphate-acetonitrile (90:10); flow-rate, 1.0 ml/min; wave-
length, 265 nm, injection volume, 20 pl. Time in min.

significant reduction in the tailing of the matrix
peak and/or much greater retention of the analyte
was clear.

At the time this work was initiated, two types of
RAM phases, the ISRP and the SHP, were com-
mercially available. The performance of these col-
umns was similar, and we discuss them together be-
low. Several months later, a series of SPS columns
having Cg, C;5, CN, and phenyl functionality was
introduced. We chose to evaluate the Cys column
from this series as it was expected to provide the
greatest degree of analyte retention and similarity
to the conventional C;g columns used for sulfon-
amide analysis [11,12]. _

The sulfonamide antibiotics were chosen as mod-
el compounds for several reasons: they are widely
used in animal husbandry and of considerable regu-
latory interest: they are often administered in mix-
tures of several sulfonamide types; they exhibit a
fairly wide range of capacity factors in reversed-
phase HPLC; and their chromatographic behavior
on reversed-phase columns is well known. The prin-
cipal metabolite of SMZ, N4-ASMZ, was included
as a representative metabolite which may be used as
a marker SMZ exposure.
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ISRP and SHP columns

In order to identify optimum separation condi-
tions, the chromatographic behavior of the matrix
and analytes was studied as a function of pH, or-
ganic modifier concentration, and organic modifier
type. In an effort to reduce tailing of the matrix
peaks a number of mobile phase additives were also
examined. Dialysis of the sample to remove lower-
molecular-weight matrix components suspected of
causing tailing was also investigated.

Organic modifier type. A number of organic mod-
ifiers, including methanol, acetonitrile, isopropa-
nol, THF, and dioxane were evaluated. In the nar-
row range of modifier concentrations (0-10%)
which gave acceptable capacity factor (k') values,
none of the modifiers offered any significant im-
provement in selectivity or efficiency over acetoni-
trile. Little or no effect on elution or tailing of the
matrix peaks was observed with variation in mod-
ifier type.

Organic modifier concentration and pH. The re-
tention times of the sulfonamides on the SPS col-
umn as a function of pH and acetonitrile concentra-
tion are shown in Fig. 2. Retention times varied
little with pH, even at pH values above the pK, of
the analytes. Capacity values for the analytes were
much lower than those observed with conventional
C, phases under similar conditions, and coelution
of analytes prevented full resolution of the mixture.
The retention time of the matrix peaks was also a
slowly varying function of mobile phase composi-
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tion, although the presence of several large matrix
peaks presented problems with analyte inteference.

Retention times of the sulfonamides on the ISRP
column as a function of pH and acetonitrile concen-
tration are shown in Fig. 3. In constrasts to the SPS
phase, analyte retention behavior varied consider-
ably with changes in pH and modifier concentra-
tion. However, the matrix peaks also exhibited
complex changes in retention time and peak height
when mobile phase composition was varied, mak-
ing selection of conditions which minimized matrix
interference difficult. Similar complex behavior has
been observed in separations of peptides on ISRP
columns [13]. The pH dependence of analyte reten-
tion was qualitatively similar to that observed with
conventional C;g phases and reflected the ioniza-
tion of the drugs at high pH. Elution order was
similar to that observed with C; g phases, but & val-
ues were much smaller. The effect of low pH was
studied for the ISRP column with 0.1% trifluoro-
acetic acid (pH 2) as the mobile phase. Under these
conditions, the free aromatic amine of the antibiot-
ics was protonated, and all the analytes except N4-
ASMZ eluted within 2 to 3 min. Even without or-
ganic modifier, the early-eluting compounds could
not be resolved from the major matrix peak, and the
steeply sloping tail of the matrix peak prevented
reliable detection and integration of the analytes at
low concentration. No conditions were found
which gave complete resolution of all six analytes.

Mobile phase additives. The addition of protein
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Fig. 2. Retention of sulfonamide antibiotics on SHP column as a function of mobile phase pH. Buffer, 100 mA/ phosphate; flow-rate,
1.5 ml/min; wavelength, 265 nm. (a) mobile phase, buffer-acetonitrile (90:10); (b) mobile phase, buffer-acetonitrile (95:5). ® = SA,

O = SM, B = SMZ, 0 = N4-ASMZ, A = STZ, & = SP.
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Fig. 3. Retention of sulfonamide antibiotics on ISRP column as a function of mobile phase pH. Buffers, 100 mM phosphate (pH 6, 7),
100 mAM sodium acetate (pH 4, 5); flow-rate, 1.5 ml/min; wavelength, 265 nm. (a) mobile phase, buffer—acetonitrile (95:5), (b) mobile
phase, buffer. ® = SA, O = SM, B = SMZ, 00 = N4-ASMZ, A = STZ, A = SP.

solubilizing agents such as dimethylsulfoxide (2%)
and Tween (0.1%) to the mobile phase as a means
of reducing the tailing of the matrix peaks was ex-
plored without success. Addition of 50 ng/mi of se-
rum to the mobile phase did result in noticeable
suppression of matrix peak tailing, but was not suf-
ficient to permit reliable detection/quantitation of

Non-Dialyzed Serum

Dialyzed Serum

-
.

T T | T 1
4 8 12 16 20

O —

Fig. 4. Effect of dialysis on serum. Column, SHP, 150 X 4.6 mm
ID.; mobile phase, 100 mM pH 7 phosphate-acetonitrile
(90:10); flow-rate, 1.0 ml/min; wavelength, 265 nm; injection vol-
ume, 20 gl. Time in min.

the early eluting components. Suppression of ma-
trix peak tailing diminished slowly over several
hundred column volumes after switching to mobile
phase without added serum.

Dialysis. It was hypothesized that the tailing of
the matrix peak was due to slow elution of small
proteins and peptides which had penetrated into the
pores or hydrophobic region of the stationary
phase. To test this theory, a sample of serum was
dialysed overnight against pH 6.0 buffer with a
10 000 molecular weight cutoff cellulose membrane
to remove low- and intermediate-molecular-weight
components. Chromatograms of dialysed and un-
dialysed serum on the SHP column are shown in
Fig. 4. Two sharp peaks at 2.1 and 2.5 min (off scale
at this attenuation) were eliminated by dialysis, but
no significant reduction in matrix peak tailing was
apparent.

Buffer concentration. Buffer concentration was
varied from 10-500 mAM at pH 6 with minimal effect
on either the serum peak shape or analyte retention
times for buffer concentration greater than 50 mA/.
Small shifts in retention time observed at lower buf-
fer concentrations could be counteracted by slightly
acidifying the serum before injection. The retention
time changes were attributed to lack of buffer ca-
pacity resulting in transient alteration of mobile
phase pH by the sample.

Optimum results. Based on the retention behavior
of the analytes and matrix constituents, optimum
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Fig. 5. Optimum separation of sulfonamides on SHP column.
Sample, sulfonamide mixture (300 ng/ml) in serum; column,
SHP, 150 x 4.6 mm 1.D.; mobile phase, 100 mM pH 6 phos-
phate-acetonitrile (95:5); flow-rate, 1.0 ml/min; wavelength, 265
nm; injection volume, 20 ul; temperature 30°C. Upper chromato-
gram, sample; lower chromatogram, serum blank. Time in min:

conditions for analyte detection were determined.
Choice of optimum conditions required some com-
promise between maximum resolution of analytes
from each other, and minimum interference from
matrix peaks. A chromatogram illustrating the op-
timum separation obtained with the SHP column is
shown in Fig. 5. The large matrix peaks at 6.5 min
were not identified. Only three analytes could be
resolved, and the SA peak was not separated from
the matrix. However, five of the analytes could be
detected individually or in appropriate mixtures,
without matrix interference.

A chromatogram of the sulfa mixture on the
ISRP column at pH 6 is shown in Fig. 6. SA coelut-
ed with the matrix peaks on the ISRP column, and
three of the analytes (SM, SP and STZ) coeluted.
While other pH values afforded better resolution of
the analytes from each other, severe matrix interfer-
ences at those pH values prevented detection of sev-
eral analytes. The conditions shown permitted five
of the analytes the be detected (though not simulita-
neously) without matrix interference: Both columns
were exposed to over 100 injections-of serum (20 ul)
without appreciable degradation of performance:
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Fig. 6. Optimum separation of sulfonamides on ISRP column.
Sample, sulfonamides (300 ng/ml) in serum; column, ISRP, 150
% 4.6 mm 1.D.; mobile phase, 100 mM pH 6 phosphate-aceto-
nitrile (99:1); flow-rate, 1.0 ml/min; wavelength, 265 nm; injec-
tion volume, 20 ul; temperature, 30°C. Upper chromatogram,
sample; lower chromatogram, serum blank. Time in min.

SPS-C18 column

The chromatographic behavior of the matrix and
analytes was also studied as a function of pH, or-
ganic modifier concentration and organic modifier
type for the SPS column. Because the analytes were
adequately separated from the matrix peaks with
this column, the use of mobile phase additives was
not explored. Several other matrices were examined
with promising results.

Organic modifier type. Methanol, acetonitrile,
propanol, tetrahydrofuran and dioxane were eval-
uated as organic modifiers. Over the limited range
of modifier concentrations (0-10%) which gave ac-
ceptable &k’ values, none of the modifiers offered any
significant improvement in selectivity or efficiency
over acetonitrile. Little or no effect on elution or
tailing of the matrix peaks was observed.

Organic modifier concentration and pH. The re-
tention times of the analytes-as a function of pH
and acetonitrile concentration are shown in Fig. 7.
Retention of the analytes on the SPS column was
significantly greater than with the ISRP and SHS
columns, though still considerably less than observ-
ed with conventional C, phases. The pH -depend-
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Fig. 7. Retention of sulfonamide antibiotics on SPS column as a function of mobile phase pH. Buffers, 100 mA phosphate (pH 6.7), 100
mM sodium acetate (pH 4.5); flow-rate, 1.0 mi/min; wavelength, 265 nm. (a) mobile phase, buffer—acetonitrile (95:5); (b) mobile phase,
buffer. ® = SA, O = SM, 8 = SMZ, 0 = N4-ASMZ, A = STZ, A = SP.

ence was qualitatively similar to that observed with
Cis phases and indicated decreased retention due to
ionization of the drugs at high pH. Over the first
several weeks of column use, retention times for the
sulfonamides decreased approximately 30%, and

] ¢ N4-ASMZ sT2

smz

1 I | I 1 I | 1 1 I |
0 2 4 6 8 10 12 14 16 18 20 22

Fig. 8. Sulfonamides on SPS column. Sample, sulfonamides (300 -

ng/ml) in serum; column, SPS, 150 X 4.6 mm 1.D.; mobile phase,
100 mM pH 6 phosphate; flow-rate, 1.0 ml/min; wavelength, 265
flm; injéction volume, 20 ul; temperature, 30°C. Upper chro-
matogram, sample; lower chromatogram, serum blank. Time in
min.

then reached a steady value which remained un-
changed for months. Virtually no change in reten-
tion time for benzene and toluene was observed
over this time frame, however. SMZ and STZ,
which initially coeluted, were well resolved follow-
ing this “conditioning” period. We are working
with the column manufacturer to determine proto-
cols for conditioning columns in order to obtain
stable retention rapidly, and results of these studies
will be reported elsewhere. Resolution of all six sul-
fonamides could be achieved at pH 6 with both
0.5% "acetonitrile and unmodified mobile phases.
The separation is relatively robust, and pH and
modifier concentration may be altered to avoid in-
terferences without compromising resolution of the
analytes. A chromatogram of the test mixture using
unmodified buffer as the mobile phase is shown in
Fig. 8.

Temperature and ionic strength. Temperature and
ionic strength variations were studied for the SPS-
C18 column and found to provide minimal im-
provement in the separation. Temperature changes
in the range 25-45°C resulted in predictable reduc-
tion of k&’ with increasing temperature, but did not
improve resolution or peak shape significantly. Ion-
ic strength was studied by holding buffer concentra-
tion at 50 mM, pH at 6.0, and acetonitrile concen-
tration at 2%, and varying KCI concentration from
0to 1 M. Retention time increases ranging from 0.2
min for sulfanilamide to 2.7 min for sulfathiazole
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Fig. 9. Analysis of milk and beef homogenate on SPS column. (a)
300 ng/ml sulfonamide mixture in beef tissue homogenate; (b)
300 ng/ml sulfonamide mixture in milk. Mobile phase, 100 mM
pH 6 phosphate; flow-rate, 1.0 ml/min; wavelength, 265 nm; in-
jection volume, 20 ul; temperature, 30°C. Time in min.

were observed for all components as KCl concen-
tration was varied from 0 to 1 M. While retention
time could be manipulated by adjusting ionic
strength, little gain in selectivity between analytes
and virtually no effect on matrix tailing was observ-
ed.

Injection size. The effect of sample size on peak
area was investigated using 300 ng/ml sulfametha-
zine in serum. Peak area increased linearly with in-
jection volume over the range tested (10-100 ul).
Injection volumes greater than 50 ul resulted in an
initial 200-400 p.s.i. pressure increase which de-
cayed over several minutes. Additional peaks also
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Fig. 10. Limit of detection for sulfonamides on SPS column.
Bovine serum spiked with sulfonamides at concentrations of (A)
25 ng/ml, (B) 50 ng/ml, (C) 75 ng/ml. Mobile phase, 100 mM pH

- 6 phosphate; flow-rate, 1.0 ml/min; wavelength, 265 nm; injec-

tion volume, 50 ul; temperature, 30°C. Time in min.

appeared at unpredictable times in the chromato-
grams, apparently due to late eluting species from
earlier injections. With 100-.] injections, the precol-
umn became partially plugged and separation effi-
ciency was noticeably reduced within 3-5 injections.
This behavior was in contrast to that of ISRP col-
umns, which are known to accomodate injection
sizes up to 660 ul [14]. Injection size was subse-
quently limited to 50 ul to maximize column per-
formance and lifetime.

Other matrices. Beef tissue homogenate, pork tis-
sue homogenate and milk were spiked with the sul-
fonamide mixture and chromatographed under the
same conditions used for bovine serum. Results for
the beef and milk samples are shown in Fig. 9.
Chromatograms of pork homogenate were very
similar to those of beef. It should be noted that the
beef homogenate contained only 2.5 g tissue per 15
ml, and that the sulfonamides were added at a level
of 300 ng/ml to the homogenate. The matrix peaks
were therefore much smaller relative to the analyte
peaks than in the case of the serum or milk samples.
Nonetheless, direct injection analysis of milk and
homogenized tissue using RAM columns appears
to be very promising as a method for residue analy-
sis in these matrices.
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Limit of detection. A series of serum samples
spiked with 10-100 ng/ml of the sulfonamides was
analysed to estimate the limit of detection and limit
of quantitation for 50-ul injections. Chromato-
grams of spiked serum at 25, 50, and 75 ng/ml levels
are shown in Fig. 10. From this data, a limit of
detection of 25 ng/ml and a limit of quantitation of
50 ng/ml was conservatively estimated for all of the
components. Other techniques such as electrochem-
ical detection might be used to achieve lower detec-
tion limits.

CONCLUSIONS

The utility of RAM for analysis of multiple ana-
lytes in biological matrices at ng/mi levels has been
demonstrated for sulfonamide antibiotics in serum.
At the sensitivity required to detect these low con-
centrations, a steeply sloping background due to
tailing of the serum matrix was observed which pre-
vented reliable detection of analytes with k" < 5 at
low (50 ng/ml) concentrations. Due to limited re-
tention and selectivity, the ISRP and SHP columns
were unsuitable for analysis of all the sulfonamides,
but could be used to determine some individual
drugs or mixtures with detection limits below 100
ng/ml. The SPS column exhibited the greatest ana-
lyte retention and selectivity of the columns tested,
and could be used for direct injection, multi-residue
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analysis of all six sulfonamides in serum with an
estimated detection limit of 25 ng/ml, using minimal
sample preparation and no organic solvents.
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ABSTRACT

A method for the simultaneous determination of amounts of major phospholipid classes and their fatty acid composition in erythro-
cyte membranes is described. The method consists in extraction of phospholipids from erythrocyte membranes, separation of phospho-
lipid classes by high-performance liquid chromatography, methylation of phospholipids and determination of phospholipid-bound
fatty acids by capillary gas chromatography. The amounts of phospholipid classes are calculated from the total weight of phospholipid-
bound fatty acids and their average molecular weights. The method was applied to erythrocytes from rats. The results show that the
method is reproducible and is useful for the determination of amounts of phospholipid classes and their fatty acid composition in small

blood samples.

INTRODUCTION

Phospholipids are important constituents of all
biological membranes. Both the nature of the polar
head groups and the acyl chains influence the phys-
ical and chemical properties of membranes [1,2]. Es-
pecially in erythrocytes, membrane parameters such
as shape, deformability, permeability and osmotic
fragility are determined by membrane phospholip-
ids [3-6]. The most important phospholipid classes
in erythrocyte membranes are phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphati-
dylserine (PS) and sphingomyelin (SM), which con-
tain a variety of aliphatic chains that vary in length
and number of double bonds [7-10]. For their de-
termination erythrocyte membrane phospholipids
are extracted with various solvents or binary sol-
vent mixtures. The main phospholipid classes are
usually separated by one- and two-dimensional
thin-layer chromatography (TLC), quantified by
measurement of inorganic phosphate and their fatty
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acid composition is determined by capillary gas
chromatography (GC) after methylation [11-14].
Although TLC is used routinely for the separation
of phospholipid classes, it has some disadvantages.
The amount of lipid that can be applied to the plate
is small and oxidation of polyunsaturated fatty
acids during plate development and drying and
losses of phospholipids during scraping off can oc-
cur [15,16]. Moreover, quantification of phospho-
lipid classes by phosphorimetry is not very exact as
only the number of moles of phospholipid and not
the molecular weight of the individual phospholipid
classes depending on their fatty acid composition is
considered.

The aim of this work was to develop a method for
the determination of amounts of individual phos-
pholipid classes and their fatty acid composition in
erythrocyte membranes which should overcome the
disadvantages of the TLC method. For this purpose
phospholipid classes extracted from erythrocyte
membranes were separated by high-performance

© 1992 Elsevier Science Publishers B.V. All rights reserved
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liquid chromatography (HPLC) and the amounts
of total bound fatty acids of individual phospholi-
pid classes were determined by capillary GC.
Amounts of individual phospholipid classes were
then calculated from the sum of their bound fatty
acids.

EXPERIMENTAL

Chemicals, standards and blood samples

Phospholipid standards [PC, lyso-PC and lyso-
PE from egg volk; PE (diacyl), PE (plasmalogen),
PS and SM from bovine brain; PI from bovine liver;
cardiolipin from bovine heart) were purchased from
Sigma (Taufkirchen, Germany). The purity of all
phospholipid standards was at least 98%.

Fatty acid standards (with a chain length be-
tween 8 and 24 carbon atoms) were obtained from
Sigma, Roth (Karlsruhe, Germany) and Fluka
(Buchs, Switzerland) in the highest purity available.
Methylation of standard fatty acids for GC was car-
ried out using boron trifluoride-methanol reagent
(Fluka, purissimum) in accordance with Morrison
and Smith [17]. All other chemicals were purchased
from Merck (Darmstadt, Germany). Blood samples
were taken from adult female Sprague-Dawley rats.

Apparatus

Separation of phospholipid classes was carried
out on a Merck—Hitachi (Darmstadt, Germany)
HPLC system consisting of a gradient pump
(L-6200), a diode array (L-3000), a 25 cm X 0.4 cm
I. D. Si 60 (5-um) cartridge (LiChroCART, Merck),
an integrator (D-2000) and a fraction collector
(Model 201; Gilson, Villiers-le-Bel, France).

Analysis of fatty acid methyl esters (FAMEs) was
performed on a Sichromat 2 gas chromatograph
(Siemens, Karlsruhe, Germany) equipped with a
programmed-temperature vaporizer (PTV), a CP-
Sil 88 wall-coated open-tubular (WCOT) fused-sil-
ica column (50 m x 0.25 mm I.D., film thickness
0.2 ym) (Chrompack, Middelburg, Netherlands), a
flame ionization detector and an integrator
(D-2500, Merck).

Preparation of erythrocyte membranes and extrac-
tion of phospholipids

Blood from rats was collected in glass tubes con-
taining heparin to prevent clotting. The fresh blood
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was centrifuged (1100 g, 10 min) and plasma and
buffy coat were removed by suction. The red cells
were washed three times with isotonic saline by cen-
trifugation (1100 g, 10 min) and resuspension. The
washed cells were haemolysed by adding 5 ml of
distilled water per millilitre of cells and freezing.
The red cell membranes were then washed three
times according to Hanahan and Ekholm [18] using
Tris buffer (pH 7.6). After washing, liquid was
drained from the packed membranes by placing the
centrifuge tubes upside down. A 1-ml volume of dis-
tilled water per gram of packed membranes was
added and the membranes were suspended (““‘mem-
brane solution”). Extraction of phospholipids was
carried out with isopropanol by a modification of
the method of Peuchant et al. [10]. To 1 g of mem-
brane solution 20 ml of isopropanol [containing bu-
tylated hydroxytoluene (BHT) as an antioxidant]
were added. This mixture was sonicated with a
Branson Sonifier for 1 min and was then left to
stand for 4 h at room temperature. After extraction
the mixture was filtered and the residue was washed
twice with 10 ml of isopropanol. The filtrate was
evaporated to dryness and the residue consisting of
lipids was dissolved in chloroform and diluted to 5
ml with chloroform. This lipid extract was filtered
using an HPLC (45-um) filter and was then ready
for injection into the HPLC system.

Separation of phospholipid classes by HPLC

For separation of phospholipid classes a mod-
ification of the method of Seewald and Eichinger
[19] based on the silmultaneous use of a pH gradient
and a polarity gradient was used. The mobile phase

TABLE 1

SOLVENT GRADIENTS AND FLOW-RATES USED FOR
SEPARATION OF PHOSPHOLIPID CLASSES

Time (min) A (%) B (%) C (%) Flow-rate (ml/min)
0.0 100 0 0 1.5
5.0 100 0 0 1.5
5.1 0 100 0 1.5

15.0 0 100 0 1.5

15.1 0 100 0 1.0

35.0 0 0 100 1.5

50.0 0 0 100 1.5
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was composed of solvent A (acetonitrile), solvent B
[acetonitrile—85% phosphoric acid (99.8:0.2)] and
solvent C [(methanol-85% phosphoric acid
99.8:0.2)]. The solvent gradients and the flow-rates
used are shown in Table I.

A 50-ul portion of the lipid extract was injected
manually into the HPLC system. Separation was
carried out at room temperature. The eluted phos-
pholipid classes were detected at 205 nm and col-
lected with a fraction collector for further analysis.
To each tube containing the collected eluent with an
individual phospholipid class a solution containing
a known amount of methyl heptadecanoate (as in-
ternal standard for GC determination of FAMEs)
and BHT (as antioxidant) was added.

Methylation of phospholipid classes

The individual phospholipid classes were evap-
orated from the mobile phase under vacuum at
room temperature. The residues of the phospho-
glyceride classes (PC, PE, PS, PE-plasmalogen)
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were resuspended in 0.5 ml of chloroform and then
4 ml of 0.5 M methanolic sodium methoxide solu-
tion were added. This mixture was stirred at room
temperature for 1.5 h. For extraction of FAMEs 2
ml of water and 2 ml of hexane were added. The
mixture was stirred for a further 10 min, then the
hexane phase containing the FAMEs was trans-
ferred into a vial for analysis. The extraction was
repeated by adding a further 2 ml of hexane. The
hexane phases were collected and the solvent was
evaporated under vacuum at room temperature.
The FAMEs were dissolved in a small volume (50
ul) of hexane and were then ready for injection into
the GC system. This methylation procedure gave
conversions of fatty acids from standard phospho-
glyceride classes into FAMEs between 97.1 and
103.4% [20].

The residue of sphingomyelin was dissolved in 1
ml of chloroform, transferred into a tube provided
with a PTFE-lined screw cap, the solvent was evap-
orated again and 2 ml of methanolic boron trifluo-
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Fig. 1. Separation of standard FAMEs using PTV split injection. Splitting ratio, 1:2; amounts of FAME:s injected into the injector

chamber, 0.8-7 ng. Time scale in minutes.
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ride solution (140 g/1) and a small volume (10 ul) of
a solution containing BHT (6 mg/ml) were added.
The tube was closed and heated for 15 h at 90°C.
This very long period of heating was necessary as it
has been shown [20,21] that for complete methyla-
tion of sphingomyelin with boron trifluoride-meth-
anol reagent very long periods are required. Thus in
our studies [20] the recoveries of FAMEs from a
sphingomyelin standard were 35.5, 60.4, 82.7 and
99.1% for periods of 1, 2, 6 and 15 h, respectively.
FAMESs were extracted by adding twice each time
0.75 ml of hexane and water. The hexane phases
were collected, the solvent was evaporated and the
FAMEs were dissolved in a small volume of hex-
ane.

Gas chromatographic analysis of FAMEs

A 2-ul portion of each FAME extract was in-
jected manually into the GC system using a PTV.
The PTV programme was 25°C held for 1 min after
injection, increased at 800°C/min to 300°C, 300°C
held for 10 min, then the PTV was cooled. The oven
temperature was 50°C held for 1 min, increased at
30°C/min to 160°C and at 15°C/min to 200°C, 200°C
held for 1.5 min, increased at 10°C/min to 225°C,
225°C held for 15 min. Hydrogen was used as the
carrier gas at a flow-rate of 2.0 ml/min; the splitting
ratio was 1:2. FAMEs were calculated using methyl
heptadecanoate ester as internal standard. For
more details, sce ref. 22. A typical separation of
standard FAMEs with chain lengths between 8 and
24 carbon atoms is shown in Fig. 1.

Calculation of amounts of individual phospholipid
classes

Amounts of individual phospholipid classes were
calculated as proposed by Seewald and Eichinger
[19]. The amount of each individual fatty acid of
each phospholipid class was determined by GC.
The total fatty acid weight of each phospholipid
class was calculated as the sum of the amounts of
the individual fatty acids. Using the relative amount
of each fatty acid and its moleculare weight, an av-
erage molecular weight of the fatty acids of each
phospholipid class can be calculated. The molecular
weight of the phospholipid can be calculated as the
sum of the molecular weight of the phospholipid
core and the average molecular weight of bound
fatty acids. The number of moles of fatty acids can
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be calculated as the ratio between total amount of
fatty acids and the average molecular weight of the
fatty acids bound to each phospholipid class. For
PC, PE and PS, the number of moles of phospho-
lipid in the injected extract is half that of the num-
ber of their bound fatty acids, and for
lyso-phospholipids and sphingomyelin the number
of moles of phospholipids and their bound fatty
acids is identical. From the number of moles of each
phospholipid class and its average molecular
weight, the amount in micrograms of each phos-
pholipid class contained in the extract injected into
the HPLC system can be calculated.

Quality control

The reproducibility of the method was studied by
applying the whole method (Washing of cells, ex-
traction and separation of phospholipids and GC
analysis of FAMEs) to five aliquots of pooled blood
(5 ml each). The recovery of phospholipids was
checked by using a phospholipid standard solution
containing PC, PE and SM. A 25-ml volume of this
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Fig. 2. Separation of standard phospholipid classes by HPLC as
described under Experimental. The amounts of phospholipids
applied to the column were 20 ug for PE, 25 ug for cardiolipin
(CL), PI, PS, lyso-PE and lyso-PC and 50 ug for PC and SM.

Time scale in minutes.
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Fig. 3. Separation of rat erythrocyte membrane phospholipids
by HPLC as described under Experimental. Peaks represent
phospholipids contained in 40 ul of packed erythrocytes. Time
scale in minutes. '

solution (containing 3.12 mg of PC, 5.43 mg of PE
and 3.21 mg of SM) was treated in the same way as
the lipid extract was treated in the method described
above. The standard solution was evaporated to
dryness and phospholipids were dissolved in chlo-
roform. The solution was diluted up to 5 ml with
chloroform and 50 ul of it were injected into the
HPLC system. The subsequent analytical steps were
identical with those described above. Phospholipid
recoveries were calculated as the ratio between the
calculated amount of each phospholipid class and
the known amount of each phospholipid class in-
jected into the HPLC system.

RESULTS

The chromatographic separation of standard
phospholipid classes [PC, PE, PS, phosphatidylino-
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sitol (PI), lyso-PC, lyso-PE, cardiolipin and SM]
and phospholipid classes from rat erythrocyte
membranes are shown in Figs. 2 and 3. The chro-
matogram of rat erythrocyte membranes contains
peaks of PS, PE, lyso-PE, PC and SM. However,
the lyso-PE peak respresents the plasmalogen frac-
tion of PE as the use of acidic mobile phases leads
to hydrolysis of the labile enol ether binding [23-
25].

Fig. 4 shows typical separations of FAMESs from
rat erythrocyte PC, PE, PE-plasmalogen, PS and
SM. The fatty acid composition of these phospho-
lipid classes is given in Table II. Amounts of phos-
pholipid classes per millilitre of cells as calculated
by their total bound fatty acids are given in Table
II1. The relative standard deviations (n = 5) were
2.7% for PC, 3.1% for PE (diacyl), 6.3% for PE
(plasmalogen), 5.4% for PS, 1.0% for SM and
0.1% for the sum of these phospholipid classes.

The recoveries of phospholipid standards were .
98.9 + 0.8% for PE (diacyl), 101.8 + 4.2% for PC
and 96.3 + 0.1% for SM, indicating that there were
no losses of phospholipid between extraction and
fatty acid analysis.

DISCUSSION

In the analysis of phospholipids, TLC is the most
widely used separation technique. Although the
separation of major phospholipid classes can be
easily achieved, this method has disadvantages such
as possible losses of phospholipids during scraping
off and oxidation of polyunsaturated fatty acids
during plate development and drying. Another
problem is the quantification of the separated phos-
pholipids. Phosphorimetry, which is the most com-
monly used technique for the quantification of
phospholipids, does not give exact results because
different molecular weights of phospholipids de-
pending on their fatty acid composition are not
considered. Using HPLC for separation of phos-
pholipid classes, the disadvantages of the TLC

method can be avoided. However, phospholipids

cannot be quantified directly by UV absorption
measurement as the molar absorption coefficients
of phospholipids are dependent on their fatty acid

.composition [26,27]. Therefore, phospholipid class-

es separated by HPLC must be collected and quan-
tified in a further analytical step.
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Fig. 4. GC separation of FAMEs from rat erythrocyte membrane phospholipid classes. (a) Phosphatidylserine; (b) phosphatidyl-
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TABLE 11

FATTY ACID COMPOSITION (mol!%) OF PHOSPHOLIPID CLASSES FROM RAT ERYTHROCYTE MEMBRANES

Values represent means + S.D. for five analyses of a pooled blood sample.

Fatty Phospholipid class
acid
PS PE (diacyl) PE (plasmalogen) PC SM Total

14:0 - - - 1.01 £ 0.02 1.34 £ 0.05 0.70 + 0.02
16:0 7.21 £ 0.53 13.67 + 0.42 5.24 £ 0.13 39.13 £ 0.66 2343 £ 0.94 27.25 £ 0.60
16:1 -~ 0.42 + 0.03 - 0.64 + 0.01 - 0.40 + 0.01
18:0 25.15 £+ 0.68 9.53 £ 0.16 1.83 £ 0.08 - 17.96 + 0.50 840 £ 0.53 . 14.55 £ 0.39
18:1 8.97 + 0.32 2248 £+ 0.62 3.23 £ 0.26 10.03 + 0.89 7.39 + 0.58 9.72 + 0.48
18:2 4.56 + 0.08 8.82 £ 0.07 1.73 + 0.06 12.16 4+ 0.30 6.94 + 0.20 9.07 = 0.20
20:0 - - - 0.17 + 0.00 1.29 + 0.04 0.21 £+ 0.00
20:2 - 0.65 = 0.03 - 0.34 + 0.00 - 0.25 + 0.00
20:4 4748 + 1.76 35.21 £ 0.67 54.43 £+ 0.61 14.19 4 0.63 1.79 + 0.07 24.16 + 0.61
22:0 - 0.81 + 0.06 - 1.04 = 0.02 490 + 0.21 1.12 + 0.01
22:1 - - - - 593 £+ 0.35 0.54 + 0.03
22:4 1.36 + 0.09 2.29 + 0.05 14.32 £ 0.16 0.35 + 0.01 - 272 +£ 0.14
22:5n—6 1.97 £ 0.16 1.37 &+ 0.03 3.85 £ 0.17 0.64 + 0.01 - 1.26 + 0.04
22:5n-3 0.70 £ 0.02 1.60 = 0.10 9.43 + 0.48 0.37 + 0.02 - 1.87 +£ 0.14
22:6 2.60 = 0.12 3.15 £ 0.09 5.94 + 0.07 1.97 + 0.10 0.88 + 0.03 2.64 + 0.07
24:0 - - - - 18.25 + 0.98 1.68 + 0.08
24:1 - - - 1.79 + 0.05

9 Dashes indicate that the fatty acid exists only in trace amounts.

Seewald and Eichinger [19] proposed a method
for quantification of phospholipids by determina-
tion of the total amounts of phospholipid bound
fatty acids. This method offers the advantage that in

TABLE II1

AMOUNTS OF PHOSPHOLIPID CLASSES IN
ERYTHROCYTE MEMBRANES

RAT

Values represent means + S.D. for five analyses of a pooled
blood sample.

Phospholipid Amount

ug/ml of cells %

PS 294 + 16 8.2
PE (diacyl) 253+ 8 7.1
PE (plasmalogen)” 878 & 55 24.5
PC 1717 + 47 479
SM 443 £+ 4 12.3
Sum 3584 £+ 4 100.0

¢ For calculation of the amount of PE-plasmalogen it was as-
sumed that the aldehyde in the a-position has an average chain
length of 17.5 carbon atoms.

- 19.46 + 0.81

a single analysis both the amount of individual
phospholipid classes and their fatty acid composi-
tion can be determined. In contrast, most other
methods require two analyses for the same purpose.
A disadvantage of this method for calculation is
that the exact determination of phospholipid
amounts depends on-the determination of all bound
fatty acids. In practice, however, when small sample
amounts are used it is hardly possible to identify
and quantify fatty acids which are present in very
small amounts (““minor fatty acids”).

In this work, the method of Seewald and Eich-
inger [19] originally used for the determination of
phospholipids from muscle was adapted to erythro-
cyte membranes from small blood samples. There
are many differences between pig muscle and rat
erythrocyte membranes. First, in contrast to pig
muscle, in most instances rat erythrocytes are avail-
able only in small amounts. Second, erythrocyte
membranes contain smaller amounts of phospho-
lipids than muscle. Third, phospholipid from eryth-
rocyte membranes contain a greater variety of fatty
acids (some of which exist in very small amounts,
“minor fatty acids™) than phospholipids of pig
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muscle. Owing to these differences, the determina-
tion of erythrocyte membrane phospholipids re-
quires a higher sensitivity than the determination of
phospholipids from pig muscle.

In the proposed method a high sensitivity was
achieved by the following means. The phospholipid
and FAME extracts were evaporated and dissolved
in a small volume of solvent. Hence sufficient
amounts of phospholipids and FAMEs could be in-
jected into HPLC and GC systems. Moreover, for
GC injection a very small splitting ratio was used. A
further possibility for increasing the sensitivity is to
repeat the HPLC separation of phospholipid classes
and collect phospholipid classes from more than
one HPLC separation. This is useful for very small
blood samples (less than 1 ml). Preliminary studies
have shown that there is a linear correlation (+ =
0.99) between the amount of fatty acids measured
and the number of succesive collections of separat-
ed phospholipid classes.

The fourth difference between erythrocyte mem-
branes and muscle is the different behaviour of the
sample during extraction. Whereas lipids from mus-
cle can be extracted with the widely used Folch ex-
traction [chloroform—methanol (2:1)], this method
cannot be applied for extraction of lipids from
erythrocyte membranes without problems, as eryth-
rocyte membranes aggregate after addition of the
chloroform—methanol mixture, making it difficult
to resuspend them [28-30]. However, in another
study we found that isopropanol is a good solvent
for the extraction of phospholipids from erythro-
cyte membranes [30]. Another difference is that
erythrocyte membranes are to be isolated by some
preparative steps such as washing and haemolysis
of cells and washing of membranes whereas muscle
can be extracted in its original form.

In this work, methylation of phosphoglycerides
was carried out at room temperature using metha-
nolic sodium methoxide. Hence a one-vial proce-
dure could be used. Phospholipids contained in the
lipid extract were separated by HPLC. The eluent
containing separated phospholipids was collected in
10-ml centrifuge tubes and the solvent was evap-
orated under vacuum at room temperature. Then
methanolic sodium methoxide was added and, after
methylation, hexane and water were added for ex-
traction of FAMEs. Thus losses of phospholipids
during transfer from one vial to another could be
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completely avoided. This could be seen in the recov-
ery data for phophoglycerid standards, which were
close to 100% (98.9% for PE, 101.8% for PC).

Using the described method, the amounts of the
major phospholipid classes PC, PE, PS and SM
(which represent approximately 95% of total phos-
pholipids in erythrocyte membranes [31]) and their
fatty acid compositions can be determined.

In contrast to diacyl phospholipids, plasmalo-
gens contain one “fatty aldehyde”. Using the meth-
od described, which is based on fatty acid analysis,
it is not possible to determine the exact molecular
weight of plasmalogens. Therefore, for calculation
of the amounts of PE-plasmalogen it was assumed
that the aldehyde contained in the molecule has an
average chain length of 17.5 carbon atoms, as data
from Farquhar [32] showed that 15.9% of aldehyde
molecules in PE-plasmalogen from human erythro-
cytes contained sixteen carbon atoms, 11.3% con-
tained seventeen carbon atoms and 56.2% con-
tained eighteen carbon atoms. Using this assump-
tion also the amounts of PE-plasmalogen con-
tained in erythrocyte membranes can be calculated.
This might be interesting, as PE-plasmalogen,
which represents 78% of the total PE in rat erythro-
cyte membranes (Table III), contains a large por-
tion of long-chain polyunsaturated fatty acids
(Czo:4, C22;4, C22;5 and C22:6) and therefore mlght
be of physiological significance.

The method described shows good reproducibil-
ity. The fatty acids determined in the present analy-
ses represent 97-99% of the total phospholipid-
bound fatty acids as compared with fatty acid com-
position data from other investigators [7,8,33].
Therefore, the error in the calculation of amounts
of phospholipids caused by bound fatty acids which
could not be detected or identified is small. This can
also be seen from Fig. 5, illustrating areas of peaks
identified and not identified. Moreover, the results
for the amounts of phospholipids in rat erythrocyte
membranes and also those of the fatty acid compo-
sition of individual phospholipid classes are in good
agreement with those of other investigators
{13,14,33-38]. The method can be applied to small
blood samples (less then 1 ml) without loss of preci-
sion if the sensitivity of the method is optimized by
the means discussed above. Hence the method is
useful for blood samples obtained from small lab-
oratory animals such as mice and rats. The method
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gives simultaneous results for amounts of the major
phospholipid classes and their fatty acid composi-
tion in erythrocyte membranes.
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ABSTRACT

A high-performance liquid chromatographic-plasma spray mass spectrometric method was developed for the determination of
muramic acid, a unique compound present in bacterial peptidoglycan. The method included hydrolysis of bacterial samples by hydro-
chloric acid, purification using a disposable extraction column, and separation using cation-exchange chromatography with a mobile
phase composed of ammonium acetate—trifluoroacetic acid—water. Muramic acid was detected in cells of Bacillus subtilis, the presence
of yeast cells (Saccharomyces cerevisiae) in excess amounts did not interfere with the analyses. In contrast to currently applied liquid and
gas chromatographic methods, the described method permits highly selective determination of underivatized muramic acid, and may
therefore be useful for detecting bacteria and bacterial cell debris in complex biological matrices.

INTRODUCTION

The bacterial cell wall contains several com-

pounds unique to prokaryotic organisms. A basic

structure is the peptidoglycan backbone, which
consists of alternating molecules of N-acetylgluco-
samine and N-acetylmuramic acid linked by f-1,4
glycosidic bonds. As N-acetylmuramic acid is ab-
sent in non-bacterial biological matter, including
other microorganisms (e.g., viruses and fungi) [1,2],
it can be used as a chemical marker for determining
bacterial cells or cell debris in various environ-
ments. With this in mind, muramic acid has been
used as the analyte in the chemical detection of pep-
tidoglycan, e.g., in mammalian tissues [3], soil [4],
marine sediments [5] and human septic synovial
fluids [6]. As opposed to culturing techniques,

0021-9673/92/805.00  ©

which only provide information on the viable por-
tion of bacteria present in a sample, chemical analy-
sis of muramic acid does not discriminate between
live and dead cells.

During the past decade, several methods for de-
termining muramic acid by chromatographic and
mass spectrometric (MS) techniques have been de-
scribed. Gas chromatographic (GC) and GC-elec-
tron impact (EI) MS analysis of alditol acetate [3,7]
and aldononitrile acetate [8,9] derivatives, and of
N-heptafiuorobutyryl butyl ester derivatives [10,11]
have been performed. In addition, some investiga-
tors have applied high-performance liquid chro-
matographic (HPLC) methods using either precol-
umn fluorescence derivatization with o-phthaldial-
dehyde [4,5,12] or postcolumn redox reaction with
bis(1,10-phenanthroline)copper(Il) as a mediator

1992 Elsevier Science Publishers B.V. All rights reserved
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for amperometric detection [13]. For all of the de-
scribed methods, derivatization of the analyte is re-
quired in order to achieve high sensitivity and selec-
tivity in the detection.

In this study, an HPLC-MS method was devel-
oped for the determination of muramic acid after a
minimum of sample pretreatment and without de-
rivatization. To obtain high sensitivity, selected ion
monitoring (SIM) was applied. The selectivity of
this method is illustrated by the determination of
muramic acid in pure cultures of Bacillus subtilis
and in B. subtilis cultures in the presence of excess
amounts of yeast (Saccharomyces cerevisiae).

EXPERIMENTAL

Materials

The following chemicals were used: muramic acid
(purity 99%; Sigma, St. Louis, MO, USA), N-
methyl-D-glucamine (purity 99%; Aldrich Chemie,
Steinheim, Germany), ammonium acetate and ace-
tonitrile (analytical-reagent grade; Merck, Darm-
stadt, Germany) and trifluoroacetic acid (purity
protein-sequencing grade; Fluka, Buchs, Switzer-
land). Bond Elut C, g octadecyl solid-phase 1-ml ex-
traction columns were purchased from Analyti-
chem International (Harbor City, CA, USA). Be-
fore use, all glassware was washed in 5% Deconex
{Borer Chemie, Zuchwil, Switzerland), rinsed sever-
al times with hot tap water and distilled water and
then heated for 10 h at 400°C.

Microorganisms

Bacillus subtilis (ATCC 6051) was cultivated
overnight on blood-agar plates at 37°C. Saccharo-
myces cerevisiae was isolated from baker’s yeast by
cultivation on Rogosa agar plates (Oxoid, Basing-
stoke, UK) overnight at 32°C. The bacterial and
yeast cells were transferred into 10-ml test-tubes
and washed three times by repeated centrifugations
and dispersions in distilled water; after the final cen-
trifugation, the sediments were lyophilized.

Chromatography

Different conditions for the chromatographic
separations were evaluated using an LDC Model
11T Constametric pump and either an LDC Spectro-
Monitor III variable-wavelength UV detector (op-
erating at 220 nm) or an LDC RefractoMonitor re-
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fractive index detector (LDC, Riviera Beach, FL,
USA). A Rheodyne (Cotati, CA, USA) Model 7010
injector equipped with a 10- or 20-u1 loop was used
to inject samples onto a cation-exchange column
(100 x 4.0 mm 1.D.) packed with Nucleosil 5-SA
(5-um particles) (Macherey—Nagel, Diiren, Germa-
ny). The mobile phase was a 0.02 M aqueous solu-
tion of ammonium acetate with the pH adjusted to
2.5 by addition of trifluoroacetic acid. A flow-rate
of 0.7 ml/min was used, and most compounds elut-
ed within 30 min. After analysing biological sam-
ples for 1 week, the column was reconditioned with
ten column volumes of 1% trifluoroacetic acid to
avoid any interference from previously injected,
late-eluting compounds.

Separations were also performed using a 100 x
4.6 mm I.D. column packed with Spherisorb ami-
nopropylsilica gel (5-um particles) (Phase Separa-
tions, Queensferry, UK) and with acetonitrile-wa-
ter (82:18, v/v) as the mobile phase (1 ml/min). Bi-
ological samples were not analysed with this col-
umn.

Chromatography—-mass spectrometry

The HPLC-MS experiments were performed on
a Waters Model 600 MS delivery system (Millipore,
Milford, MA, USA) equipped with a 60-ul variable-
volume loop injector (Rheodyne, Model 7000). The
effluent from the column was introduced into a qua-
drupole mass spectrometer (Model Trio 3; VG, Al-
trincham, UK) via the standard VG thermospray—
plasma spray probe.

Full mass spectra were obtained by scanning
from m/z 110 to avoid the solvent ions. The temper-
ature of the capillary vaporizer was 220°C and that
of the ion source 235°C. In the plasma spray studies
the discharge current was 230 uA, whereas in the
thermospray studies no discharge current was used.
When using thermospray the ammonium acetate
concentration of the mobile phase (pH 6.8) was in-
creased to 0.1 M. In the selected ion monitoring
(SIM) analyses, the ion of m/z 234 was used for
determining muramic acid and that of m/z 196 for
determining N-methyl-D-glucamine. All the SIM
analyses were performed using the plasma spray in-
terface.

When the aminopropylsilica gel column was
used, the wvaporizer capillary temperature was
250°C, the ion source temperature 230°C and the
discharge current 250 uA.
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Sample treatment

Biological samples containing bacteria and/or
yeast (0.25-3 mg dry weight) were hydrolysed at
90°C under nitrogen for 2.5 hin 0.5 ml of 6 M HCI.
After cooling, water (0.5 ml) and the internal stan-
dard N-methyl-D-glucamine (25 pg) were added.
The hydrolysates were purified by loading them on
the solid-phase extraction columns (conditioned
with one volume of methanol and three volumes of
water prior to use) and eluting them with 4 x 0.5 ml
of water; following this procedure, the samples were
lyophilized. The residues were dissolved in 0.5-1 ml
of the mobile phase before HPLC-plasma spray
MS analysis (see above).

Muramic acid reference compound: calibration, re-
covery, stability

A calibration graph for pure muramic acid was
constructed using the HPLC-MS step with plasma
spray SIM analysis (m/z 234) in the range 6.5-250
ng. A constant amount (50 ng) of N-methyl-D-glu-
camine added to each sample served as the internal
standard.

To evaluate the recovery of muramic acid and the
internal standard in the purification, ten standard
samples of a mixture of muramic acid and internal
standard (5 ug of each) in 1 mi of 3 M HCI were
prepared. Five of the samples were purified, lyophil-
ized as described under Sample treatment and ana-
lysed by HPLC-plasma spray MS (SIM mode). The
remaining five samples were treated in the same
manner, but the purification step was omitted. The
recoveries were evaluated by comparing the abso-
lute responses of the purified standard samples with
those obtained from the unpurified samples.

On chromatography of muramic acid on the cat-
ion-exchange column (UV detection) a fraction
containing a rapidly eluting compound (retention
time 1.6 min), in addition to the muramic acid frac-
tion (retention time 4 min), were collected. The sta-
bility of these compounds after storage at 4°C (for 1
and 3 days and 1 and 8 weeks) was studied using
HPLC-MS (scanning mode).

Biological samples

All biological samples were analysed using the
plasma spray interface. To study the accuracy of the
method, 0-22 ug of muramic acid were added to
hydrolysates of 250 ug of B. subtilis, after which the
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samples were subjected to the whole determination
procedure (i.e., sample treatment, and HPLC-MS).
To determine the recovery of muramic acid, the
peak areas were compared with those obtained
from reference experiments in which 25 pg of mu-
ramic acid (dissolved in the mobile phase) were ana-
lysed by HPLC-MS directly (without further sam-
ple pre-treatment).

The recovery was calculated as the slope of the
graph of the amount of muramic acid found versus
the known amount added. The amount found was
calculated by comparison with the peak area of the
reference experiment. A reference sample was ana-
lysed immediately before each sample.

To study the precision of using internal standar-
dization, the same experiments were performed af-
ter addition of 25 ug of internal standard to the
sample and reference solutions.

To determine the amount of muramic acid in B.
subtilis, 1.4, 0.6 and 0.7 mg dry weight of bacteria

were analysed.

In a separate experiment, aliquots of a mixture of
bacteria (1.4 mg/ml) and yeast (1.6 mg/ml), pre-
pared as described under Sample treatment, were
diluted with different volumes of a likewise pre-
pared yeast sample (2.7 mg/ml) to investigate
whether the presence of a 5-50-fold excess concen-
tration of yeast in the bacterial samples interfered
with the detection of muramic acid.

RESULTS

Chromatography

When using the cation-exchange column, the re-
tention time of muramic acid was 4 min. The com-
pound appeared as a double peak, with the a- and
f-anomers partly separated. Either a UV (220 nm)
or a refractive index (RI) detector could be used for
muramic acid detection, whereas only an RI detec-
tor could be used for detection of the internal stan-
dard (retention time 8 min). A higher concentration
of ammonium acetate or a lower concentration of
trifiluoroacetic acid in the mobile phase (higher pH)
shortened the retention time of muramic acid. The
flow-rate (0.7 m!/min) was chosen to fit the vacuum
pump capacity of the mass spectrometer.

Using the aminopropylsilica gel column the o-
and f-anomers of muramic acid co-eluted at a re-
tention time of 9 min. However, when the mobile
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Fig. 1. Mass spectra of (a) muramic acid, (b) a degradation or
conversion product of muramic acid and (¢) N-methyl-n-gluca-
mine. All three spectra were recorded using HPLC-plasma spray
MS.

phase was led from this column into the mass spec-
trometer, the vaporizer capillary became clogged
after a few hours. This phenomenon was not ob-
served when the mobile phase was led directly into
the mass spectrometer (i.e., without first passing
through the column). Degradation products from
the aminopropylsilica gel were considered to be the
cause of the problem, and this stationary phase was
not used in subsequent analyses.

Chromatography—mass spectrometry
A plasma spray mass spectrum of pure muramic
acid after cation-exchange chromatography is

I. ELMROTH et al.

shown in Fig. la. The MS ionization conditions
were chosen to give a maximum of high-mass frag-
ments. The molecular adduct ion of m/z 252 (M + 1)
was detected, as were other prominent ions presum-
ably resulting from addition or successive losses of
water molecules resulting in fragments of m/z 270
(+1H,0),234 (-1 H,0),216 (-2H,0),198 (-3
H,0), 180 (--4 H,0) and 162 (— 5 H,0). The frag-
ment of m/z 162 may also originate from the loss of
the carboxylic acid-containing group COOH-
CHOH-CHj; (m/z 90) and the fragment of m/z 144
from an additional loss of one molecule of water.
The fragmentation patterns of the two anomers of
muramic acid were virtually identical.

A rapidly eluting compound (retention time 1.6
min) was detected on injection of the muramic acid
reference compound onto the cation-exchange col-
umn. Total ion current (TIC) analyses of the col-
lected muramic acid fraction revealed that after 3-
days of storage more than 99% of muramic acid
remained, after 1 week 97% and after 8 weeks 42%;
the amounts of the rapidly eluting compound in-
creased correspondingly. As ions of m/z 216, 234
and 251 were present in its plasma spray mass spec-
trum (Fig. 1b), the compound was assumed to be a
degradation or conversion product of muramic
acid. When analysing the fraction containing this
compound after storage for up to 8 weeks, muramic
acid did not appear, indicating that the degradation
or conversion reaction was irreversible.

The molecular adduct ion of m2/z 196 (M + 1) was
seen in the plasma spray mass spectrum of N-meth-
yl-D-glucamine (Fig. 1¢).

The fragment of m/z 234 was abundant in the
mass spectrum of muramic acid and was therefore
used for the muramic acid measurements in the
SIM analyses. Analogously, the fragment of my/z
196 was selected for N-methyl-pD-glucamine. Fig. 2
shows selected ion current profiles of muramic acid
reference compound (13 ng) and N-methyl-D-gluca-
mine (50 ng).

The detection limit for muramic acid was 3 ng at
a signal-to-noise ratio of 3:1, and a linear calibra-
tion graph was found in the measured interval (Fig.
3). In the purification, the recovery of muramic acid
was 96% (s,—1 = 3%, n = 5) and that of N-methyl-
D-glucamine was 108% (s,-1 = 8%, n = 95).

A thermospray MS fragmentation pattern of mu-
ramic acid is shown in Fig. 4. As in the plasma
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Fig. 2. HPLC—plasma spray MS (SIM) analysis of 13 ng of muramic acid (bottom trace, retention time 4.2-4.4 min, focused at m/z 234)
and 50 ng of the internal standard N-methyl-D-glucamine (top trace, retention time 7.6 min, focused at m/z 196).

spray mass spectrum, the molecular adduct ion of
mfz 252 (M +1) and also ions presumably repre-
senting addition or losses of water molecules were
found. The ion of m/z 234 was less abundant than
when using plasma spray ionization.

Biological samples

The identity of muramic acid in the SIM analyses
of the bacteria was ascertained by monitoring three
ions: m/z 270, 252 and 234 (Fig. 5). Fig. 6 shows the
results of adding increasing amounts of muramic
acid to B. subtilis samples. The data in Fig. 6a are
equivalent to quantification by external standardi-
zation. A straight line (y = 0.84x + 7.9) was fitted
to the data; the slope, corresponding to the absolute
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Fig. 3. Calibration graph based on muramic acid and the internal
standard (MuAc/I1.S.) from HPLC-plasma spray MS (SIM) de-
terminations. The method of least squares was used to fit straight
lines to the individual data. A 95% confidence interval of the
true area ratio is included. )

recovery of muramic acid, was 84 + 28% (95%
confidence interval); the intercept corresponded to
the amount of muramic acid in the bacteria. In the
plot in Fig. 6b, internal standardization was used in
the quantification; a straight line (y = 1.5x + 8.9)
was fitted to the data.

The mean amount of muramic acid in dried cells
of B. subtilis was found to be 2.2% (w/w) (2.1, 2.2,
2.4%).

Fig. 7 illustrates the correlation between the bac-
terial concentration and the concentration of mu-
ramic acid. Notably, the presence of yeast cells in
the samples, even in amounts 5-50 times larger
compared with bacteria (2.3-2.6 and 0-0.49 mg/ml,
respectively), did not interfere with the detection of
muramic acid. Muramic acid was not found in pure
yeast samples. The superior selectivity of MS over
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Fig. 4. Mass spectrum of muramic acid obtained using HPLC-
thermospray MS.
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analysis of muramic acid added in increasing amounts to Bacillus
subtilis samples. (b) Comparison of found and added amounts of
muramic acid using determination by HPLC~plasma spray MS
(SIM) with internal standardization. The method of least
squares was used to fit straight lines to the data. 95% confidence
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Fig. 7. Muramic acid (MuAc) concentrations in Bacillus subtilis
preparations in the presence of excess amounts (2.3-2.6 mg/ml,
dry weight) of yeast cells (Saccharomyces cerevisiae). The meth-
od of least squares was used to fit a straight line to the data. A
95% confidence interval of the true amounts of muramic acid is
included.
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Fig. 8. HPLC-UV detection (220 nm) of a 1:1 (w/w) mixture of

cells of Bacillus subtilis and yeast (Saccharomyces cerevisiae).
The arrow indicates the retention time for muramic acid.
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Fig. 9. HPLC-plasma spray MS (SIM) analysis of muramic acid
(m/z 234, bottom trace, black peak) and N-methyl-D-glucamine
(m/z 196, top trace, black peak) in a 1:5 (w/w) mixture of cells of
Bacillus subtilis and Saccharomyces cerevisiae.

UV detection is illustrated in Figs. 8 and 9, which
show analyses of bacteria—yeast hydrolysates. Mu-
ramic acid co-eluted with other compounds and
could only be detected when the HPLC-MS tech-
nique was used. Notably, the sample analysed by
HPLC-MS contained a fivefold lower bacteria-to-
yeast ratio than the sample analysed with UV detec-
tion; the total amount of yeast cells was identical.

DISCUSSION

Muramic acid is a unique compound, as it is pres-
ent in bacterial peptidoglycan but absent elsewhere
in nature. The amount of muramic acid in bacteria
varies between different strains and genera, and
there is usually more in Gram-positive than in
Gram-negative species [9]. Muramic acid has been
used as a chemical marker for the determination of
bacteria, e.g., in soil [4], and surface microlayers
and sediments in marine environments [5]. This acid
has also been used for the detection of bacterial cell
debris in mammalian tissues in animal models of
arthritis [14] and for the detection of bacteria in
joint fluids from patients with septic arthritis [6].
Another possible use for muramic acid determina-
tion is in the detection of bacterial infections in eu-
karyotic cell cultures used in biotechnical processes.
We have previously reported the application of
GC-MS analysis of 3-hydroxymyristic acid in in-
dustrial fermentations as a means of detecting trace
levels of Gram-negative bacteria [15]. In contrast to
GC-MS methods, HPLC-MS allows several micro-
bial constituents, such as amino acids and carbo-
hydrates, to be analysed underivatized. This means
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that sample treatment will be simplified consider-
ably and that there will be a decrease in the overall
analysis time.

Throughout this study, the samples were dis-
solved in the mobile phase to ensure constant chro-
matographic conditions. To avoid long retention
times and to obtain good peak shapes, a compara-
tively short column (100 mm x 4.0 mm 1.D.) was
used. After prolonged use, the ability of the column
to separate the - and f-anomers of muramic acid
decreased and the retention times were reduced
(Fig. 5).

When determining the recovery of muramic acid
from bacterial samples (Fig. 6a), the data points
were greatly scattered, resulting in a wide confi-
dence interval; this shows the disadvantage of using
external standardization where variations in injec-
tion volumes and, perhaps of more importance,
ionization conditions are not compensated for. The
precision was significantly improved by internal
standardization (Fig. 6b), although the amounts
found were significantly higher than the amounts
added, which may indicate some imperfections in
the behaviour of the internal standard.

An advantage of using MS as the HPLC detector
when analysing complex samples is the high selec-
tivity offered. Because of this selectivity, the mu-
ramic acid determinations in this study were pos-
sible, even though appreciable amounts of water-
soluble cellular hydrolysis products (e.g., carbohy-
drates, amino acids and peptides) were co-injected
owing to the minimum of sample purification. The
measurement of three ions typical of muramic acid
(m/z 234, 252 and 270), at identical retention times
and with similar peak shapes, ascertained the iden-
tity of muramic acid in the sample (Fig. 5). There
was no indication that co-eluting substances inter-
fered with the determination of muramic acid in B.
subtilis cells in the presence of high concentrations
of S. cerevisiae (Figs. 7 and 9). In contrast, UV de-
tection in HPLC analysis of a corresponding sam-
ple was insufficient, despite a more favourable bac-
teria-to-yeast ratio (Fig. 8).

Degradation of muramic acid in water solution
has been reported previously [11]. As fragments of
m/z 216, 234 and 251 were found in the mass spec-
trum of the degradation product, it might represent
a lactam compound formed by conversion of mu-
ramic acid [8,16]. Clearly, the rapid elution of the
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product from the cation-exchange column indicates
that no interaction occurs. This degradation of mu-
ramic acid should be taken into account in quanti-
tative studies of biological samples.

A major advantage of plasma spray over thermo-
spray MS is the wide choice of mobile phases that

can be used. This means that whereas thermospray-

MS requires a volatile ionic buffer with high ionic
strength for the ionization, efffluents from both nor-
mal- and reversed-phase columns can be introduced

directly into the MS system under plasma spray

conditions. In the thermospray analyses of muram-
ic acid, the ammonium acetate concentration had to
be increased from 0.02 to 0.1 M to achieve sufficient
ionic strength; this also resulted in a higher pH. Un-
der these conditions, muramic acid was not retard-
ed on the stationary phase. Therefore, to be able to
use thermospray analysis of muramic acid in com-
plex matrices, the ammonium acetate has to be add-
ed postcolumn.

The development of HPLC-MS techniques has
been intensified during recent years, resulting in im-
provements in reproducibility and sensitivity. The
detection limit (3 ng) of the described assay for mu-
ramic acid corresponds to about 3 - 10° bacterial
cells, provided that muramic acid accounts for 1%
of the total cell mass and that the dry weight per cell
is 1 -107*2 g. HPLC methods utilizing fluorescence
detection may offer lower detection limits [4,5], but
these methods also entail much lower selectivity
than mass spectrometric detection. GC-MS is a
sensitive and very useful method for the determina-
tion of muramic acid, but the need for derivatiza-
tion leads to extensive sample handling. At present,
GC-MS cannot be used in applications where a
short analysis time is required [3,7-9].

The HPLC-MS technique described here may
represent an interesting alternative to traditional
microbiological methods, e.g., to detect bacterial
contamination of eukaryotic cultures in industrial
fermentations. For this specific application, rapid

1. ELMROTH et al.

and specific detection of small amounts of the con-
taminating bacteria is desirable. Owing to the ex-
treme complexity of sample matrices containing eu-
karyotic cells, cultivation medium and various me-
tabolites, the selectivity of the proposed method
should be very valuable.
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ABSTRACT

A reversed-phase high-performance liquid chromatographic procedure for the determination of a broad range of amines after
derivatization with dansyl chloride is presented. Forty-five amines were tested over the concentration range 2-16 uM. Linear calibration
graphs passing through the origin were obtained with 25 amines. The method was applied to the identification of biogenic amines from
Agrobacterium-transformed plant tissue. Reliability and ease of operation make the procedure particularly well suited to automation,

permitting the rapid analysis of a large number of samples.

INTRODUCTION

Transformation of plants by Agrobacterium sp.
has a profound effect on their development and ni-
trogen metabolism (1,2]. An investigation of the
role of amines in the transformation required an
automated procedure (o analyse a large number of
plant tissue extracts for the broadest possible range
of primary and secondary amines, with the option
of recovering fractions for spectroscopic character-
ization.

The simultaneous determination of all biogenic
amines is difficult because of their structural diversi-
ty [3], and in the absence of any other common

* Present address: Laboratoire de Biologie Moléculaire des
Plantes Superieures, Université de Genéve, 1 Ch. de I'Im-
peratrice, CH-1292 Chambesy/Geneva, Switzerland.

0021-9673/92/$05.00 ©

moiety their determination has tended to rely on
derivatization of the amino group [4,5]. Fluoresca-
mine [6], o-phthalaldehyde (OPA) [7] and naph-
thalene-2,3-dicarboxaldehyde (NDA) [8] have been
used for this purpose, but only react with primary
amino  groups. . 4-Chloronitrobenzoxadiazole
(NBD) [9] also reacts with secondary amines but,
like OPA, the derivatives are often unstable, and
not suitable for spectroscopic analysis. Dabsyl [10]
and benzoyl [11,12] derivatives cannot be detected
at as low a concentration or as selectively as the
corresponding fluorescent derivatives [13,14].
Dansyl chloride is a particularly well established
reagent [15] and gives highly fluorescent sulphon-
amide derivatives with both primary and secondary
amines that are relatively stable, have improved
chromatographic properties and are readily isolated
from the hydrolysis product, dansyl sulphonate
(dansyl-OH), by solvent extraction. Sensitive and

1992 Elsevier Science Publishers B.V. All rights reserved
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selective detection is possible with a fluorescence de-
tector, and dansylated derivatives have also proved
useful for spectroscopic identification [16,17].
However, although well established, the separa-
tion of dansylated amines by high-performance
liquid chromatography (HPLC) is not particularly
suited to automation. Aqueous buffers are often
used to improve separation, but continuous use can
corrode pumps or, worse, give gradual precipitation
[18]. The low solubility of some dansylated amines
in aqueous solvent mixtures can also lead to gradu-
al over-pressure problems. We have therefore devel-
oped a new method for the determination of a

N. P. J. PRICE, J. L. FIRMIN, D. O. GRAY

broad range of amines which is compatible with the
use of automated HPLC. Over 40 amines were test-
ed, of which 25 gave linear calibration graphs over
the concentration range 2-16 pM. Most earlier
methods have tended to focus selectively on a small
group of amines, particularly catecholamines [19]
or the polyamines [20], and few have been applica-
ble to automation [18).

We also observed that the reaction of agmatine
(4-guanidinobutyl-1-amine) with dansyl chloride
led to a cleavage of the quanido group and, there-
fore, the major dansylation product of agmatine
was always didansylputrescine.
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Fig. 1. HPLC of dansylated amine standards separated on a Spheri-5 RP-18 reversed-phase column. The methanol-water gradient
shown s a broken line is as described under Experimental. Each peak represents 0.9 nmol of amine. Peak numbers refer to Table I.



SCREENING FOR AMINES
EXPERIMENTAL

Agmatine was obtained from Sigma (Poole, UK)
(95% pure grade) and from Aldrich (Poole, UK)
(99% pure grade). All other chemicals were ob-
tained from Sigma.

The HPLC system consisted of a Model 401 dilu-
ter and Model 231 autoinjector (Gilson, Villiers-le-
Bel, France), a Rheodyne (Cotati, CA, USA) Mod-
el 7010 injector valve fitted with a 50-ul loop, and
two LDC IIIG Constametric pumps (LDC-Milton
Roy, Riviera Beach, FL, USA). A25cm X 4.6 mm
I.D. Brownlee Spheri-5 RP-18 reversed-phase C,g
(5 um particle size) column was used, protected by a
similarly packed 3 cm X 4.6 mm 1.D. guard column
(Brownlee, Santa Clara, CA, USA). Detection was
accomplished with a Perkin-Elmer (Beaconsfield,
UK) LS4 spectrofiuorimeter (3-ul cell) set at 340 nm
excitation and 540 nm emission {10-nm bandwidth).

A methanol-water gradient (flow-rate 1 ml/min)
was used, consisting of three linear sections: (0 min,
60% methanol; 15 min, 67% methanol; 54 min,
95% methanol; 60 min, 60% methanol. A period of
10 min was allowed to re-equilibrate the system af-
ter each run.

Derivatization procedure

Amines in aqueous solution (100 ul; 15 nmol)
were derivatized by adding dansyl chloride in ace-
tone (400 ul; 5 mg/ml). After saturation with solid
sodium hydrogencarbonate, the mixture was reac-
ted in the dark for 15 h at room temperature. Excess
of acetone was then removed by warming at 60°C
for 10 min and the mixture was diluted to 1 ml with
water. Dansylated amines were extracted by vortex
mixing for 20 s with 3 x 2 ml of toluene. The phases
were separated by centrifugation (2700 g; 10 min)
and the upper layer was removed and evaporated to
dryness under a stream of air. Plant tissue extracts
were derivatized by the same procedure. At all
stages exposure to light was kept to a minimum.

The dansylated samples were redissolved in 500
ul of methanol and centrifuged (9000 g; 4 min). The
autoinjector made 30-ul (0.9-nmol) injections.

RESULTS AND DISCUSSION

A typical chromatogram of dansylated amines is
shown in Fig. 1. Forty-five amines were tested, of
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which 30 were sufficiently separated to allow recog-
nition from retention data (Table I). Gramine, in-
dole and creatinine did not dansylate under the re-
action conditions. Every other amine, with the ex-
ception of agmatine, gave a single peak after cor-
recting for the blank, indicating that amines able to
undergo dansylation at more than one position
were in fact completely derivatized.

In addition to the hydrolysis product, the dan-
sylation reaction always gives rise to dansyldimeth-
ylamine and dansylmethylamine from partial cleav-
age of the dimethylamino moiety [15]. All chro-
matograms therefore had peaks at 2.2 min (dansyl-
OH), 8.6 min (dansylmethylamine) and 13.7 min
{(dansyldimethylamine). Excess of dansyl chloride
co-eluted with the dansyldimethylamine by-prod-
uct. Ammonia is a common contaminant of sam-
ples and reagents, so a peak was usually observed at
5.9 min for dansylated ammonia. Phenolics and
thiols are also derivatized, but are easily distin-
guished from dansylated amines because they fluo-
resce at higher wavelenths [15].

An application of the method is shown in Fig. 2.
Biogenic amines from a crown gall culture of Cin-
chona ledgeriana transformed with A. tumefaciens
strain A6 were readily separated. Fifteen peaks
were identified by reference to the standard reten-
tion times in Table 1.

Agmatine samples always gave a major didansyl-
putrescine peak (identified by spiking), and some-
times a minor peak presumed to be monodansylag-
matine (Fig. 3). The agmatine samples were
checked by OPA derivatization [7] and did not con-
tain significant amounts of putrescine, suggesting
that the didansylputrescine arose during the dan-
sylation reaction, probably from partial cleavage of
the agmatine guanido group. Similar decomposi-
tion to a putrescine derivative occurs when agma-
tine is benzoylated [11,12].

It is common HPLC practice to dissolve samples
prior to injection in the solvent mixture to be used
at the start of the HPLC gradient. Consequently,
aqueous methanol (60%, v/v) was initially used for
this purpose. However, it was noted that the detec-
tor response was non-linear under these conditions,
and that the preinjection solutions were often clou-
dy. This suggested that some or all of the dansylat-
ed amines were at best only partially soluble in 60%
(v/v) aqueous methanol. The solubilities of selected
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TABLE 1
HPLC RETENTION TIMES (1) OF DANSYLATED AMINES

All retention times quoted (except for dansylated agmatine) are the means of eight separate readings. Standard deviations (S.D.) were
calculated for the same data. The derivative numbers refer to the numbered HPLC peaks shown in Fig. [.

No.  Derivative Mean ¢, S.D. No.  Derivative Mean ¢, S.D.
(min) (min) (min) (min)
1 Dansyl-OH 2.2 0.10 23 1,6-Diaminohexane 311 0.19
2 Ammonia 5.9 0.04 24 N-Methylputrescine 34.0 0.12
3 Ethanolamine 6.9 0.08 25 D,L-Octopamine 34.0 0.16
4 Methylamine 8.6 0.05 26 Histamine 34.4 0.12
5 Ethylamine 11.0 0.04 27 3-Methoxy-4-hydroxy-
6 Dimethiylamine 13.7 0.08 benzylamine 353 0.17
7 Iso-propylamine 137 0.08 28 Serotonin 36.3 0.13
8 Dansyl-Cl 13.7 0.08 29 Metanephrine 36.9 0.11
9 n-Propylamine 14.5 0.11 30 3-Hydroxy-4-methoxy-
10 Phenylethanolamine 15.6 0.09 phenylethylamine 36.9 0.11
11 Norephedrine 17.8 0.11 31 3-Methoxy-p-tyramine 37.3 0.13
12 Isobutylamine 18.9 0.18 32 1,7-Diaminoheptanc 374 0.12
13 n-Butylmamine 19.4 0.11 33 D,L-Synephrine 37.7 0.11
14 Benzylamine 19.4 0.11 34 p-Tyramine 385 0.09
15 Tryptamine 20.4 0.08 35 o-Tyramine 39.2 0.11
16 Agmatine 20.8 ~ 36 Spermidine 404 0.13
17 L-Ephedrine 213 0.08 37 Homospermidine 41.5 -
18 Isoamylamine 23.8 0.10 38 Norepinephrine 44.4 0.13
19 2-Phenylethylamine 23.8 0.10 39 p,L-Epinephrine 46.6 0.15
20 1,3-Diaminopropane 25.5 0.11 40 Dopamine . 47.0 0.12
21 Putrescine 26.7 0.11 41 Spermine 48.6 0.13
22 Cadaverine 28.6 0.17 42 5-Hydroxydopamine 53.6 0.04
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Fig. 2. HPLC separation of dansylated amines from Cinchona ledgeriana—A. tumefaciens strain A6 crown gall culture (40 mg fresh
weight). Conditions as described in the text. Peak numbers refer to Table 1.
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Fig. 3. HPLC of dansylated agmatine. Partial decomposition of the guanido group gives rise to didansylputrescine. Details are
described in the text. Peaks: 1 = dansyl-OH; 2 = dansylated ammonia; 3 = excess of dansyl chloride/dansyldimethylamine; 4 =
monodansylagmatine; 5 = didansylputrescine.

TABLE 11
SOLUBILITIES OF DANSYLATED AMINES AT 25°C

Excess of solid dansylated amine was shaken overnight at 25°C with 0.2 ml of the stated solvent. Duplicate aliquots were taken and
diluted to 1.5 ml. The weight of dansylated amine present was determined by measuring the absorbance at the 4, and applying the
previously determined molar absorptivity.

Dansylated Maximum solubility (mmol/ml)
amine
Ethyl Methano! 60% aq. 30% aq.
acetate methanol acetonitrile
Spermidine >8.63 32 0.155 0.12
Histamine 24.2 59 1.05 0.34
Diaminopropane >249 >52.0 3.25 4.05
Cadaverine >9.14 >9.7 1.84 0.22
Putrescine 0.92 0.38 0.10-0.13 0.12

Ammonia 4.51 10.0 2.26 1.78
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TABLE III

RELATIVE FLUORESCENCE INTENSITIES OF DANSYLATED AMINES

Dansylated No. of Relative fluoresence intensity
amine dansyl groups®

%F? per 0.1 nmol Normalized® r*
Spermine 4 47.17 100.0 1.000
Spermidine 3 29.17 61.1 0.999
Cadaverine 2 21.23 44.5 0.998
Putrescine 2 20.83 43.6 0.997
1,6-Diaminohexane 2 20.40 42.7 0.999
Ethanolamine 1 18.33 384 1.000
n-Propylamine 1 "18.13 38.0 0.999
Ethylamine 1 17.90 37.5 1.000
Iso butylamine 1 15.63 32.7 0.999
Synephrine 2 14.57 30.5 1.000
1,3-Diaminopropane 2 12.90 27.0 1.000
Ephedrine 1 12.70 26.6 0.999
3-Methoxy-p-tyramine 2 12.30 25.8 1.000
Phenylethanolamine 1 12.06 253 0.999
p-Tyramine 2 11.23 23.5 0.998
Norephedrine 1 10.40 21.8 1.000
Tryptamine 1 9.80 20.5 0.998
3-Methoxy-4-hydroxy: 2 8.97 18.8 0.997
benzylamine
Epinephrine -3 8.13 17.0 0.999
Dopamine 3 5.83 12.2 0.999
Norepinephrine 3 4.57 9.6 0.999
o-Tyramine 1 4.17 8.7 0.999
5-Hydroxydopamine 4 2.07 43 0.997
Histamine 2 1.67 3.5 1.000
Serotonin 2 1.47 3.1 1.000

N.P.J. PRICE, J. L. FIRMIN, D. O. GRAY

¢ Number of dansyl moieties on each derivative.

b Percentage fluorescence, an arbitary scale based on peak height.

¢ Relative fluorescence intensities normalized on the tetradansylspermine response (nominally assigned as 100).

4 Correlation coefficients, calculated from four replicates per point.

dansylated amines were measured in 100% metha-
nol, 60% (v/v) aqueous methanol, 100% ethyl ace-
tate and 30% (v/v) aqueous acetonitrile. The re-
sults, shown in Table II, suggested that low solu-
bility in 60% (v/v) aqueous methanol might indeed
be a factor. After making the preinjection dilutions
in 100% methanol, 25 out of 28 amines tested (Ta-
ble I1I) gave reproducible (» > 0.997) linear cali-
bration graphs over the concentration range 2-16
uM, all with zero intercept. Ammonia, methyla-
mine and dimethylamine derivatives were the ex-
ceptions, probably because of the high background
levels arising from the dansylation reaction.

The relative fluorescence intensities of the dan-
sylated amines obtained from the gradients of the

calibration graphs are given in Table III. With 340-
nm excitation and 540-nm emission, settings chosen
to optimize the detection of derivatives with a range
of different emission wavelengths, tetradansylsper-
mine had the highest relative fluorescence intensity
measured, and was 33 times more fluorescent than
didansylserotonin. The detection limits varied with
the relative intensities, but were generally of the or-
der of 5-10 pmol (signal-to-noise ratio = 3).
Simplicity, ease of operation and reliability are
prerequisites of automated HPLC. It is particularly
important that there is no gradual accumulation of
precipitates. We therefore avoided the use of buf-
fers, and also determined the solubility of some
dansylamines in aqueous solvents. We found that
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comparable methods used to determine a broad
range of amines [13,14] were unsuitable for automa-
tion, and eventually led to problems of over-pres-
sure. Other workers [18] have reported that precip-
itates gradually form in the phosphate buffer used
by Hayman ez al. [14]. In contrast, Seiler [15] used a
simple methanol-water gradient, but did not con-
sider the low and variable solubilities of dansylated
amines. The method described here overcomes both
of these disadvantages. In one instance the HPLC
system was run continuously for 72 h, the autoinjec-
tor making 66 injections without encountering any
problems, and in our experience the method is par-
ticularly suited to screening for novel amines from
plant tissue.
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ABSTRACT

Twenty benzodiazepines were examined via a combination of high-performance liquid chromatography (HPLC)—-diode array—dual
electrochemical detection and HPLC-thermospray mass spectrometric detection.’ Although UV detection at 230 nm resulted in exten-
sive overlap of the benzodiazepines, each compound gave unique UV spectra. Twenty percent of the benzodiazepines tested gave
response ratios via oxidation detection, and the values obtained were unique. All compounds except chlorazepate gave MH* ions as the
base peak via thermospray-mass spectrometric detection with filament off; additional ions were detected for many compounds. Using
single ion chromatograms all benzodiazepines can be chromatographically resolved.

INTRODUCTION

Benzodiazepines are a commonly prescribed
group of drugs well known for their sedative, hyp-
notic and anticonvulsant effects. Because of their
potential for abuse, their analysis is of forensic in-
terest. Typical submissions to forensic laboratories
consist of solid-dosage forms and biological speci-
mens.

Gas chromatography (GC) with flame ionization
[1-4], electron-capture [4] and mass spectrometric
(MS) detection [2-5] have been employed for the
analysis of benzodiazepines. Some of these com-
pounds are difficult to analyze via GC because of
thermal decomposition [2-4]; in addition, derivati-
zation may be required because of adsorption of
benzodiazepines containing hydroxy groups on ac-
tive sites of the GC column [5].

High-performance  liquid  chromatography
(HPLC) [6-9] has been used for the direct analysis
of these compounds. Analysis via retention time
alone using single-wavelength detection which lacks
specificity is commonly employed. The use of dual-

0021-9673/92/805.00  ©

wavelength detection [9,10], diode array detection
[9], electrochemical detection in the reduction mode
[11,12] and MS detection [13] have all been used to
increase specificity of analysis. Huang et al. [13]
used a heated pneumatic nebulizer interface with
atmospheric pressure ionization mass spectrometry
for the analysis of 5 benzodiazepines.

In this paper a multi-detection approach for the
HPLC analysis of benzodiazepines is reported.
These compounds were examined via a combina-
tion of HPLC—diode array-dual electrochemical
detection in the oxidation mode and HPLC-ther-
mospray MS detection. The structures for the 20
benzodiazepines examined in this study are shown
in Fig. 1.

EXPERIMENTAL

Equipment

Two HPLC systems were employed in this study.
For diode array and electrochemical detection, a
Series 4 liquid chromatograph (Perkin-Elmer, Nor-
walk. CT, USA) fitted with an ISS 100 autosampler

1992 Elsevier Science Publishers B.V. All rights reserved
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(a). R<1> Diazepam R<S> = Cl  R<1> = CH3 R<2>,R<3> = B R<d> = E
L Nordiazepam R<5> = C1 R<1> = H R<2>,R<3> = H R<é> = H
(o] Temazepam R<S5> = C1 R<1> = CH3 R<2>,R<3> = H,OH R<4¢> = H
Oxazepam R<5> = Cl1 R<1> = H R<2>,R<3> = B,0H R<é> = H
R<2> Lorazepam R<5> = C1 R<1> = H R<2>,R<3> = H,0H R<d> = Cl
—y Prazepam R<S> = €1 R<1> = cnz-D R<2>,R<3> = H,H R<d> = H
R<5> R<3> Nitrazepam R<5> = NO; R<1> = B R<2>,R<3> = H,H R<d> = H
Clonazepam R<5> = NO; R<1> = H R<2>,R<3> = H,H R<d>= Cl1
Flunitrazepam R<S> = NO; R<1> = CHj R<2>,R<3> = H,H R<d> = F
R<4> Halazepanm ‘R<5> = €1 R<1> = CHCF3 R<2>,R<3> = H,H R<d4> = H
Desalklylflurazepam R<5> = Cl R<1> = H R<2>,R<3> = H,H R<4> = F
(b H,C . Alprazolam R<1> = C1 R<2> = H
3 W—N ;
) | Triazolanm R<1> = Cl1 R<2> = Cl
N N Midazolam R<1> = Cl R<2> = F
A
R<1> ==N
R<2>
(c) HN ) N NH: CH,y
x CH,
v
LN
Br —N c1 —N:' \/T
o- cl =N
Bromazepam Chlordiazepoxide Tetrazepam
HN OH <|3H3 HN 0
OH N
cl =N j c1 —N
o cl N
HO O
Clorazepate Medazepam Demoxepam

Fig. 1. Structures of benzodiazepines. For explanation of a—c see text.

(Perkin-Elmer); a Partisil ODS-3, 5-um column
(11.0 cm x 4.7 mm 1.D.) (Whatman, Clifton, NJ,
USA); a 1040 M diode array detection system
(Hewlett-Packard, Waldbronn, Germary); and an

LC-4B dual amperometric detector fitted with a
dual TL-5 glassy carbon electrode cell in the parallel
mode, and a Ag/AgCl reference detector with the
top half of the cell serving as the-auxillary electrode
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(Bionalytical Systems, West Lafayette, IN, USA)
were used. For UV and thermospray MS detection,
a Series 4 liquid chromatograph fitted with a valve

injector (Rheodyne, Cotati, CA, USA), a Partisil

ODS-3, 5-um column, an LC85 UV detector (Per-
kin-Elmer), a switching valve (Rheodyne), an elec-
tronically activated switching valve (Valco), a ther-
mospray interface (Vestec Corporation, Houston,
TX, USA) and a 4630 quadrupole mass spectrom-
eter (Finnigan MAT, San Jose, CA, USA) were em-
ployed. The manual switching valve was used for
either flow or column injection while the electron-
ically activated switching valve was used to divert
sample either to the thermospray source or to
waste.

Materials

Acetonitrile and ammonium acetate were HPLC
grade. Water suitable for HPLC analysis and ther-
mospray-mass spectrometric analysis was obtained
from a Milli-Q system (Millipore Corporation). All
other chemicals were reagent grade. Benzodiaze-
pine drug standards of United States Pharmaco-
peia/National Formulary quality were employed.

The HPLC mobile phase was internally mixed
from solvent reservoirs containing acetonitrile or
0.1 M ammonium acetate buffer.

Chromatographic procedure

For HPLC analysis using the diode array and
electrochemical detectors 1 mg of benzodiazepine
standard was dissolved in 20.0 ml mobile phase pri-
or to a 10-uL injection onto the liquid chromato-
graph. When analyzing benzodiazepines using UV
and thermospray MS detection, 1 mg of standard or
1 mg each of several standards were dissolved in
20.0 ml mobile phase prior to 50-200-uL injections
onto the liquid chromatograph.

HPLC mobile phase consisted of 0.1 M ammoni-
um acetate—acetonitrile (60:40, v/v) at a flow-rate of
1.3 mi/min.

Mass spectrometric procedure

The column effluent was introduced into the mass
spectrometer via a thermospray LC-MS interface.
The vaporizer was operated at 220°C while a source
block temperature of 250°C was used. The repeller
was set at 45 V. The mass spectrometer was oper-
ated under full scan acquisition (m/z 104-500) with
a 3-s scan.
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RESULTS AND DISCUSSION

As shown in Table I there is extensive overlap in
retention times between the various benzodiaze-
pines examined via HPLC and UV detection at 230
nm. However, all compounds gave unique UV spec-
tra via diode array detection, i.e., no two spectra
directly overlapped. Overall a large number of the
spectra can be divided into 3 broad categories. Cat-
egory 1, as shown in Fig. 2a, contains the general-
ized 1,4-benzodiazepine structure shown in Fig. 1a.
For this category, R<5>=Cl, R<4>=H, Cl or
F, R<1>=H,CH; or cyclopropylmethyl and
R<2>, R<3>=H,H or H,OH. All compounds
except lorazepam have UV maxima at 228.5 nm (lo-
razepam 232.5 nm). In addition, all compounds
have UV maxima at 318 nm. Category 2 spectra, as
shown in Fig. 2b, also contain the generalized 1,4-
benzodiazepine structure shown in Fig. la. For this
category R<5>=NO,, R<4>=H,C] or F and
R<1> =H or CH;. Flunitrazepam and clonaze-
pam have UV maxima at 252.5 nm while nitraze-
pam has a UV maximum at 258.5 nm. In addition,
all 3 compounds have UV maxima at 310.5 nm.

TABLE 1

RETENTION DATA AND DUAL ELECTROCHEMICAL
RESPONSE RATIOS FOR BENZODIAZEPINES

Compound

Retention Area 1.1 V/
time (min) Area 1.0V
Clorazepate 1.2,1.3
Bromazepam 2.6
Demoxepam 2.7
Oxazepam 34 10.5
Lorazepam 3.8 13.2
Chlordiazepoxide 4.0 63.8
Nitrazepam 4.1
Clonazepam 4.5
Alprazolam 4.6
Triazolam 4.8
Desalkylflurazepam 4.9
Nordiazepam 5.4
Temazepam 5.5
Flunitrazepam 5.8
Diazepam 8.2
Midazolam 11.5
Tetrazepam 13.5
Prazepam 17.2
Halazepam 17.5
Medazepam 23.1 1.38
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Category 3, as shown in Fig. 2c, contain the gener- -
alized benzodiazepine structure shown in Fig. 1b.
For this category R<1>=Cl and R<2> =H,Cl
or F. The spectra of the remaining benzodiazepines
are shown in Fig. 2d. Clorazepate injected via the
autosampler gives 2 peaks with identical UV spec-
tra near the solvent front, which suggests that peak
splitting may be occurring. The cause of this phe-
nomena is not clear.

Using dual electrochemical detection in the par-
allel mode at oxidation potentials of 1.0 and 1.1V,
certain benzodiazepines were found to be electro-
chemically active. As shown in Table I, the values
obtained were unique. The electrooxidation mecha-
nism of chlordiazepoxide, lorazepam, medazepam
and oxazepam have been previously examined

(a)

DIAZEPAM

I. S. LURIE, D. A. COOPER, R. F. X. KLEIN

[14,15] by means other than HPLC. The use of dual
electrochemical detection in series with diode array
detection results in a significantly higher degree of
specificity of detection.

Caution must be excercised in using electrochem-
ical ratios because of potentially poor day-to-day
reproducibility [16]. Changes in ratios can result
from drifts in the reference-electrode redox poten-
tial, from over-potential effects or from variations
in temperature. The injection-to-injection repro-
ducibility is much better. The dual electrochemical
ratio for medazepam on a given day did not change
by more than 5% over a 7-h period. Therefore, sus-
pected compounds should be confirmed by stan-
dard injection on the same day of analysis.

In addition, all the benzodiazepines analyzed in

NORDIRZEPAM ——-——.
OXRZEPAMPAM —— —
PRAZEPAM —— - —— -

\ LORRARZEPAM

DESALKYL-FLURRZEPAM
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3e8 328 340
Wavelength (nm)

mAU scaled

TEMRZEPAM — ——

360 380 990

BROMRZEPRM

CHLORDIARZEPOXIDE —— —
CLORRZEPATE
MEDRZEPAM —— - —— -
TETRAZEPAM
DEMOXEPRM - - - -
HRALAZEPAM — —

3ge 320 340
Havelength (nm)

249 26@° 280

Fig. 2.
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Fig. 2. UV spectra of benzodiazepines. For explanation of a—d see text.
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Fig. 3. Reconstructed ion chromatogram for LC-MS of a mixture of standard benzodiazepines. Peaks: a = clorazepate; b = bromaze-
pam; ¢ = demoxepam; d = oxazepam; e = lorazepam; f = chlordiazepoxide; g = nitrazepam; h = clonazepam; i = alprazolam;j =

triazolam; k = desalkylflurazepam; 1 = nordiazepam; m = temazepam; n = flunitrazepam; o = diazepam; p = midazolam; q =
tetrazepam; r = prazepam; s = halazepam; t = medazepam. Times scale in min:s.
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this study would be expected to give electrochemical
response ratios in the reduction mode [12] due to
the presence of a diphenylimine moiety. This is in
contrast to the higher specificity of detection in the
oxidation mode, where only 20% of the compounds
were electrochemically active. However, analysis in
the reduction mode requires a slow reflux of the
eluent to deoxygenate the mobile phase and the
presence of coulometric detector prior to a mercury
electrode for high-sensitivity work [12].
HPLC-MS, as shown in Fig. 3, was also investi-
gated for the analysis of benzodiazepines. A sum-
mary of the spectral data for the thermospray-mass
spectrometric detection of the benzodiazepines ob-
tained with filament off is shown in Table II. In all
instances except clorazepate, the [M + H]* ion is the
base peak. For clorazepate, the base peak is the
[M+H-CO,-H,0]" ion. This ion is- formally
identical to the MH™ ion derived from nordiaze-
pam. It should be noted that although riordiazepam
and clorazepate give very similar mass spectra, their
retention times as shown in Table I are vastly differ-

TABLE Il
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ent and thus these compounds are chromatograph-
ically distinct. It has been shown that at a slightly
basic pH (mobile phase pH for this study 6.8), the
decarboxylation of clorazepate to nordiazepam is
delayed [6]. For most of the benzodiazepines the
only ion of any consequence is [M + H]*. Demoxe-
pam and chlordiazepoxide, both containing N-ox-
ides, exhibit a small relative abundance of
(M +H—0]" ions. In addition, oxazepam and lora-
zepam, both containing H and OH groups at the
<2> and <3> positions, exhibit a relatively high
abundance of [M +H —H,0]" ions. It is unclear at
this point why temazepam, which also contains H
and OH groups at the <2> and <3> positions,
does not also show this loss. It is of interest to note
that most of the benzodiazepines contain either a
single Cl, Br or two CI atoms. Because of natural
isotopic abundances of these halogens, additional
characteristic mass fragment ions are observed
which increase the specificity of the mass spectral
data.

Besides providing characteristic mass fragment

MASS SPECTRA (THERMOSPRAY IONIZATION) OF BENZODIAZEPINES

Relative abundance in parentheses.

Benzodiazepine mfz

M+H]* M+H-0O]* [M+H-H,0]*
Clorazepate 271(100)°
Bromazepam 316(100)
Demoxepam 287(100) 271(1)
Oxazepam 287(100) 269(56)
Lorazepam 321(100) 303(55)
Chlordiazepoxide 300(100) 284(1)
Nitrazepam 282(100)
Clonazepam 316(100)
Alprazolam 309(100)
Triazolam 343(100)
Desalkylflurazepam 289(100)
Nordiazepam 271(100)
Temazepam 301(100)
Flunitrazepam 314(100)
Diazepam 285(100)
Midazolam 326(100)
Tetrazepam 289(100)
Prazepam 325(100)
Halazepam 353(100)

271(100)

Medazepam

@ [M+H~-CO,-H,0]*
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Fig. 4. Ion chromatograms and reconstructed ion chromatogram for LC-MS of a mixture of standard benzodiazepines. Time scale in

min:s.

ions, one of the great utilities of HPLC—thermo-
spray MS detection is the ability to perform single-
ion monitoring (SIM) to deconvolute complex
chromatograms. This capability is illustrated in Fig.
4, where 4 benzodiazepines that overlap in a recon-
structed ion chromatogram can be resolved using
SIM. In fact, all 20 benzodiazepines can be chro-
matographically resolved using SIM.

CONCLUSION

The combination of complimentary diode array,
dual electrochemical and thermospray MS detec-
tion greatly increases the specificity of HPLC analy-
sis of benzodiazepines. This technique is potentially
applicable to both solid-dosage forms and biolog-
ical specimens. :
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ABSTRACT

The enantioselectivity and enantiomeric elution order of racemic propranolol (PP) and its ester derivatives (O-acetyl, -propionyl,
-butyryl and -valeryl) on an ovomucoid (OVM)-bonded silica column were investigated with respect to eluent pH (from 3 to 7) and
organic modifier (2-propanol, ethanol, methanol and acetonitrile). The enantioselectivity was dependent on the eluent pH and organic
modifier used. Reversal of the enantiomeric elution order of racemic PP and its ester derivatives occurred around eluent pH 5-7 and/or
by variation of the organic modifier used. The results reveal that chiral recognition or binding properties may be altered by a change in
eluent pH and/or addition of organic solvents. Reversal of the enantiomeric elution order suggests that there may be more than one
binding site on the OVM-bonded column, and/or that at least two chiral recognition mechanisms may operate on the OVM-bonded
column with regard to PP and its ester derivatives. Also, a conformational change of the OVM bonded structure might be caused by a

change in eluent pH and/or addition of organic modifier.

INTRODUCTION

Recently, several chiral stationary phases have
been developed for the direct resolution of
enantiomers by high-performance liquid chroma-
tography (HPLC) [1]. Protein-bonded stationary
phases have been widely used for the chiral resolu-
tion of racemic compounds, especially racemic
drugs, by HPLC. These proteins include albumins
such as bovine serum albumin [2] and human serum
albumin [3], glycoproteins such as «;-acid glycopro-
tein (AGP) [4] and ovomucoid (OVM) [5] and en-
zymes such as a-chymotrypsin [6] and trypsin [7].
Above all, glycoprotein-bonded phases are promis-
ing candidates for the chiral resolution of various
racemic solutes owing to their wide chiral recog-
nition properties, their stability against changes in
eluent pH and type and content of organic modifier
and their relatively high efficiency compared with
other protein-bonded phases. An OVM-bonded
column, developed by Miwa et al. [5], has been uti-

0021-9673/92/$05.00 ©

lized for the chiral separation of acidic and basic
solutes [8—13].

Reversal of the enantiomeric elution order was
reported on Pirkle-type columns, based on (R)-N-
(3,5-dinitrobenzoyl)phenylglycine [14] and (S)- or
(R)-1-(a-naphthyl)ethylamine with (S)- or (R)-va-
line [15]. Also, it was observed on cellulose col-
umns, based on cellulose tribenzoate [16] and cellu-
lose tris(3,5-dimethylphenylcarbamate) [17]. It was
reported [18] that the inversion of the enantiomeric
elution order for pseudoephedrine occurred on an
AGP-based column with the addition of octanoic
acid to the eluent. In a previous paper [11], we re-
ported the inversion of the enantiomeric elution or-
der of propranolol (PP) and its ester derivatives on
an OVM-bonded column. This paper deals with the
investigation of the enantioselectivity and
enantiomeric elution order of PP and its ester deriv-
atives on an OVM-bonded column with respect to
eluent pH (from 3 to 7) and organic modifier (2-
propanol, ethanol, methanol and acetonitrile).

1992 Elsevier Science Publishers B.V. All rights reserved
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Reagents and materials

Racemic PP hydrochloride was purchased from
Wako (Osaka, Japan) and (R)- and (S)-PP hydro-
chlorides from Aldrich (Milwaukee, WI, USA). The
racemic O-acetyl (Ac), -propionyl (Pro), -butyryl
(Bu) and -valeryl (Val) esters of PP were synthesized
according to the procedures reported previously
(19]. The (R)- and (S)-PP derivatives were prepared
by the same procedure. The structures of PP and its
ester derivatives are shown in Fig. 1. Methanol, eth-
anol, 2-propanol and acetonitrile of HPLC grade
were obtained from Wako. Other reagents were of
analytical-reagent grade and were used as received.

Water purified with a Nanopure II unit (Barn-
stead, Boston, MA, USA) was used for the prep-
aration of the eluent and sample solutions.

Chromatography

The HPLC system consisted of a Model 880-PU-
pump, a VL-614 injector (both from Japan Spectro-
scopic, Tokyo, Japan) equipped with a 100-ul loop
and an RF-540 spectrofluorimeter (Shimadzu,
Kyoto, Japan) with excitation at 285 nm and emis-
sion at 340 nm. An OVM-bonded silica column (Ul-
tron ES-OVM, particle diameter 5 um, 150 x 4.6
mm 1.D.) (Shinwa Chemical Industries, Kyoto, Ja-
pan) was used with a guard column (10 x 4.0 mm
I.D.) (Shinwa Chemical Industries) packed with the
same material. The flow-rate was maintained at 1.0
ml/min. Chromatograms were recorded and inte-
grated with a Chromatopac C-R6A integrator (Shi-

O—R

- CH,
OCH,CHCH,NHCH{
’ CH,
R Abbreviation
H PP
COCH, Ac-PP
COCH,CH, Pro-PP
COCH,CH,CH, Bu-PP
COCH,CH,CH,CH, val-pPP

Fig. 1. Structures of propranolol and its ester derivatives used in
this study.-
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madzu). Capacity factors (k') were calculated using
the equation k' = (g — to)/to, Where fr and 7 are
elution times of retained and unretained solutes, re-
spectively. The retention time of an unretained sol-
ute, 79, was measured by injecting a solution with an
organic modifier content slightly different from that
of the eluent used. Enantioseparation factors (&)
were calculated using the equation o = ky/k],
where k| and & are the capacity factors of the first-
and second-eluted peaks, respectively. All separa-
tions were performed at 25°C using a Lauda RMS 6
low-temperature thermostat (Hansen, Kobe, Ja-
pan).

The eluents used are specified in the legends of
the figures and tables.

Sample preparations

A known amount of PP or its ester derivatives
was dissolved in water and the solution was diluted
with the eluent to the desired concentration. A 20-ul
aliquot of the sample solution was loaded on to the
column. The on-column amount was less than 0.2
nmol.

RESULTS AND DISCUSSION

In a previous paper [11], we reported that an in-
crease in the organic modifier content and/or a de-
crease in the eluent pH resulted in a decreased rz-
tention of PP and its ester derivatives. Also, the
enantioselectivity and enantiomeric elution order of
PP and its ester derivatives on an OVM-based col-
umn are dependent on the organic modifier used. In
this study, the effects of eluent pH and organic
modifier on the enantioselectivity and enantiomeric
elution order of PP and its ester derivates were in-
vestigated. The eluent pH was varied over the range
3-7 and the organic modifiers used were 2-propa-
nol, acetonitrile, ethanol and methanol at various
concentrations.

Fig. 2 shows the effect of eluent pH on the reten-
tion, enantioselectivity and enantiomeric elution or-
der of PP and its ester derivatives, with 17.5% of
2-propanol as organic modifier. Almost the same
retentions of PP and its ester derivatives were ob-
tained with 20%, 30% and 50% acetonitrile, etha-
nol and methanol organic modifier contents, re-
spectively. However, the enantioselectivity and
enantiomeric elution order of PP and its ester deriv-
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Fig. 2. Effect of eluent pH on retention and enantioselectivity of PP and its ester derivatives. Solid lines, k'; dashed lines, o. Eluent: 20
mM phosphate buffer (pH 3.2, 3.9, 5.1, 6.0, 6.9) containing 17.5% of 2-propanol. R and S indicate the first-eluted enantiomer. @ = PP;

O = Ac-PP; A = Pro-PP; B = Bu-PP; (I = Val-PP.

atives are dependent on the organic modifier in ad-
dition to the eluent pH.

As PP, Ac-PP and Pro-PP were not retained with
acidic eluents and Bu-PP and Val-PP were not elut-
ed with neutral eluents, by changing the organic
modifier content the enantiomeric elution order was
investigated as described below. Tables I-IV show
the effects of eluent pH and type and content of
organic modifier on the enantioselectivity and
enantiomeric elution order of PP and its ester deriv-
atives when the organic modifier content was al-
tered. Although a decrease or almost no change in
enantioselectivity for PP and its ester derivatives
was observed with increase in organic modifier con-
tent, the enantiomeric elution order was-not affect-
ed by a change in the organic modifier content stud-
ied, except that both enantiomers were co-eluted.
When an eluent of pH < 5.1 was used, PP was elut-
ed with the enantiomeric elution order of § fol-
lowed by R (S/R) with all organic modifiers. Rever-
sal of the elution order occured with an eluent of
pH 6.9 or pH > 6.0. The enantiomeric elution or-
der of Ac-PP was R/S except when the eluent of pH
>6.0 was used with addition of methanol. When
acetonitrile was used as an organic modifier, Pro-
PP was eluted with the enantiomeric elution order
S/R for all eluent pH values. When an alkanol was

used as the organic modifier, the elution order of
Pro-PP was R/S with an eluent of acidic pH and
S/R with the eluent of neutral pH. When ethanol,
methanol or acetonitrile was used as the organic
modifier, the enantiomeric elution order of Bu-PP
was R/S with an eluent of acidic pH and S/R with
an eluent of neutral pH. When 2-propanol was
used, the enantiomeric elution order of Bu-PP was
R/S for all eluent pH values. The enantiomeric elu-
tion order of Val-PP, depending on the eluent pH
and organic modifier used, was complicated. When
acetonitrile was used as the organic modifier, the
enantiomeric elution order was R/S over the range
of eluent pH studied, whereas with methanol the
elution order was S/R. When 2-propanol was used,
the elution order was R/S for eluent pH < 5.1 and
S/R for pH > 6.0. With ethanol as the organic mod-
ifier the elution order was S/R except for the eluent
of pH 3.9.

The above results indicate that chiral recognition
or binding properties may be altered by a change in
eluent pH and/or addition of organic solvents. Re-
versal of the enantiomeric elution order suggests
that there may be more than one binding site on the
OVM-bonded column, and/or that at least two chi-
ral recognition mechanisms may operate on the
OVM-bonded column with regard to PP and its es-



70

TABLE 1
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ENANTIOMERIC ELUTION ORDER OF PP AND ITS ESTER DERIVATIVES ON AN OVM COLUMN WITH 2-PROPA-
NOL AS ORGANIC MODIFIER®

pH* Parameter PP AC-PP Pro-PP Bu-PP Val-PP

3.2 k' (modifier, %)° 1.35 (0.5) 1.20 (2.5) 375 (2.5) 2.27 (8) 7.76 (8)
o 1.00 .33 1.33 1.53 1.09
Elution order - R[S RIS RIS R[S

3.9 K, (modifier, %) 31025  3.19(5) 10.8 (5) 6.92(10)  33.5(10)
o 1.14 1.26 1.25 1.55 1.16
Elution order S/R RIS RIS R[S RIS

5.1 k| (modifier, %)  17.4 (5) 120 (7.5 10.5 (15) 9.02(20)  24.4 (20)
a 1.08 1.34 1.10 1.38 1.20
Elution order S/R RIS R/S RIS RIS

6.0 k' (modifier, %) 49.7 (7.5) 5.95 (20) 41.1 (15) 35.0 (20) 33.9 (25)
o 1.04 1.15 1.00 1.28 1.13
Elution order SIR RIS - RIS SIR

6.9 k', (modifier, %)  11.5(25) 8.64 25 159 (25 38.5(25) 224 (30)
o 1.06 1.11 1.06 1.05 1.31
Elution order R[S RIS S/R R[S S/R

“ The eluent used was a mixture of 20 mM phosphate buffer and various concentrations of 2-propanol.

® Eluent pH before addition of organic modifier.
¢ The k', value indicates the capacity factor of the first-eluted peak and the percentage of organic modifier used is given in parentheses.
¢ Separation factor of the enantiomers.

TABLE 11

ENANTIOMERIC ELUTION ORDER OF PP AND ITS ESTER DERIVATIVES ON AN OVM COLUMN WITH ACETO-
NITRILE AS ORGANIC MODIFIER*

pH® Parameter PP AC-PP Pro-PP Bu-PP Val-PP

32 k'’ (modifier, %)° 2.53(0.5) 4.65 (2.5) 14.5 (2.5) 23.6 (5) 10.2 (10)
of 1.00 1.00 1.12 1.11 1.58
Elution order - - S/R RIS R/S

3.9 k' (modifier, %) 14.5 (2.5) 8.96 (7) 6.00 (10) 24.9 (10) 9.76 (15)
o 1.06 1.04 1.16 1.17 1.93
Elution order S/R RIS S/R R[S R[S

5.1 k} (modifier, %) 13.5 (10) 5.97 (15) 3.65 (20) 8.87 (20) 16.6 (20)
o 1.00 1.21 1.11 1.20 2.17
Elution order - R[S S/R RIS R[S

6.0 k% (modifier, %) 6.31 (20) 30.7 (15) 16.6 (20) 14.1 (25) 8.97 (30)
o 1.10 1.21 1.20 1.17 2.13
Elution order RIS RIS S/R R[S RIS

6.9 k) (modifier, %) 21.3 (20) 4.74 (30) 7.14 (30) 14.1 (30) 23.9 (30)
o 1.21 1.05 1.23 1.1 1.46
Elution order RIS RIS S/R S/R RIS

“ The eluent used was a mixture of 20 mM phosphate buffer and various concentrations of acetonitrile.

b4 See footnotes to Table 1.
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ENANTIOMERIC ELUTION ORDER OF PP AND ITS ESTER DERIVATIVES ON AN OVM COLUMN WITH ETHANOL

AS ORGANIC MODIFIER*

pH® Parameter PP AC-PP Pro-PP Bu-PP Val-PP

3.2 k’ (modifier, %)° 1.12 (1) 2.50 () 7.69 (1) 4.80 (10) 55.3(5)
ol 1.20 1.45 1.61 1.28 1.07
Elution order S/R R/S RIS R/S S/R

3.9 k’ (modifier, %) 2.07 (10) 4.21 (10) 14.8 (10) 8.94 (15)  91.3(10)
o 1.19 1.22 1.13 1.26 1.08
Elution order S/R RIS R/S R[S R/S

5.1 k' (modifier, %) 7.35 (15) 11.7 (15) 37.5(15) 34.0 (20) 15.1 (30)
o 1.12 1.19 1.00 1.17 1.18
Elution order S/R R/S - RIS S/R

6.0 k} (modifier, %) 16.7 (20) 21.9 (20) 9.55 (30) 22.5 (30) 43.7 (30)
o 1.03 1.12 1.13 1.14 1.37
Elution order S/R R/S S/R. S/R S/R

6.9 k} (modifier, %) 16.4 (30) 11.2 (35) 15.3 (35) 12.3 (40) 17.9 (40)
o 1.06 1.07 1.15 1.19 1.46
Elution order R/S RIS S/R S/R S/R

@ The eluent used was a mixture of 20 mM phosphate buffer and various concentrations of ethanol.

¥ See footnotes to Table I.

TABLE IV )
ENANTIOMERIC ELUTION ORDER OF PP AND ITS ESTER DERIVATIVES ON AN OVM COLUMN WITH METHANOL
AS ORGANIC MODIFIER?
pH® Parameter PP AC-PP Pro-PP Bu-PP Val-PP
32 k) (modifier, %)° 1.43 (5) 3.57 (5) 3.29 (15) 11.9 (15) 7.14 25)
o? 1.14 1.38 1.30 1.38 1.16
Elution order S/R R[S R/S R/S S/R
39 k% (modifier, %) 8.47 (10) 23.6 (10) 3.41 (25) 7.84 (30) 20.3 (30)
o 1.15 1.26 1.14 1.22 1.23
Elution order S/R R/S RIS R/S S/R
5.1 ki (modifier, %) 15.6 (20) 17.7 (25) 7.79 (40) 18.5 (40) 34.5 (40)
o 1.08 1.07 1.18 1.20 1.65
Elution order S/R R/S S/R S/R S/R
6.0 k} (modifier, %) 13.2 (40) 17.5 (40) 31.0 (40) 20.1 (50)
o 1.08 1.10 1.36 1.65
Elution order R/S S/R S/R S/R
6.9 k) (modifier, %) 13.5 (50) 12.1 (50) 18.8 (50)
o 1.16 1.17 1.50
Elution order R/S S/R S/R

¢ The eluent used was a mixture of 20 mM phosphate buffer and various concentrations of methanol.

b4 See footnotes to Table 1.
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ter derivatives. Also, a conformational change of
the OVM bonded structure might be caused by a
change in eluent pH and/or addition of organic
modifier [20,12]. Taking into account the pK, value
of PP (9.45) [21], PP and its ester derivatives are
protonated over the range of eluent pH studied. At
eluent pH 5-7, where reversal of the enantiomeric
elution order occurs, OVM is negatively charged
because of the isoelectric point of OVM (3.8-4.3).
Also, the organic modifier might compete with sol-
utes at chiral recognition or binding site(s). Hence
electrostatic interactions and the type of organic
modifier might play an important role in the chiral
recognition of PP and its ester derivatives on an
OVM-bonded column.
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ABSTRACT

The reversed-phase liquid chromatographic retention behaviour of the complexes of octaethylporphyrin (OEP) with eleven trivalent
rare earth (REs), viz., Y, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu, on an octadecyl-bonded silicill gel column is described. All these
complexes can be eluted without demetallation with a methanol-water mixture that contains a small'amount (about 1%) of acetylace-
tone and an amine. The retention order of the RE-OEP complexes depends on the amine used. With a mono-z-alkylamine and a
di-n-alkylamine, the retention of the RE-OEP complex decreases with increasing atomic number of the REs within the lanthanide
series, whereas the reverse tendency occurs with a trialkylamine and a dialkylamine possessing branched alkyl side-chains or alcoholic
side-chains. In all instances, the retention of the Y complex is close to that of the Dy complex. Successful separation of the OEP
complexes of Lu, Yb, Tm, Er and Sm in 20 min is demonstrated with dihexylamine.

INTRODUCTION

There has been increased interest in the separa-
tion of metalloporphyrins from the biomedical [1],
geological [2] and analytical [3] viewpoints. High-
performance liquid chromatography (HPLC) is the
most powerful tool for the separation of these com-
pounds today [4]. HPLC separations of a limited
number of metal complexes of synthetic porphy-
rins, have been investigated, e.g. porphine [5], hae-
matoporphyrin  [6], meso-tetraphenylporphine
(TPP) [7], meso-tetrakis (p-tolyl)porphine [8] and
pheophorbide-a (not a porphyrin, but a compound
with a chlorin structure) [9].

In general, the separation of metalloporphyrins
with different central metal ions is more difficult
than the separation of different porphyrin complex-
es of a certain metal, because the metal ion is sur-
rounded by a bulky macrocyclic porphyrin struc-
ture to which various organic substituents are at-

0021-9673/92/$05.00 ©

tached. The separation of metalloporphyrins be-
comes increasingly difficult as the metals become
more similar chemically. The feasibility of the re-
versed-phase HPLC separation of the TPP com-
plexes of trivalent rare earths (REs) was previously
confirmed [10]. It was found that the separation se-
lectivity for the RE-TPP complexes varied with the
type of amine added to the mobile phase.

This work was undertaken to examine the effects
of amines on the chromatographic retention char-
acteristics of the RE complexes of octaethylporphy-
rin (OEP), which had been frequently used as a
model porphyrin, similarly to TPP, in studies relat-
ing to porphyrin. OEP differs from TPP in its mo-
lecular structure. In the TPP molecule, four rela-
tively bulky phenyl groups are bonded with four
meso-carbons to the porphyrin nucleus, whereas in
OEP cight ethyl groups are bonded to eight S-pyr-
rolic positions.

1992 Elsevier Science Publishers B.V. All rights reserved
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Materials

The free acid form of OEP (H,o¢p) was obtained
from Strem Chemicals (Newburyport, MA, USA).
The complexes of OEP with RE (III) (RE = Y, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were syn-
thesized by reacting H,oep (60 mg, 0.11 mmol) with
the corresponding RE acetylacetonate [RE(acac)]
(110-130 mg, 0.25 mmol) while refluxing in 1,2,4-
trichlorobenzene (12 ml) in a stream of nitrogen, a
modification of the method used for the prepara-
tion of a mixed ligand complex of an RE with TPP
and acetylacetone, RE(tpp) (acac) [11]. The reac-
tion mixture diluted with 200 ml of toluene and then
poured onto a neutral alumina column (70 mm x
12.5 mm I.D.). After complete elution of the unre-
acted Hyoep with toluene—acetone (30:1, v/v), the
RE complex was eluted with dimethyl sulphoxide—
water (80:20, v/v). The eluate was mixed with water
(1:1) and the RE-OEP complex was extracted with
dichloromethane. After removal of the solvent, the
complex was obtained as a crystalline material of
reddish violet needles or as an amorphous solid.
When examined by UV-VIS spectrophotometry,
each material gave two sharp absorption peaks cor-
responding to the so-called a-band and B-band
peaks in the 500-600-nm region, implying that the
material was a metal complex of porphyrin [12]. A
significant peak appeared in the mass spectrum
(recorded with desorption electron impact ioniza-
tion) at an m/z value consistent with the molecular
ion [RE(oep) (acac)]*; for example, the Lu(III)
complex gave a peak at m/z 806. The complexes
thus prepared were identified as mixed-ligand com-
plexes with tetradentate oep and bidentate acetyl-
acetonato (acac) anions, RE(oep) (acac). The struc-
tural formula of this complex is illustrated in Fig. 1,
assuming that it is analogous to that of RE(tpp)
(acac) [13]). The term RE-OEP complex is hereafter
taken to mean RE(oep) (acac), unless indicated oth-
erwise.

Acetylacetone (Hacac), octylamine (OA), dieth-
ylamine (DEA), dipropylamine (DPA), diisoprop-
ylamine (DIPA), dihexylamine (DHA), diethanol-
amine (DEOLA), triethylamine (TEA), tripropyl-
amine (TPA), dichloromethane and sodium hy-
droxide (NaOH) were of analytical-reagent grade
(Wako, Osaka, Japan). Methanol and water were
distilled in glass.

Y. SHIBATA, K. SAITOH, N. SUZUKI

Fig. 1. Structural formula of the RE-OEP (R, = H;R, = R, =
ethyl) and the RE-TPP (R, = phenyl; R, = R, = H) complex-
es. M indicates the RE(III) ion.

HPLC

A Twinkle solvent delivery pump, a VL-611 sam-
ple injection valve (Jasco, Tokyo, Japan) and a
Model SPD-M6A photodiode-array UV-VIS spec-
trophotometric detector (Shimadzu, Kyoto, Japan)
were used with a Model TSK ODS-80TM column
(150 mm % 4.6 mm 1.D.) packed with octadecyl-
bonded silica gel (5 um) (Tosoh, Tokyo, Japan).

The mobile phase was prepared, unless indicated
otherwise, by adding an amine to the mixture of
methanol-water—Hacac (95:5:1, v/v/v) so that the
amine was of equimolar concentration with respect
to Hacac in the final solution (about 0.1 M). In or-
der to avoid damaging the column, when NaOH
was used in place of an amine, it was added to the
methanol-water-Hacac mixture so as to be approx-
imately half the equimolar concentration with re-
spect to Hacac in the final composition of the mix-
ture. The flow-rate of the mobile phase was 1 ml/
min.

The sample solution of an RE-OEP complex was
prepared at a concentration of about 0.1 mM in
dichloromethane containing DEA (2%, v/v) and a
10-ul aliquot of each solution was injected into the
column. All experiments were carried out at 25 +
1°C.

RESULTS AND DISCUSSION
Capacity factors

The OEP complexes of light lanthanides, partic-
ularly of Sm(TIT) and Eu(TIl), showed low stability
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in common solvents such as methanol, acetonitrile,
acetone, dichloromethane and benzene: demetalla-
tion of the complexes occurred within 1 h after the
preparation of the solutions at about the 0.1-mAM
level. These complexes could be stabilized by addi-
tion of a small amount of an amine, such as DEA,
to the solution, as for RE complexes of TPP [4]. The
solution of an RE-OEP complex to be applied in
HPLC was prepared in dichloromethane-DEA
(50:1, v/v).

The capacity factor (k') of an RE-OEP complex
was calculated from its retention volume and the
column void volume, which was assumed to be
equal to the retention volume of sodium nitrate (a
nearly saturated solution was injected). The k' value
was determined from triplicate measurements, with
a relative standard deviation of less than 1%.

Effects of amines on the retention of the RE-OEP
complexes

No RE-OEP complex could be eluted from the
HPLC column with a mixture of methanol and wa-
ter (e.g., 95:5, v/v) or methanol alone; in every in-
stance, Hyoep was not detected in the eluate. [The
k' value of H,o0ep was the smallest (k' = 4.24) when
using methanol as the mobile phase, and increased
with increasing water concentration in the metha-
nol-water mixture.] This implied that the dissocia-
tion of the OEP ligand from the RE complex did
not occur to any detectable extent, and that the
complex adsorbed strongly on the column packing
material.

The OEP complexes of Lu(III), Yb(I1I), Tm(III)
and Er(IIl) could be eluted with a mobile phase
containing Hacac, e.g., with methanol-water—Ha-
cac (95:5:1, v/v/v). All other RE-OEP complexes
were eluted successfully by addition of both Hacac
and an amine, such as DEA, to the mobile phase.

It was considered that the dissociation of the
anionic bidentate ligand, acac™, from the RE-OEP
complex occurred in the Hacac-free mobile phase,
and resulted in a cationic species, [RE(oep)]*, that
was adsorbed by a cation-exchange site (presum-
ably dissociated silanol group) on the surface of the
alkyl-bonded silica gel. Similar phenomena have
been reported for the TPP complexes of trivalent
metals, such as Mn(tpp)Cl and Co(tpp)C], in re-
versed-phase HPLC, where strong adsorption of
the complexes was suppressed by addition of am-

monium chloride to the mobile used [15]. Higher
acac” concentrations in the mobile phase were con-
sidered to eliminate the anomalous retention beha-
viour of the RE-OEP complex by suppression of
the following dissociation:

RE(oep) (acac) — [RE(oep)]" + acac™

One of the functions of the amine added to the
mobile phase is to act as a base and promote the
dissociation of the weak acid Hacac, thereby in-
creasing the concentration of the acac™ anion. In
this respect, all amines (and also simple inorganic
bases, such as NaOH) are expected to be useful mo-
bile phase additives for the successful elution of
RE-OEP complexes.

It was confirmed, by means of real-time monitor-
ing of the UV-VIS spectra of the eluate with a pho-
todiode-array spectrophotometric detector, that
undesirable chemical reactions did not occur to any
detectable extent between the injected complex and
the metal components of the HPLC system.

Effects of the molecular structure of the amine addi-
tive

When a methanol-water—Hacac—amine mixture
was used as the mobile phase, the k£’ of the RE-OEP
complexes and also their retention sequence varied
with the type of amine used, as shown in Fig. 2.
With mobile phases containing monoalkylamines,
such as OA, and dialkylamines, such as DEA, DPA
and DHA, the k&’ of RE-OEP increased with de-
creasing atomic number (Z) of the RE within the
lanthanide series. On the other hand, with trialkyl-
amines, such as TEA and TPA, the opposite trend
was observed for these metal complexes. It is shown
in Fig. 3 that the retention trends observed with
DIPA and DEOLA are different from those ob-
tained with other dialkylamines, but similar to the
trends observed with trialkylamines (see Fig. 2). If
amines functioned only as bases promoting the dis-
sociation of the weak acid, Hacac, the retention or-
der should depend little on the molecular structure
of the amine, and should be similar to the trends
observed with NaOH. In fact, when NaOH was
used in the place of an amine, the k' values de-
creased with decreasing Z of the lanthanides, as
shown in Fig. 3. This retention trend is similar to
those observed with DIPA and trialkylamines, such
as TEA and TPA, and DIPA.
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Fig. 2. Relationslup between the retention of RE-OEP complex-
es and the atomic number (Z) of the RE. Mobile phase: metha-
nol-water—-Hacac—amine (95:5:1:x, v/v). Amines: O = OA (x =
1.6); ® = DEA (x = 1.0); 0 = DPA (x = 1.3); @ = DHA
(x = 23); A = TEA(x = 1.3); A = TPA (x = 1.8).

Function of the amine additive

Trivalent REs can have coordination numbers
(CN) larger than 6 [16]. Accordingly, The coordina-
tion sphere of the RE ion in an RE-OEP is not
necessarily saturated by the tetradentate ligand
OEP and bidentate acac, rather coordination with
an additional ligand (L) in the mobile phase, such as
water, methanol or an amine, may be possible:

RE(oep) (acac) + mL = RE(oep) (acac)L,

In the case of RE-TPP complexes in dimethyl
sulphoxide, a CN of 8 was determined for the light
lanthanides from Ce to Tb and a CN of 7 for the
heavy lanthanides from Dy to Lu [17].

It is reasonable to predict that the stronger-the
coordinative interaction that occurs between the
RE ion and the hydrophillic ligand(s) such as water
and/or methanol, the more the capacity factor of

the RE-oep is reduced in the reversed-phase sys- .

tem. The retention trend for the RE-OEP complex-
es observed without an amine (see Fig. 3 with
NaOH instead of an amine) implies that the coor-
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Fig. 3. Relationship between the retention of RE-OEP complex-
es and the atomic number (Z) of the RE. Mobile phase: ® =
methanol-water-Hacac-DIPA (95:5:1:1.4, v/v); O = metha-
nol-water-Hacac-DEOLA (95:5:1:0.93, v/v); R = 0.045 M
NaOH in methanol-water-Hacac (95:5:1, v/v).

dination strength of such hydrophilic ligand(s) in-
creases with decreasing atomic number of the lan-
thanide.

Amines are stronger electron donors than water
and methanol. Most amines possess hydrophobic
alkyl moieties in their molecules. When an amine
coordinates to the RE ion in a OEP complex more
strongly than water and methanol, the k' of the
RE-OEP complex may be larger than those observ-
ed without the amine in the reversed-phase system.
The results shown in Figs. 2 and 3 imply that the
stability of the additional coordination of the
mono- and dialkylamines to the RE ion in the OEP
complexes tends to increase with decreasing atomic
number of the lanthanide. Also, trialkylamines
(TEA and TPA) and the dialkylamines with
branched alkyl side-chains (DIPA) cannot coordi-
nate to the RE ion as strongly as the mono- and di-
n-alkylamines. This suggests that the structure of
the alkyl moiety of the amine affects the strength of
the additional coordination of the amine to the RE
ions in the RE-OEP complexes.
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The RE(III) ionic radii are larger than the best fit
(64 pm) for the cavity in the N -moiety of porphy-
rin [18]. In a mixed complex of RE with porphyrin
and acetylacetone, the RE ion is displaced from the
porphyrin plane towards the additional ligand, acac
(see Fig. 1), and the estimated out-of-plane distance
increases with increasing ionic radius of the RE
[13,19]. Tt is assumed that the longer the out-of-
plane distance, the stronger is the interaction be-
tween the RE ion and the additional ligand. Also,
the bulkier the alkyl moiety in the vicinity of the
nitrogen atom in an amine molecule, the greater is
the extent of its steric hindrance to the coordination
of the amine with the RE ion.

It was previously found that the retention se-
quence of RE-TPP complexes depended on the
type of amine used as the mobile phase additive
[10]. Such peculiar retention characteristics were ex-
plained in terms of the steric effects of the alkyl
moiety of the amine on the coordination to the RE
ion complexed with both porphyrin and acetylace-
tone.

The retention trends of RE-OEP complexes ob-
served with and without amines are represented as a
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Fig. 4. Retention of RE-OEP complexes as a function of the
ionic radius (r) of the RE(III) (r, values for CN = 8). Basic
mobile phase additives: 1 = OA; 2 = DEA; 3 = DPA; 4 =
DIPA; 5 = DHA; 6 = TEA; 7 = TPA; 8 = DEOLA; 9 =
NaOH. For the mobile phase compositions, see Figs. 2 and 3.

function of the ionic radius (r;) of the RE in Fig. 4,
where the r; values for a CN of 8 [20] are applied. It
is noted that the £’ value of the complex of Y(III)
lies, in every instance, near to that of the complex of
Dy(I11), whose ionic radius is close to that of Y(III).
With mono- and di-n-alkylamines, the k' of RE-
OEP tends to increase monotonously with increas-
ing r; of the RE. The opposite retention trends ob-
served with trialkylamines is regarded as being due
to the bulky alkyl moieties of these amines. The
steric effect of branched alkyl groups appears clear-
ly in the comparison of DIPA and DPA, which pos-
sess the same numbers of carbon atoms in their al-
kyl moieties. The retention trend observed with
DEOLA, which is similar to that with NaOH, is
attributed to the polar alcoholic structure of the
side-chains in the molecule; the formation of the
hydrophyllic DEOLA adduct of an RE-OEP com-
plex resulted in a reduction of the k&’ of the RE com-
plex.

Control of the elution sequence
Methanol and water were used as the main com-
ponents of the mobile phase to which Hacac and
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Fig. 5. Effect of the mobile phase composition on the retention of
RE-OEP complexes. Mobile phase: (A) methanol-water—Ha-
cac-base (90:10:1:x, v/v); (B) methanol-water—Hacac—base
(95:5:1:x, v/v); (C) methanol-Hacac—base (100:1:x, v/v). Bases:
O = DEA(x = 1); ® = TEA (x = 1.3); & = NaOH (0.045
M).
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amine were added. When the methanol-to-water ra-
tio in the mobile phase was increased, the k&’ value
decreased considerably for each RE-OEP complex,
whereas their retention order changed little, as il-
lustrated in Fig. 5 as an example. This means that
the elution sequence for these complexes varies little
with either the methanol or the water content of the
mobile phase. According to the results shown in
Figs. 24, the selectivities for the RE-OEP com-
plexes can be varied with basic mobile phase addi-
tives such as amines and NaOH. It can be predicted
that the elution order of the OEP complexes follows
the increasing atomic number of the lanthanides
when using trialkylamines, DIPA, DEOLA and
NaOH as the mobile phase additives, whereas the
reverse elution order is possible with a di-n-alkyl-
amine or OA.

Separations of the RE-OEP complexes with dif-
ferent elution orders are demonstrated in Fig. 6.

Comparison with RE complexes of TPP

The effects of amines on the retention behaviour
of RE-OEP complexes are compared here with
those of RE-TPP complexes [10]. When the mobile
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Fig. 6. HPLC separation of the RE-OEP complexes. Column:
50-um TSK Gel ODS-80TM (150 mm X 4.6 mm 1.D.). Mobile
phase: (A) 0.045 A NaOH in methanol-water-Hacac (87:13:1,
v/v/v); (B) methanol-water-Hacac-DHA (93:7:1:2.3, v/v); flow-
rate, 1.0 ml/min. Detection at 565 nm.
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phase contains a trialkylamine, the retention trends
for RE-OEP complexes are similar to those for
RE-TPP; the capacity factor increases with increas-
ing atomic numbers of lanthanides, as shown in
Fig. 7. However, with respect to the effects of dial-
kylamines, such as DPA, the retention trends for
the complexes of OEP are different from those for
the complexes of TPP. With the TPP complexes, the
capacity factor tends to decrease with increasing
atomic number of the RE for relatively light lantha-
nides from Sm to Tb, whereas the reverse trend,
which is similar to the results obtained with trialkyl-
amines, is obtained for the complexes of heavy lan-
thanides from Dy to Lu. The capacity factors of the
OEP complexes decrease monotonically with in-
creasing atomic number of the lanthanide. This im-
plies that the additional coordination of the dial-
kylamine with heavy lanthanides in the OEP com-
plexes is stronger than in the TPP complexes.
According to the results shown in Fig. 7, the re-
tention sequences for the complexes of heavy lan-
thanides in particular differ between the TPP com-
plexes and OEP complexes, even though a dialkyl-
amine is used. In an actual HPLC separation as
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Fig. 7. Comparison of the retention trends for RE-OEP com-
plexes (O, O) and RE-TPP complexes (@, W). Mobile phase:
O, @ = methanol-water-Hacac-DPA (95:5:1:1.3, v/v); O, B
= methanol-water—-Hacac-TEA (95:5:1:1.3, v/v;.
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Fig. 8. HPLC separation of RE porphyrins. Mobile phase: meth-
anol-water-Hacac-DPA (89:11:1:1.3, v/v); flow-rate, 1 ml/min.
Detection at 555 nm. Column: as in Fig. 6. Peaks: 1 = Gd-TPP;
2 = Tb-TPP; 3 = Dy-TPP; 4 = Y-TPP; 5 = Ho-TPP; 6 =
Er-TPP; 7 = Tm-TPP; 8 = Yb-OEP; 9 = Tm-OEP; 10 =
Er-OEP; 11 = Sm-OEP.

demonstrated in Fig. 8, seven TPP complexes (peak
1-7) are eluted in order to the atomic numbers of
the lanthanides, and then four OEP complexes
(peaks 8-11) are separated in the reverse order of
the atomic numbers of the RE.

CONCLUSIONS

An amine added to the mobile phase with a small
amount of Hacac functions as a base which enhanc-
es the stability of the RE-OEP complexes to be sep-
arated and, ‘accordingly, suppresses their undesir-
able adsorption on the stationary phase material.
The second useful function of the amine is with re-
gard to the selectivity and the elution sequence for
the RE-OEP complexes. The retention selectivity
depends on the amine used. The separation of RE—
OEP complexes in increasing order of the atomic
number of the REs is achieved with a trialkylamine
as well as NaOH. The separation sequence can be
reversed by changing the amine to either a mono-»n-
alkylamine, such as OA, or a di-n-alkylamine, such
as DHA. The effect of dialkylamines in particular
on the retention sequence of RE-OEP complexes is
different from that for RE-TPP complexes.
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ABSTRACT

The monosaccharide composition of anthocyanins and flavonols was elucidated by capillary gas chromatography after derivatization
to the corresponding aldito! acetates. Methylation analysis using gas chromatography revealed the types of linkages in these saccha-
rides. Three anthocyanins isolated from carrot cell suspension cultures were shown to contain galactose, xylose and glucose in equimo-
lar amounts, forming a branched triglycoside. Therefore, the structures of these carrot anthocyanins could be identified as cyanidin
3-(6C-glucosyllathyroside) and the same triglycoside acylated with sinapic or ferulic acid.

INTRODUCTION

The carbohydrate part of flavonoids is usually
investigated by using paper (PC) or thin-layer
chromatography (TLC) after acid or enzymic hy-
drolysis or after peroxide degradation of the agly-
cone [1,2]. Sugar analyses using gas chromatogra-
phy (GC) require the conversion of the sugars into
volatile derivatives. Two techniques for derivatiza-
tion have been reported: trimethylsilylation of the
sugars [3] and reduction of the sugars to their
alditols followed by peracetylation to form the
alditol acetates [4,5]. In order to reveal the mono-
saccharide composition of anthocyanidin and fla-
vonol glycosides, we applied a slightly different
procedure for alditol acetate formation [6] and
separated the resulting derivatives using capillary
GC.

* Present address: Plant Cell Biology Research Centre,
School of Botany, University of Melbourne, Parkville, Vic-
toria 3052, Australia.

0021-9673/92/$05.00 ©

Additional information about the linkages be-
tween the sugars was obtained by methylation
analysis, a technique commonly used in the structure
elucidation of proteoglycans, polysaccharides and
oligosaccharides [6-9]. The carbon atoms involved
in glycosidic bonds could be identified by methyla-
tion of the sugars prior to hydrolysis and subsequent
reduction, acetylation and GC.

These GC techniques were used to examine the
glycoside component of three anthocyanins isolated
from carrot cell suspension cultures. The structure of
the major pigment of these cells has been reported to
be cyanidin 3-(sinapoylxylosylglucosylgalactoside)
[10,11] with a linear triglycoside chain [12]. Recently,
the question arose whether the trisaccharide of the
pigment could be branched through the galactose
moiety with the acyl group located on the glucose
residue [13,14]. Methylation analysis provided a
suitable means of deciding between these two struc-
ture proposals by determining the positions of the
linkages.

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

Chemicals

Cyanidin 3-glucoside was a gift from Professor J.
B. Harborne, University of Reading, UK; cyanin,
hyperoside, quercitrin and rutin were purchased
from Roth (Karlsruhe, Germany). Hyperoside and
quercitrin were purified before use by TLC on
cellulose (20 x 20 cm plates, 0.1-mm layer; Merck,
Darmstadt, Germany) with chloroform-acetic acid—
water (50:45:5) as solvent. The compounds were
detected under UV light (354 nm, Ry = 0.35 for
hyperoside and 0.32 for quercitrin) and eluted with
methanol. Amberlite IR-120 was obtained from
Fluka (Buchs, Switzerland).

Dimethylsulphinyl carbanion (potassium salt) was
synthesized from potassium hydride and dimethyl
sulphoxide (DMSO) using the method of Harris et
al. [6] with minor modifications [15]. Partially
methylated alditol acetate (PMAA) standards were
prepared according to York et al. [8] and identified
by gas chromatography-mass spectrometry (GC—
MS) [15].

Isolation of anthocyanins

Anthocyanins were isolated from suspension-cul-
tured cells of an Afghan cultivar of Daucus carota L.
[16] maintained as described previously [17]. Cells
were extracted with methanol-acetic acid-water
(50:8:42) using a mortar and pestle. After washing
with ethyl acetate, anthocyanins were purified by
repeated PC in the descending mode on Whatman
3MM paper with n-butanol-acetic acid—water (4:1:5,
upper phase, overrun) and with 15% acetic acid as
solvents, followed by column chromatography on

TABLE 1
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Sephadex LH-20 (17 x 2 cm LD., gravity flow)
using 8% acetic acid as the eluent. The purity of the
samples was monitored at 530 nm by reversed-phase
high-performance liquid chromatography (HPLC)
on a Hypersil ODS (5 um) column (250 x 5 mm
1.D.) (Grom, Herrenberg, Germany) using a gra-
dient with 10% formic acid in water (solvent A) and
in methanol (solvent B), with solvent B increasing
from 10% to 13% within 10 min, to 20% during
10-20 min, to 40% during 20-25 min and to 98%
during 25-30 min at a flow-rate of 1.0 ml/min. The
major compound (1) proved to be identical with
the substance characterized by Harborne and co-
workers [10,13] by co-chromatography with HPLC
and TLC on cellulose with three solvents (Table I).

Deacylation of anthocyanins and identification of acyl
residues

Alkaline hydrolysis was carried out according to
Albach et al. [18] with 10% potassium hydroxide
solution for 4 h in the dark at room temperature.
The hydrolysate was acidified with prewashed
Amberlite IR-120 (H* form). The liberated hydrox-
ycinnamic acids were extracted with diethyl ether
and identified (Table I) by HPLC on a Hypersil
ODS (5 pm) column (250 x 5 mm I.D.) (Grom)
using a linear gradient with 5% acetic acid and
methanol as solvents (from 10 to 40% methanol in
20 min at a flow-rate of 1.5 ml/min, detected at
280 nm). Caffeic acid (elution time 7.77 min), p-
coumaric acid (11.79 ,min), ferulic acid (13.66 min),
sinapic acid (14.36 min) and p-hydroxybenzoic acid
(6.03 min) were used as standards. The aqueous
phase containing the deacylated pigments was also
subjected to sugar analysis.

CHROMATOGRAPHIC DATA FOR THREE CARROT ANTHOCYANINS FROM HPLC AND TLC

For HPLC, see Experimental. TLC on cellulose (0.1 mm, 20 x 20 cm) (Merck). Solvent 1 = n-butanol-acetic acid—water (4:1:5, upper
phase); solvent 2 = 1% hydrochloric acid; solvent 3 = acetic acid-hydrochloric acid-water (15:3:82).

Anthocyanin  Elution time Ry in TLC Acyl group
in HPLC
(min) Solvent 1 Solvent 2 Solvent 3

1 22.38 17.5 15 28.5 Sinapic acid
24.36 21 15 31 Ferulic acid

3 17.15 14 32 58
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Peroxide degradation

Degradation of the aglycone of the purified
anthocyanins was performed by treatment with 2 M
ammonia solution and 30% hydrogen peroxide as
-described by Markham [3]. The remaining carbo-
hydrate parts of the anthocyanins were derivatized
for GC analysis.

Monosaccharide analysis

Samples containing 50-500 ug of flavonoid stan-
dard or purified anthocyanin were dried in a stream
of nitrogen and dissolved in 490 ul of water. After
the addition of 50 ug of myo-inositol as internal
standard, the samples were brought to 2 M trifluoro-
acetic acid (TFA) and hydrolysed at 120°C for
60 min. The liberated aglycones could be extracted
from the hydrolysate with ethyl acetate and identi-
fied by TLC or HPLC. The TFA was then removed
by evaporation with nitrogen and the monosac-
charides were reduced and acetylated according to
Harris et al. [6] to obtain volatile alditol acetates.
Aromatic acyl groups are probably detached from
the saccharides during this procedure. The alditol
acetates were extracted with 1.5 ml of dichloro-
methane and the organic phase’ was washed four
times with water. Then the dichloromethane was
removed in a stream of filtered air and the dry
samples were stored at — 18°C. For GC analysis, the
samples were dissolved in 50 ul of dichloromethane.

GC was performed on a Shimadzu GC-9A instru-
ment equipped with a flame ionization detector
(275°C). Separation of the alditol acetates was
carried out on an SP-2340 capillary column (30 m x
0.25mm L.D.) isothermally at 235°C. The carrier gas
was nitrogen at an inlet pressure of 4.5 bar. Volumes
of 1.0-1.5 ul of the samples were injected into a glass
inlet at 275°C with a splitting ratio of 10:1. The
alditol acetates were identified by comparing their
relative retention times with respect to myo-inositol
hexaacetate with those of known standards. Quanti-
fication was based on relative response factors
obtained by the analysis of standard mixtures of
monosaccharides.

Methylation analysis

A modification of the procedure described by
Harris et al. [6] was used [15]. Rutin in different
amounts ranging from 0.2 to 0.8 mg or 0.2-2 mg of
purified anthocyanins were dried carefully in a
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Speed Vac and taken up in 0.2 ml of dry DMSO. A
0.2-ml volume of dimethylsulphinyl carbanion (po-
tassium salt) was added under argon and the
samples were stirred at ambient temperature for at
least 60 min. During this deprotonation [7], aro-
matic acyl groups are likely to be removed from the
anthocyanins by alkaline hydrolysis. The samples
were cooled on ice and 150 ul of methyl iodide were
added to the frozen samples. After thawing and
mixing, the methylation reaction was allowed to
proceed for at least 1 h or overnight. Subsequently,
3 ml of chloroform—methanol (2:1, v/v) were added
and the organic phase was washed four times with
2 ml of water. The methylated samples were then
dried under a stream of filtered air at 40°C. A 50-ug
amount of myo-inositol was added as an internal
standard and the permethylated saccharides were
hydrolysed in 2 M TFA. This procedure also
removes the aglycones from the saccharide part. The
partially methylated monosaccharides were then
reduced and acetylated as described above for the
monosaccharide analysis.

GC was performed on a Shimadzu GC-9A instru-
ment equipped with a DB-1701 capillary column
(30m x 0.25mm 1.D., 0.25-um film thickness) with
temperature programming from 180 to 240°C at
2.5°C/min. The carrier gas, injector and detector
were as described above. The peaks were identified
by comparing their relative retention times with
those of PMAA standards analysed by GC-MS.
Cellobiose was used as the external standard. Quan-
titative results were obtained by using the relative
response factors provided by Sweet et al. [19].

RESULTS AND DISCUSSION

Monosaccharide composition

The derivatization of the sugar residues to their
alditol acetates produces volatile derivatives suitable
for GC analysis [4]. A mixture of the alditol acetates
derived from eight standard sugars and the internal
standard myo-inositol was well separated by capil-
lary GC (Fig. la). The alditol acetates could also be
chromatographed with the column and GC pro-
gramme used for methylation analysis.

The investigation of the flavonoid standards
quercitrin (= quercetin 3-rhamnoside), hyperoside
(= quercetin 3-galactoside), rutin (= quercetin
3-rhamnosylglucoside), cyanin (= cyanidin 3,5-di-
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Fig. I. GC separation of alditol acetates on a Shimadzu GC-9A instrument equipped with an SP-2340 capillary column (30 m x 0.25 mm
ID.) run isothermally at 235°C with flame ionization detection. Derivatization of the samples was carried out as described under
Experimental. (a) Standard mixture containing alditol acetates derived from Rha = rhamnose, Fuc = fucose, Rib = ribose, Ara =
arabinose, Xyl = xylose, Man = mannose, Gal = galactose, Glc = glucose and Ino = myo-inositol. (b) Alditol acetates derived from the
purified major anthocyanin from carrot cell suspension cultures with myo-inositol as internal standard.

glucoside) and cyanidin 3-glucoside yielded the
expected monosaccharide derivatives (data not
shown). In the.chromatograms for quercitrin and
hyperoside, some impurities were present: traces of
glucose could be identified, probably originating
from the cellulose TLC plates. The flavonoid agly-
cones were split off during acid hydrolysis and could
be extracted with ethyl acetate and identified by
TLC or HPLC.

Capillary GC of the alditol acetates derived from
the major anthocyanin of carrot cell cultures after
TFA hydrolysis and derivatization yielded three
peaks (Fig. 1b) which could be clearly identified as
xylitol pentaacetate, galactitol hexaacetate and glu-
citol hexaacetate by comparison with the standard
mixture (Fig. 1a). Hence the carbohydrate compo-

nent of the pigment is composed of xylose, glucose
and galactose in equimolar amounts. These results
confirm earlier findings by Harborne et al. [10] and
Hopp and Seitz [11] obtained with PC and TLC.
Two further carrot anthocyanins proved to have the
same monosaccharide composition. Hemingson and
Collins [20] tried to determine the monosaccharides
in carrot anthocyanins using a similar method, but
had problems with extraneous sugars probably
originating from the chromatography paper. Their
identification of two mono- and two diglycosides is
obviously connected with degradation products
[10].

The monosaccharide composition of samples con-
taining as little as 50 ug of purified pigment could be
unambiguously determined with the outlined proce-
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dure. In contrast, GC analysis of sugars after
trimethylsilylation requires about 250-500 ug [3].
Despite some limitations (difficulties with ketoses
and some sugar pairs have been discussed [5]), this
derivatization technique has proved to be a useful
method for identifying most of the monosaccharides
naturally occurring in anthocyanins and other fla-
vonoids.

Methylation analysis

The PMAA obtained by methylation of the free
hydroxyl groups, hydrolysis of the glycosidic bonds
and subsequent acetylation were separated by capil-
lary GC and identified by comparison with PMAA
standards and the external standard cellobiose [15].
Cellobiose yielded two peaks originating from a ter-
minal glucose residue bound through C-1 and a glu-
cose bound through C-4. Rutin exhibited one peak
clearly representing a 1,5,6-tri-O-acetyl-2,3,4-tri-O-
methylglucitol and a peak that could not be distin-
guished from a terminal rhamnose (2,3,4-tri-O-
methylrhamnositol). These two peaks corresponded
to the expected derivatives which were present in
equimolar amounts (data not shown). A series with
different quantities of rutin from 200 to 800 ug was
analysed, revealing that 200 ug were sufficient for
detection. Thus, methylation analysis requires much
smaller amounts of analyte than 13C NMR studies
necessary for structure clucidation with spectro-
scopic methods.

Methylation analysis of the glycoside part of the
major carrot anthocyanin yielded three PMAA
peaks separated with capillary GC (Fig. 2). Their
relative retention times (RRT) compared with the
internal standard were 0.330 (peak 1), 0.455 (peak 2)
and 0.835 (peak 3). Peak 3 corresponded well
to 1,2,5,6-tetra-O-acetyl-3,4-di-O-methylgalactitol
(RRT 0.838) and definitely not to a tri-O-acetyltri-
O-methylgalactitol (RRT 0.586-0.687) [15]. This
unequivocally proved that the galactose residue is
branched at the 2- and 6-positions, as had been
postulated from fast atom bombardment (FAB) MS
data [21]. Peak 1 represented 1,5-di-O-acetyl-2,3,4-
tri-O-methylxylitol and peak 2 1,5-di-O-acetyl-
2,3,4,6-tetra-O-methylglucitol originating from ter-
minal xylopyranose and glucopyranose, respective-
ly. Chromatograms of the external standard cello-
biose confirmed the peak identification. The three
peaks represented equimolar amounts as calculated

85

detector response

LUML_JL

OfF— -~ —

I | ! ] ] ] 1
0 4 8 12 16 20 24
fime [min]

Fig. 2. GC analysis of partially methylated alditol acetates
prepared from the purified major anthocyanin component of
carrot cell cultures. GC was performed on a Shimadzu GC-9A
instrument equipped with a DB-1701 capillary column (30 m x
0.25 mm LD., 0.25-um film thickness) with a temperature
gradient from 180 to 240°C at 2.5°C/min and flame ionization
detection. IS = Internal standard (myo-inositol).

from the relative response factors [19]. Hence the
results on the monosaccharide composition are
corroborated by methylation analysis.

The occurrence of nine methylated hydroxyl
groups on derivatization of the trisaccharide indi-
cated that the acyl group must have been removed
prior to methylation by the alkali treatment with
dimethylsulphinyl carbanion. The attachment site of
the acyl group therefore cannot be determined with
this technique. Attempts to evaluate the position of
this linkage by GC analysis of methylated samples of
anthocyanins [18,22,23] were hampered in each
instance by the removal of the acyl group during
methylation. Considering the detection of sinapoyl-
glucose fragments with FAB-MS [21], the acyl group
must be attached to the glucose moiety. On the basis
of indirect evidence, the glucose—galactose link has
been concluded to be B (1-6) [12]. As the acyl group
was clearly identified to be sinapic acid by HPLC
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Fig. 3. Structures of three anthocyanins from carrot cell suspen-
sion cultures.

(data not shown), the structure of the major antho-
cyanin from carrot cell suspension cultures is cyani-
din 3-(6%-glucosyllathyroside), i.e., cyanidin 3-O-
(2"-xylopyranosyl-6”-glucopyranosylgalactopyra-
noside), acylated with sinapic acid. This conclusion
is consistent with NMR data obtained recently [24].
Another two anthocyanins derived from the same
cell culture were analysed. They exhibited the same
carbohydrate component but contained ferulic acid
or had no acyl residue (Fig. 3).

A comparable methylation procedure with methyl
iodide in dimethylformamide in the presence of
silver oxide has been described for the examination
of acylated betacyanins [23]. The identification of
partially methylated sugars by PC and TLC made
possible the discovery of a branched trisaccharide in
the betacyanins of Bougainvillea glabra [25].

Deacylation of the anthocyanins with potassium
hydroxide prior to derivatization had no substantial
effect on either the methylation data or on the
monosaccharide analysis. Since peroxide degrada-
tion of the cyanidin aglycone did not improve the
GC profiles cither, we suggest that both derivatiza-
tion procedures are carried out without additional
pretreatment. The advantage of the outlined GC
analyses is their sensitivity and the option of com-
bining them with detection by mass spectrometry.
The monosaccharide composition can be elucidated
with only 25 ug of carbohydrate. Complete methyla-
tion allows reliable determinations of the interglyco-
sidic linkages (except the o or f§ configuration at the

W. E. GLASSGEN et al.

anomeric carbon atoms) and terminal sugars with
samples containing as little as 200 ug of purified
pigment. Methylation analysis is especially suitable
for investigations of complex glycosides, e.g., for
branched saccharides in anthocyanins and other
flavonoids.
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ABSTRACT

The major sample components in dichloromethane extracts of munitions-grade tabun decontaminated with methanol-potassium
hydroxide, including nine compounds not previously associated with tabun, were identified following capillary column gas chromato-
graphic-mass spectrometric analysis. Electron impact fragmentation ions provided valuable structural information for the unknown
sample components, but the presence of little or no molecular ion information for many of the components made identification difficult.
Ammonia chemical ionization analysis was required to provide the complementary molecular ion information necessary for identifica-
tion or tentative identification of these compounds. All the major sample components exhibited significant (M +H)* and (M +NH,)*
pseudo-molecular ions and in some cases structurally significant chemical ionization fragmentation ions during capillary column
ammonia chemical ionization gas chromatographic-mass spectrometric analysis.

INTRODUCTION

The possible ratification of a United Nations
Chemical Weapons Convention has prompted
many nations to consider the ramifications of chem-
ical warfare agent destruction. Destruction of orga-
nophosphorus chemical warfare agents may be
done by chemical and/or thermal means, with
chemical degradation often being preferred for
small-scale operations. Regardless of the destruc-
tion method, it will be critical to both the Chemical
Weapons Convention inspectorate and environ-
mental concerns, that adequate analytical methods
be available to monitor both the destruction of
chemical warfare agents and the resultant reaction
products.

Capillary column gas chromatography with
flame ionization detection (GC-FID) may be used
for the detection of chemical warfare agents [1,2].
However, it is generally agreed that the Chemical
Weapons Convention will require confirmation of
chemical warfare agents and their degradation

0021-9673/92/$05.00 ©

products by mass spectrometry (MS). Electron im-
pact (EI) ionization has been used for the verifica-
tion of organophosphorus chemical warfare agents,
as the EI mass spectra of numerous chemical war-
fare agents, their decomposition products and relat-
ed compounds have been published [3-8]. EI mass
spectra generally provide excellent structural infor-
mation [9], but the presence of little or no molecular
ion information often hinders the identification of
unknown organophosphorus compounds. Chem-
ical ionization mass spectrometry (CI-MS) [10] has
been used with increasing frequency to provide mo-
lecular ion information for organophosphorus
compounds [11] with isobutane and other CI gases
[4,12] having been used in the analysis of organo-
phosphorus chemical warfare agents. More recent-
ly, the efficacy of ammonia CI-MS [13] has been
demonstrated for phosphorous oxyacids [14], for
several organophosphorus pesticides [15-17], dur-
ing tandem MS study [18,19] and for the identifica-
tion of unknown components of interest to the
Chemical Weapons Convention in tabun [5,8] and

1992 Elsevier Science Publishers B.V. All rights reserved
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VX [7] formulations. Ammonia CI-MS was partic-
ularly valuable in the formulation analyses and was
therefore used in this project for the identification
of unknown organophosphorus degradation prod-
ucts in decontaminated munitions grade tabun.

A small-scale chemical destruction of the orga-
nophosphorus chemical warfare agent, ethyl di-
methylphosphoramidocyanidate (tabun), was car-
ried out using methanol-potassium hydroxide and
the resultant solutions stored awaiting high-temper-
ature incineration at the Defence Research Estab-
lishment Suffield. Samples of the decontaminated
munitions-grade tabun were extracted with dichlo-
romethane and subjected to capillary column GC—
MS analysis to verify complete destruction of the
tabun. EI-MS and ammonia CI-MS analysis of the
dichloromethane extracts indicated the presence of
a number of compounds due to methanolysis that
were not previously associated with the munitions
grade tabun [8]. The primary objective of this study
was the MS identification of these unknown com-
ponents, as this information would be of value to
others involved in the verification of chemical war-
fare agent destruction.

EXPERIMENTAL

Munitions-grade tabun and dichloromethane ex-
tracts of the munitions-grade tabun decontaminat-
ed with methanol-potassium hydroxide were pro-
vided by personnel involved in a project that will rid
the Defence Research Establishment Suffield Ex-
perimental Proving Grounds of chemical waste. All
samples were stored in PTFE-lined screw-capped
vials at 4°C prior to GC analysis. Anhydrous-grade
ammonia (99.99%) was used during CI-MS analy-
ses (Liquid Carbonic Ltd.).

Munitions-grade tabun and dichloromethane ex-
tracts of decontaminated munitions-grade tabun
samples were analysed by capillary column GC-MS
under both EI and ammonia CI conditions. Analy-
ses were carried out with a VG 70/70E mass spec-
trometer equipped with a Varian 3700 gas chro-
matograph. All GC injections were cool on-column
onto 15 m X 0.32 mm I.D. J&W capillary columns
coated with either DBWAX or DB-1701 films (0.25
um) with the following temperature programme:
50°C (2 min), then 10°C/min to 230°C. Helium was
used as the carrier gas with a linear velocity of ap-
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proximately 100 cm/s. EI conditions were as fol-
lows: electron energy, 70 eV; source temperature,
200°C; emission, 100 yA and source pressure, 5 -
10”7 Torr. Ammonia CI conditions were as fol-
lows: electron energy, 50 eV; source temperature,
130°C; emission, 500 uA and source pressure, 9 -
1073 Torr. All EI and CI full scanning data were
obtained over 400 to 35 u at 1 s/decade with an
accelerating voltage of 6 kV.

RESULTS AND DISCUSSION

Twenty-four organophosphorus compounds
were detected during capillary column GC-MS
analysis of the munitions-grade tabun and dichloro-
methane extracts of the decontaminated munitions-
grade tabun (Table I). Fig. 1 illustrates a typical
chromatogram obtained for munitions-grade tabun
using the DBWAX column. Following methanol-
potassium hydroxide decontamination of the muni-
tions-grade tabun, a number of new sample compo-
nents were resolved through the use of both
DBWAX (Fig. 2) and DB-1701 (Fig. 3) columns.
Tabun and two other cyano substituted organo-
phosphorus compounds, observed in munitions-
grade tabun [8], were not detected in samples decon-
taminated with methanol-potassium hydroxide.
Electron impact mass spectra provided valuable
structural information for the unknown com-
pounds, but the presence of little or no molecular
ion information hindered identification.

Ammonia CI-MS, a technique being used with
increasing frequency to provide the complementary
molecular ion information for organophosphorus
chemical warfare agents, greatly aided the identifi-
cation of the decontamination products of muni-
tions-grade tabun. All the compounds identified
during chromatographic analysis of munitions-
grade tabun and the decontamination products of
the munitions-grade tabun exhibited pseudo-molec-
ular ions during ammonia CI-MS and in many
cases structurally significant CI fragmentation ions
due to the neutral loss of C;H, +, (where x = 2 or
3) from the largest alkoxy (OC,H, +») substituent.

Figs. 4 and S illustrate the EI and ammonia CI
mass spectra of organophosphorus compounds not
previously reported in munitions-grade tabun [8].
Five of the compounds, isopropyl methy! ethyl-
phosphonate (Fig. 4a), diisopropyl ethylphospho-
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TABLE 1

COMPOUNDS IDENTIFIED IN MUNITIONS-GRADE TABUN

TABUN

AND DECONTAMINATED MUNITIONS-GRADE

Peak Nos. refer to chromatograms in Figs. 1, 2 and 3. Asterisks indicate presence in munitions (M)-grade tabun or in decontaminated

(D) munitions-grade tabun.

Peak No. Mol. wt. M D Compound
1 166 * * Isopropyl methyl ethylphosphonate
2 194 * * Diisopropyl ethylphosphonate
3 209 * * Diisopropyl dimethylphosphoramidate®
4 140 - * Trimethyl phosphate
5 153 - * Dimethyl dimethylphosphoramidate
6 181 - * Isopropyl methyl dimethylphosphoramidate
7 195 * * Ethyl isopropyl dimethylphosphoramidate®
8 167 - * Ethyl methyl dimethylphosphoramidate
9 224 * * Triisopropyl phosphate”
10 - * Unknown® »
11 181 * * Diethyl dimethylphosphoramidate®
12 182 - * Ethyl isopropyl methyl phosphate
13 210 * * Diisopropyl! ethyl phosphate®
i4 168 - * Diethyl methyl phosphate
15 196 * * Diethyl isopropyl phosphate®
16 182 * * Triethyl phosphate”
17 194 * * Methyl pinacolyl methylphosphonate
18 194 * * Isopropyl tetramethylphosphorodiamidate®
19 166 - * Methyl tetramethylphosphorodiamidate
20 180 * * Ethyl tetramethylphosphorodiamidate®
21 176 * - Isopropyl dimethylphosphoramidocyanidate®
22 162 * - Ethyl dimethylphosphoramidocyanidate (Tabun)®
23 161 * . - Tetramethylphosphorodiamidic cyanide®
24 154 - * Dimethyl ethyl phosphate

% Compound previously identified in munitions-grade tabun (ref. 8)
b EI data were not interpretable and no ammonia CI data were obtained.
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Fig. 1. Capillary column GC-MS total ion current chromato-
gram of munitions-grade tabun obtained under electron impact
ionization conditions. Sample components are identified in Ta-
ble I. Conditions: 15m X 0.32 mm [.D. J&W DBWAX; 50°C (2
min), 10°C/min to 230°C (5 min); 1 MS Scan = 1.3 s).

nate (Fig. 4b), dimethyl dimethylphosphoramidate
(Fig. 4c), ethyl methyl dimethylphosphoramidate
-(Fig. 4e) and methy! pinacolyl methylphosphonate
(Fig. 5¢), exhibited EI mass spectra similar to those
published by the Finnish Research Project for
Chemical Warfare Verification [3,20], and tentative
identification was possible on this basis. Further
evidence, particularly for the three compounds
which do provide molecular ion information under
EI conditions (isopropy! methyl ethylphosphonate,
diisopropyl ethylphosphonate and methy! pinacolyl
methylphosphonate) was obtained during ammonia
CI analysis. (M+H)* and (M+NH,)* pseudo-
molecular ions were observed for these three com-
pounds as well as for the other two compounds that
exhibit molecular ions under EI conditions. Back-
ground subtraction, performed on all the ammonia
CI mass spectra presented, was not always effective
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Fig. 2. Capiliary column GC-MS total ion current chromato-
gram of dichloromethane extract of methanol-potassium hy-
droxide decontaminated munitions-grade tabun obtained under
electron impact ionization conditions. Sample components are
identified in Table 1. Component 9 was minor compared to com-
ponent 8. Conditions: 15 m x 0.32 mm 1.D. J&W DBWAX;
50°C (2 min), 10°C/min to 230°C (5 min); 1 MS Scan = 1.3 s.

in completely reducing the low mass CI background
ions (< m/z 100) for several minor components
(i.e., Figs. 4a and b).

The remaining five compounds were identified on
the basis of interpretation of both the EI and am-
monia CI data acquired. Isopropyl methyl dimeth-
ylphosphoramidate (Fig. 4d) exhibited EI ions at
mjz 181, 166, 139, 122 and 108, likely due to M*,
(M—-CHy*, (M—CsHg*, (M—0OC3H,)* and
[N(CH3),P(O)OH]*, respectively. The base ion at
mjz 44, due to [N(CH3),] ", was typically observed
as the base ion during prior analysis of other di-
methylphosphoramidates [5,8]. The m/z 181 ion was
confirmed as the molecular ion during ammonia CI
by the presence of (M +H)* and (M + NH,)* pseu-
do-molecular ions at m/z 182 and 199 respectively.

Ethyl isopropyl methyl phosphate was character-
ized by EI fragmentation ions at m/z 167, 141, 139,
113 .and 95, likely due to (M—CHay*,
(M—C3Hs)*, (M—C3H,)*, [(OH)sP(OCH,)]*
and [(OH)P(O)(OCH3)]*, respectively. Molecular
ion information, absent in the EI data, was provid-
ed during ammonia CI analysis. Pseudo-molecular
ions at m/z 183 and 200, due to M +H)* and
(M+NHy ", respectively, and CI fragmentation
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Fig. 3. Capillary column GC-MS total ion current chromato-
gram of dichloromethane extract of methanol-potassium hy-
droxide decontaminated munitions-grade tabun obtained under
electron impact ionization conditions. Sample components are
identified in Table 1. Conditions: 15 m x 0.32 mm 1.D. J&W
DB-1701; 50°C (2 min), 10°C/min to 250°C (5 min); 1 MS Scan
=13s.

ions due to the loss of C3Hg from both pseudo-
molecular ions (m/z 141 and 158) were observed
(Fig. 5a).

Diethyl methyl phosphate exhibited a weak EI
molecular ion at m/z 168 and several diagnostic EI
fragmentation ions at m/z 153, 141, 113, 95 and 81,
likely due to (M—CH3)*, (M —C,H3)*, [(OH);P
(OCH3)]*, [(OH)P(O)(OCH3)]* and [(OH),P
(O)]*, respectively (Fig. 5b). The molecular weight
of the compound was confirmed by the presence of
pseudo-molecular ions at m/z 169 and 186, due to
(M+H)* and (M+NH,)*, respectively, and CI
fragmentation ions due to the loss of C,H, from
both pseudo-molecular ions (#1/z 141 and 158) were
observed.

Methyl tetramethylphosphorodiamidate was
characterized by an intense molecular ion at m/z
166, an EI fragmentation ion due to loss of
N(CH3;); from the molecular ion (#2/z 122) and the
ion diagnostic of dimethylphosphoramidates at m/z
44 due to [N(CH3),]* (Fig. 5d). The ammonia CI
mass spectrum contained pseudo-molecular ions at
m/z 167 and 184 due to (M +H)* and (M +NH,)*,
respectively.

Dimethyl ethyl phosphate exhibited EI fragmen-
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Fig. 4. Electron impact (left) and ammonia chemical ionization (right) mass spectra obtained for (a) isopropyl methyl ethylphospho-
nate, (b) diisopropyl ethylphosphonate, (c) dimethyl dimethylphosphoramidate, (d) isopropy! methyl dimethylphosphoramidate and
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tation ions at m/z 153, 127, 109 and 95 likely due to
M-H)*, (M—C,H3)*, (M—O0C,Hs)* and
[(OH)P(O)(OCH3)] ™", respectively (Fig. 5€). Sup-
port for a molecular weight of 154 was provided by
the presence of pseudo-molecular ions at m/z 155
and 172, due to (M +H)* and (M +NH,)*, respec-
tively.

The methanolysis product of tabun, ethyl methyl
dimethylphosphoramidate [(EtO)(CN)P(O)(N-
Me,)], was the major component identified during
GC-MS analysis of the decontaminated munitions-
grade tabun (Figs. 2 and 3). Compounds, such as
methyl tetramethylphosphorodiamidate and di-
methyl dimethylphosphoramidate, could be expect-
ed after methanolysis of, for example, the muni-
tions-grade tabun component, tetramethylphos-
phorodiamidic cyanide. Most of the other metha-
nolysis products could be rationalized in a similar
manner. The ammonia Cl mass spectrum of tri-
methyl phosphate acquired was similar to published
data [14] and the presence of this minor component
was confirmed with a standard. An unusual com-
pound methyl pinacolyl methylphosphonate (two
chromatographic peaks due to diastereoisomeric
pair) was found in both the munitions-grade tabun
and the decontaminated munitions-grade tabun ex-
tract. This compound, present at a very low level
relative to the other sample components in muni-
tions-grade tabun (Fig. 1), was likely due to con-
tamination of the tabun with a small amount of the
organophosphorus chemical warfare agent, soman
or a related pinacolyl containing compound. The
P-Et compounds, diisopropyl ethylphosphonate
and isopropyl methyl ethylphosphonate (peaks 1
and 2), may also be tabun contaminates. Pyrophos-
phates identified in munitions-grade tabun [8] were
not observed in the dichloromethane extracts of the
decontaminated tabun.

CONCLUSIONS

The major sample components in dichlorometh-
ane extracts of munitions-grade tabun decontam-
inated with methanol-potassium hydroxide, includ-
ing nine compounds not previously associated with
tabun, were identified following capillary column
GC-MS analysis. Electron impact fragmentation
ions provided valuable structural information for
the unknown sample components, but the presence
of little or no molecular ion information for many
of the components made identification difficult. All

the major sample components exhibited significant
(M+H)* and (M +NH,)" pseudo-molecular ions
and in some cases structurally significant CI frag-
mentation ions during capillary column ammonia
chemical ionization. GC-MS analysis. Use of the
provided EI-MS and ammonia CI-MS data is antic-
ipated during capillary column GC-MS analysis of
chemical destruction samples by other laboratories
involved in chemical weapons verification and by
the United Nations Inspectorate during the destruc-
tion of Iraqi tabun stocks.
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ABSTRACT

An alternating current plasma (ACP) emission detector is used as a detector for capillary gas chromatography (GC) in the determina-
tion of organotin compounds in environmental marine samples. Detection limits for tributyltin chloride (TBT) and tetrabutyltin
(TEBT) were found to be 131 and 116 pg/s (as Sn), respectively. Calibration curves exhibited linearity over three orders of magnitude.
Precision was found to be less than 8.5% relative standard devision (n = 10) for both TBT and TEBT. Results for the separation and
detection of organotin compounds in‘complex sample matrices are presented to illustrate the selectivity of the ACP emission detector.
No prior hydride formation or alkylation reactions were performed on the organotin species prior to gas chromatographic detection.
Recovery data ranged from 77 to 100%. The results obtained in this study demonstrate the variability, selectivity and ease of use of the

GC-ACP detector for the determination of organotin compounds.

INTRODUCTION

Organotin compounds continue to generate con-
siderable interest among environmental researchers
because they exhibit extreme toxicity to a wide va-
riety of aquatic organisms such as fish, mussels and
mollusks [1-8]. Tributyltin chloride (TBT),
[CH3(CH,)3]3Sn, and tetrabutyltin (TEBT),
[CH5(CH,)3)4Sn, are two organotin compounds
which are frequently used as fungicides, bacteri-
cides as well as anticancer and biochemical agents
[2—4], the tri- and tetrabutyl moieties being more
toxic than the mono- or dibutyl forms. Consequent-
ly, most published data on the toxicity of organotin
in aquatic ecosystems focuses on TBT and TEBT
[5-8].

Harrison et al. [9] have published a compilation
of the various analytical techniques developed for
the determination of organotin compounds. These
include gas chromatography (GC) coupled with
various detection modes such as microwave in-
duced plasma [10-12], direct current plasma [13,14],

0021-9673/92/805.00 ©

atomic absorption spectroscopy [2,8,15-17] and
flame photometric detection [5,18]. High-perform-
ance liquid chromatography (HPLC) has also been
used in conjunction with several detection modes
including plasma emission spectroscopy [3,10], la-
ser-enhanced ionization detection [6], and furnace
atomic absorption spectroscopy [15,19]. Uden [20]
has provided an up-to-date review of on-line chro-
matographic detection by plasma emission spec-
troscopy in response to the resurgence and potential
demonstrated by atomic emission techniques in the
past decade.

In the majority of analytical approaches employ-
ed in the determination of tin compounds, hydride
generation or alkylation [2,5,16] has been used to
form volatile derivatives. Although most of these
paths have provided low detection limits, they ex-
hibit some minor drawbacks including unpredict-
able interferences from organic reagents used for
hydride generation, contamination of Grignard re-
agents with TBT and the possibility of molecular
rearrangement of organotin compounds accompa-
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nying the Grignard reaction [6].

Several recent studies in our laboratory have ad-
dressed the interfacing of a capillary gas chromato-
graphic and a HPLC system with an alternating
current plasma (ACP) emission detector for selec-
tive element detection [21-25]. With an ACP detec-
tor, a uniform discharge is generated across two
copper electrodes (3 mm diameter) in a controlled
helium atmosphere. Therefore, when a primary
supply of 115 V at 60 Hz feeds a step-up furnace
transformer, an unrectified output voltage of 10 000
V at a current of 23 mA is obtained. The discharge
is contained within a quartz tube with emitted radi-
ation incident on the entrance slit of a monochro-
mator, detected and processed. The device produces
a remarkably stable signal as it is self-seeding, re-
igniting itself every half-cycle (120 times/s) and is
easily constructed at modest cost.

The results of the present investigation demon-
strate the suitability of GC-ACP emission detection
in the analysis of environmentally significant orga-
notin compounds. No hydride formation or alkyla-
tion reactions were performed on the species prior
to detection. The procedure was applied to mussel,
sediment, industrial sludge and wastewater sam-
ples.

EXPERIMENTAL

Materials

All solvents employed in this study were pesticide
grade. Concentrated hydrochloric acid (Ultrex, J.
T. Baker, Philipsburg, NJ, USA), hydrobromic acid
(48%) (Fisher Scientific, Fair Lawn, NJ, USA) and
organotin standards as tributyltin chloride and te-
trabutyltin (Alfa Products, Ward Hill, MA, USA)
with stated purities of 96 and 93%, respectively,
were used without further purification. Stock solu-
tions of TBT and TEBT were prepared in benzene
and refrigerated until use. A regular unleaded Shell
gasoline sample was obtained locally.

Instrumentation

The GC-ACP detector system arrangement has
been described in detail elsewhere [24,25]. The sys-
tem includes a Hewlett-Packard 5890A gas chro-
matograph, a single-beam McPherson grating
monochromator (Model EU700 McPherson, Ac-
ton, MA), an optical bench equipped with an ad-
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justable optical mount and 75-mm biconvex quartz
lens (Stratford, CT), a R212 photomultiplier tube
(Hamamatsu, Middlesex, NJ, USA) coupled to a
McPherson Model 7640 voltage supply and a Hew-
lett-Packard 3392A integrator. A picoammeter
(Model 4148, Keithley instruments, Cleveland, OH,
USA) monitored the current generated by the pho-
tomultiplier tube. Data acquisition was simultane-
ously achieved with a Chrom-1AT chromatography
data acquisition board controlled by the Lab Calc
software (Galactic Industries, Salem, NH, USA) in
conjunction with a Zenith AT microcomputer. The
Lab Calc software package provided data smooth-
ing algorithms to reduce random noise and permit-
ted selectable sampling rates.

A DB-1 fused-silica capillary GC column (30 m
X 0.32 mm LD, 1.5 pm film thickness) (J&W Sci-
entific, Folsom, CA, USA) was employed. Helium
(Linde, ultra-high-purity grade) served as carrier
gas at a linear velocity of 30 cm/s and as the plasma
supporting gas at a flow-rate of 1800 ml/min. The
temperatures of the split injector (split ratio of
100:1) and the interface were maintained at 220°C
and 250°C, respectively. The operational param-
eters for the GC-ACP system appear in Table 1.

Preparation of marine samples

Mussels (Mytilus edulus) and sediments were col-
lected by hand from Boston Harbor at low tide and
were refrigerated to minimize possible changes in-

TABLE I

GENERAL ACP DETECTOR OPERATING CONDITIONS
USED IN THIS STUDY

Parameter Condition

Helium flow-rate 1800 ml/min

Alternating current 11000 V a.c.
power output

Slit width 200 ym

Slit height S mm

Analytical wavelength 300.91 nm
for Sn(I)

Picoammeter gain 0.03-107°to 10- 107 A

Picoammeter time 02s
constant

Photomultiplier tube R212, —1000 V d.c.
and voltage
Discharge tube

RC low-pass filter

1 mm I.D. x 6 mm O.D. quartz
Time constant 0.2 s
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duced by bacterial action. Mussels were transported
to the laboratory in plastic bags while sediments
were transported in polycarbonate containers
which were prewashed with acid. The industrial
sludge and wastewater samples were collected at a
local manufacturer of printed circuit boards. Syn-
thetic ocean water was prepared according to the
procedure of Parsons et al. [26].

The procedure used for the extraction of tin spe-
cies from mussel tissue and water samples was a
modification of the method reported by Martin-
Landa et al. [27]. After the exterior of the mussel
shells was rinsed thoroughly with distilled water,
the shells were then opened and the soft tissue re-
moved and washed with distilled water. The analyt-
ical sample set consisted of 6 samples, a blank and a
spiked blank. The blank consisted of distilled water,
glassware and the extracting reagent. The spiked
blank was the same except for the addition of
known amounts of tributyltin chloride and tetrabu-
tyltin. A 12-g amount of tissue or 100 ml of volume
of water (for the case of wastewater and ocean wa-
ter) were transferred into a 250-ml separatory fun-
nel. A 40-ml volume of concentrated hydrochloric
acid was added and the funnel shaken for 2 h fol-
lowed by a 2-h equilibration period. A 10-ml ali-
quot of hydrobromic acid (48%) was then added
and the solution was allowed to stand for 15 min. A
100-ml aliquot of benzene was then added to the
separatory funnel which was subjected to vigorous
shaking action for 5 min. After 1 h the organic layer
was removed.

The extraction method used for sediments and
sludge was a modification of the method reported
by Schebek and Andreae [8]. A 50-ml volume of
benzene and 1 ml of 30% HCI were added to an
appropriate amount of sediment. A PTFE-coated
stirring bar was added and the mixture boiled under
reflux conditions for 30-40 min in a water bath.
After cooling to room temperature, the mixture was
distributed among six 10-ml acid-washed glass
tubes and centrifuged for 1 h at 1500 g. The super-
natants were decanted, combined and transferred
into a 50-ml volumetric flask and diluted to the
mark with benzene. Each sediment sample was ex-
tracted and analyzed in triplicate.

Recovery studies with TBT and TEBT were per-
formed by analyzing a given original sample (e.g.
mussel tissue, sediment or water) and then spiking
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another portion of the original sample at a known
level of TBT and TEBT and repeating the same pro-
cedure in triplicate; all subsequent GC analyses
were also performed in triplicate.

RESULTS AND DISCUSSION

Spectral considerations

A general description of GC-ACP detector in-
terface and the plasma discharge tube appears else-
where [24,25]; however, in this study a modified
quartz plasma discharge tube 2cm X 1 mm L.D. x
6 mm O.D.) was utilized to enclose the plasma. Ap-
proximately 0.5 cm of the capillary column was in-
serted into the discharge tube after removal of the
protective polyimide coating from this segment. A
schematic diagram of the GC column-plasma dis-
charge tube interface is shown in Fig. 1. The ACP
detector plasma image was focused on the mono-
chromator entrance slit by means of an adjustable
optical mount and lens.

An ultrasonic nebulizer (common room humid-
ifier) was subsequently used to generate headspace
vapor of TEBT which was transported to the ACP
by helium make-up flow. This procedure provided a
constant mass introduction of TEBT into the plas-
ma and the emission wavelength-intensity profile of

—

—

Fig. 1. Gas chromatographic column—plasma discharge tube in-
terface. a = Column from the oven; b = 4 mm I.D. X 6 mm
O.D. transfer and electrode holding tubing; ¢ = helium plasma
gasinlet;d = 1 mm I.D. x 6 mm O.D. plasma discharge tube;
e = copper electrodes; f = 1/4 in O.D. Swagelok tee union.
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the tin lines were then determined. Emission intensi-
ties at wavelengths of 231.72, 242.95, 254.66, 270.65
and 300.91 nm were observed and corresponded to
relative intensities of 0.12, 0.67, 1.00, 0.07 and 0.75,
respectively. The 300.91-nm line was selected as the
analytical wavelength for this study because of its
favorable relative intensity and location in back-
ground emission spectrum where no interference
from OH, N,, NH, H, He and O is observed. A tin
hollow cathode lamp (Perkin-Elmer, Norwalk, CT,
USA) was employed to confirm the analytical emis-
sion line (300.91 nm) by positioning the lamp such
that its emission lines were incident on the entrance
slit of the monochromator. The ACP spectral pro-
file of this region is displayed in Fig. 2. The carbon
backbone of TEBT was also eliminated as a source
of molecular emission in this spectral region be-
cause a scan of benzene vapors in the ACP detector
did not produce any major emission bands.

Linearity and detection limits

Calibration plots for TBT and TEBT were pre-
pared by injecting seven repetitive injections of
known amounts of each solute into the GC-ACP
system. Linearity for each solute extended over
three orders of magnitude. Correlation coefficients
of the log-log plots were found to be 0.999 for TBT
and 0.998 for TEBT, respectively. The detection
limits of TBT and TEBT were estimated based on
integrated baseline noise [28,29]. Detection limit
may be defined as the amount of organotin species
needed to produce a signal that is three times the
standard deviation of the baseline noise divided by
the sensitivity whereas sensitivity is defined as the
slope of the calibration plot [30,31] multiplied by
the peak-width at half height of the analyte peak to
account for k' (capacity factor) [32]. Detection lim-
its were calculated to be 131 and 116 pg/s as Sn for
TBT and TEBT, respectively. These detection lim-
its, when converted to mass detection limits, be-
come 0.88 and 0.53 ng as Sn for TBT and TEBT,
respectively, and compare favorably with the detec-
tion limits of 2.5 ng as Sn for TBT reported by Web-
er and Han [2]. The precision in response at twice
the detection limit was under 8.5% relative stan-
dard deviation (n = 10) for both TBT and TEBT.

Selectivity
The selectivity ratio may be defined as the ratio of
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Fig. 2. (A) Background spectrum of the helium alternating cur-
rent plasma from 203 nm to 403 nm; (B) emission wavelength
profile of TEBT in the same spectral region as in (A) (see Table I
for experimental conditions of the ACP detector).

peak area response of the ACP detector at 300.91
nm per unit mass of tin to the response per gram
weight of carbon in a given compound. The selec-
tivity ratio of the ACP detector towards tin was
determined by means of injecting 1-ul aliquot of
standard solutions of selected organics and TEBT
with a column temperature of 200°C and a slit
width of 200 um, after which the responses were
then compared. Selectivity ratios of TEBT relative
to several organic solvents are listed in Table IT and
compare favorably with those reported with a GC-
microwave-induced plasma [11,12], exhibiting a
range of 2.1 - 10* to 5 - 10> for the organic probes
under consideration.
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TABLE 11

ACP SELECTIVITIES OF TETRABUTYLTIN RELATIVE
TO SELECTED ORGANICS

The selectivity ratio is defined as the ratio of the peak area re-
sponse per gram Sn to the peak area response per gram of carbon
in the indicated compound.

Compound Selectivity ratio
Carbon disulfide 21000
Chloroform 37 200
Ethylene disulfide 53 200
n-Butanol 87 400
Trichloroethylene 950 100
n-Heptane 99 400
Cumene 133 200
n-Hexane 142 300
Pyridine 225 200
Benzene 500 300

Analytical applications

Several applications were conducted in order to
demonstrate the practicality and selectivity under-
lying the ACP response to organotin species present
in complex matrices. An appropriate amount of
each sample was spiked with a known amount of
organotin standard and the appropriate extraction

etrabutyltin

Tributyitin

Relative Intensity

‘

i

1 2 3
TIME/MINUTES

re
(4]

Fig. 3. Chromatogram of spiked distilled water extract; indicated
peaks represent 4.8 ng of tributyltin chloride and 4.4 ng of te-
trabutyltin. Conditions: column temperature, 170°C; interface
temperature 200°C; split ratio, 100:1; amount injected, 1 ul;
0.03 - 1075 A fs.
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TABLE III

RECOVERY OF TRIBUTYLTIN CHLORIDE AND TE-
TRABUTYLTIN COMPOUNDS FROM SPIKED SAMPLES

Recovery + S.D. (%) (n = 3)

Tributyltin chloride Tetrabutyltin
Distilled water 98.78+1.19 101.44+1.08
Ocean water 89.54+0.76 91.11+1.22
Sediment 97.67+0.78 93.29+1.74
Wastewater 77.26+£1.94 83.33+1.10
Sludge 79.97+1.10 84.81+1.37

procedure carried out as previously described. The
chromatogram presented in Fig. 3 illustrates the
separation of TBT (4.8 ng) and TEBT (4.4 ng)in a
benzene extract of distilled water initially contain-
ing TBT and TEBT at concentrations of 120 and
106 ug/ml, respectively; likewise a chromatogram of
a benzene spiked extract (containing TBT and
TEBT) of mussels from Boston Harbor appears in
Fig. 4. Percent recovery data for TBT and TEBT
spiked in various matrices is listed in Table III and
ranges from 77 to 101%. The lower recoveries of
organotin from wastewater may be due to associ-

1 23

Relative intansity

2
TIME/MINUTES

-
-

Fig. 4. Chromatogram of extract of mussel tissue from Boston
Harbor spiked with tributyltin chloride and tetrabutyltin. Peaks:
1 = solvent; 2 = TBT; 3 = TEBT. Conditions: column temper-
ature, 170°C; interface temperature, 200°C; split ratio, 100:1;
0.1 - 107% A fs.
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Tributyltin _

Tetrabutyltin

Relative Intensity
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Fig. 5. (A) Chromatogram of regular unleaded gasoline illustrat-
ing the detection of 64 ng TBT (26 ng Sn) and 28 ng TEBT
(9.6 ng Sn) with ACP detector at 300.91 nm, 0.1 - 10° A fs.
(B) Chromatogram of regular unleaded gasoline detected by
flame ionization detection; conditions: 35°C (5 min) to 100°C at
4°C/min then to 230°C at 5°C/min.

ative effects with other organics present whereas
secondary partitioning effects may be responsible
for the lower recoveries in the sludge samples stud-
ied.

An additional application of the detection of or-
ganotin in gasoline, a potentially interfering matrix,
was then examined to demonstrate the sensitivity
and selectivity of the ACP detector. A 5-ml sample
of regular gasoline was spiked with 500 ul of a solu-
tion containing 192 ng of TBT and 85 ng of TEBT
and a 1-pl aliquot was then chromatographed. Par-
allel ACP and flame ionization detection chromato-
grams are shown in Fig. 5 where the indicated peaks
represent 64 ng TBT (26 ng Sn) and 28 ng TEBT
(9.6 ng Sn). Although TBT is not a additive to gaso-
line, the gasoline matrix may be viewed as potential-
ly problematic, as evidenced by the irregular ap-
pearance at the beginning of the chromatogram in
Fig. 5A due to the rapid coelution of many hydro-
carbons associated with gasoline. This coelution re-
sults in plasma instability and carbon background
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emission and has been observed in previous studies
[21,22]. The coelution of these components in Fig. 5
also demonstrates that the ACP detector does not
extinguish with the injection of a large solvent plug.

Hydrogen doping of plasma gas

The addition of hydrogen as a doping agent to
helium-supported plasmas has been shown to pro-
duce signal enhancement in some determinations
[12]; signal enhancement factors of two and three
have been reported for elements capable of under-
going hydride formation [33]. In the present study,
however, the addition of 0.5 to 3 ml/min of hydro-
gen gas to the helium flow did not produce any en-
hancement of organotin signals. Also, the hydrogen
flow creates intense heating of the plasma and caus-
es added stress on the walls of the discharge tube
resulting in reduced life-time of the discharge tube.

CONCLUSIONS

The ACP detector is a viable alternative to other
element-selective devices for the detection of orga-
notin species and offers considerable potential. The
detector is easily assembled and interfaced with
chromatographic equipment at modest cost. The
device exhibits a remarkably stable signal because
the plasma is self-seeding and reignites itself every
half cycle which is 120 times per second for the 60
Hz power supply. A tesla coil is not required to
commence operation of the plasma if the ac voltage
is greater than the breakdown voltage. As a result,
the ACP detector can tolerate high mass flow-rates
of solvent without extinguishing and, thus, requires
no venting valve which lends itself to a less complex
interface design and minimizes band broadening.

The reduction of background spectral interfer-
ence produced by molecular emission has not been
investigated with the ACP detector to date. The use
of techniques such as lock-in amplifiers, oscillating
quartz plates incorporated within a monochroma-
tor and pulsed power sources often lead to an im-
proved signal to noise ratio and better selectivity.
These fruitful avenues remain to be studied.
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ABSTRACT

The determination of selenium as 4,6-dibromopiazselenol by gas chromatography with electron-capture detection (GC-ECD) was
investigated. The rate of formation of the piazselenol from selenium(IV) and 1,2-diamino-3,5-dibromobenzene was studied as a
function of temperature. At 100°C the time for quantitative piazselenol formation can be reduced to 5 min without adverse effects on the
chromatograms. The use of capillary column results in the separation of the piazselenol from the background without clean-up steps. A
capillary column and derivatization at a high temperature facilitate application of the GC-ECD method. The method was applied to

the determination of total soluble selenium in water.

INTRODUCTION

The determination of selenium(I'V) by gas chro-
matography with electron-capture detection (GC-
ECD) is an established method. It is based on the
formation of a volatile compound, generally called a
piazselenol (PIAZ), in the reaction between seleni-
ous acid and a substituted o-phenylenediamine
(PDA):

NH,
X s X P N=N
@: + HySeQs =— \‘:I :sa + 2HO + HO*
= NH, = N

where X is one or several of Cl, Br, NO,, F or CF;.
The piazselenol is extracted into an organic solvent
before injection into the chromatograph.

The unsubstituted piazsclenol was first synthe-
sized in 1889 by Hinsberg [1], who showed that only
Se(IV) reacts with PDA to form the selenium
complex. In 1968, Nakashima and Tdei [2] published
a GC method for the determination of selenium
using 4-chloro-1,2-diaminobenzene as the ligand.
Since then, several papers have been published on
the determination of selenium in a range of samples

0021-9673/92/$05.00 ©

by GC [3-12]. Various substituted o-phenylenedi-
amines[2,3,9,10,12—14] have been employed in order
to increase the ECD sensitivity. Shimoishi [3] syn-
thesized a range of differently substituted piaz-
selenols and investigated their chromatographic
properties, distribution ratios and relative ECD
sensitivities. Amongst the thirteen piazselenols in-
vestigated, he found that 1,2-diamino-3,5-dibromo-
benzene (Br,-PDA) was the best as regards sensitiv-
ity and distribution ratio. Br,-PDA is perhaps the
most commonly used, commercially available ligand
today, although it is not the most sensitive.

When fluorine is present in a compound it gener-
ally enhances volatility and the ECD sensitivity. Dil-
li and Sutikno [13] investigatad 1,2-diamino-4-flu-
orobenzene and 1,2-diamino-4-trifluoromethylben-
zene. Al-Attar and Nickless [14] prepared and
investigated 3-bromo-5-fluoro-1,2-diaminobenzene
and 3-bromo-5-trifluoromethyl-1,2-diaminobenze-
ne (Br-CF;-PDA). Of these ligands, only Br-CF;-
PDA has a higher ECD sensitivity than Br,-PDA.

In addition, the substituted PDAs 2,3-diamino-
naphthalene [12,15] and 1,4-dibromo-2,3-diamino-
naphthalene [16] have been used as ligands, but the

1992 Elsevier Science Publishers B.V. All rights reserved
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sensitivities are inferior to those of the best PDA
ligands.

The GC-ECD method is only one of several
methods available for the determination of Se(IV).
Atomic absorption spectrometry after hydride gen-
eration (HG-AAS) [17,18] and cathodic stripping
voltammetry (CSV) [19,20] are two commonly used
methods. The GC-ECD method is more time con-
suming than the other two for water samples. In
earlier work it has been reported that the piazselenol
reaction takes several hours to reach completion at
room temperature [3,4] and generally several clean-
up steps are needed before the extract can be injected
into the gas chromatograph [4,5,10,13]. Reduction
of the time necessary for the formation of the
piazselenol and in the number of clean-up steps
required would make the GC-ECD method more
attractive. An advantage of the GC-ECD method is
that it makes possible the direct determination of
Se(IV) in natural water samples. This is not always
possible with the CSV and HG-AAS methods,
which are subject to interferences from organic
material in such samples. Further, low limits of
detection can be reached with the GC-ECD method
owing to the sensitivity of the electron-capture
detector and the preconcentration obtained in the
extraction of the piazselenol.

This paper reports investigations with Br,-PDA
as the ligand. This ligand was selected for several
reasons. It is commercially available in high purity,
and the lower volatility of the piazselenol derived
from Br,-PDA is favourable when the derivatiza-
tion is applied at higher temperatures. It also means
a longer retention time, which was needed as natural
water samples and the chemicals used generated
peaks at short and medium retention times. Further,
as will be shown, the values of the protonation
constants of Br,-PDA make the adjustment of the
optimum pH for the piazselenol reaction easy. The
rate of piazselenol formation was determined as a
function of temperature and ligand concentration.
Further, the chromatographic behaviour of a tolu-
ene extract of the reaction products obtained at
various temperatures was studied on a capillary
column. Derivatization at a high temperature in
conjunction with a capillary column separation
greatly facilitates the application of GC-ECD to the
determination of selenium. The method was applied
to the determination of total soluble selenium in
water.

K. JOHANSSON, A. OLIN
EXPERIMENTAL

Instrumentation

Kinetic studies were carried out in a 1-cm quartz
cuvette in a Perkin-Elmer Lambda 17 UV-VIS
spectrophotometer equipped with a thermostated
(£0.1°C) cell holder and a magnetic stirrer.

For the GC measurements a Shimadzu GC-14 gas
chromatograph equipped with a constant-current
53Ni electron-capture detector was used. The col-
umn was DB-1701 (15 m x 0.25 mm 1.D.) with a
0.25-um film thickness (J&W Scientific) with the
following conditions: carrier gas, helium at 40 cm/s;
split vent, 60 ml/min; purge vent, 1 ml/min; make-up
gas, nitrogen at 45 ml/min; injector temperature,
225°C; detector temperature, 325°C; and column
temperature programme, 100°C held for 2 min,
increased at 8°C/min to 175°C, held for 5 min,
increased at 15°C/min to 265°C, held for 5 min.

The injections (0.5 ul of sample + 1 ul of toluene)
were made in the splitless mode with a Shimadzu
AQOC-14 automatic injector, with a change to the
split mode after 1 min. The peak areas were evalu-
ated with a Shimadzu CR-5A integrator.

The UV destruction of organic material in water
samples was performed in a locally built device [21].
The closed quartz tubes (60 ml, 22 mm I.D.) were
placed around a 700-W UV lamp (Original Hanau,
Hanau, Germany). A temperature-controlled alu-
minium block [22], made in the laboratory, heated
the sample when Se(VI) was reduced to Se(IV) with
hydrochloric acid at 100°C.

Reagents

All chemicals except lindane were of analyti-
cal-reagent grade. Water purified with a Milli-Q
system (Millipore) (“Milli-Q water’) was used for
preparing standards and dilutions. All glassware
was cleaned in 4 M nitric acid and rinsed with
Milli-Q water.

1,2-Diamino-3,5-dibromobenzene. A 5.5 mM solu-
tion of Br,-PDA (Merck) in 0.5 M perchloric acid
was prepared. The solution was purified by extrac-
tion once with toluene and should preferably be kept
in the dark. When 100 m] was extracted with 5 ml of
toluene the Br,-PDA concentration decreased to
about 5.2 mM.

Selenium(IV). A stock standard solution contain-
ing 1 g/l of Se(IV) was prepared from an ampoule of
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selenium dioxide in dilute nitric acid (Merck) and its
concentration was checked by amperometric titra-
tion with thiosulphate after addition of a large
excess of iodide [23]. Working standard solutions
were obtained by serial dilution of the stock stan-
dard solution and contained 1 ml/1 of perchloric acid
(70-72%).

Lindane. A stock standard solution containing
2 mg/ml of lindane was prepared by dissolving
lindane (99%, Applied Science Labs., State College,
PA, USA) in toluene. A working standard solution
containing 18 ng/ml of lindane was prepared by
stepwise dilution of the stock standard solution with
toluene.

Lindane is an insecticide and precautions should
be taken to avoid inhalation and skin contact,
especially when preparing solutions.

4,6-Dibromopiazselenol (PIAZ ). This was synthe-
sized according to the literature [3,12-14]. The
synthesized piazselenol was analysed for selenium
after wet digestion according to a variation of
Gould’s method [24] using a 10:1 (v/v) mixture of
concentrated sulphuric acid and fuming nitric acid
and the amperometric titration method mentioned
above. The purity was 99.8 + 0.4%. A stock
standard solution containing 0.5 mg/ml of piaz-
selenol was prepared by dissolving piazselenol in
toluene. Working standard solutions were prepared
by serial dilution with toluene.

Kinetic experiments

To a quartz cuvette 3 ml of 0.10 or 0.30 mM
Br,-PDA were added and the cuvette was placed in a
thermostated cuvette holder. When the desired
temperature had been reached, 100 ul of 10 mg/l

Se(IV) solution were added. The automatic absor-

bance measurement was started immediately and the
absorbance was measured every 15 s at the begin-
ning and every I min at the end of the reaction. The
reaction was followed at 20, 30, 40, 50 and 60°C. The
wavelength used was 343 nm, where the piazselenol
has an absorption maximum and the ligand has an
absorbance of only 0.002 (Fig. 1).

Lindane as internal standard and the clean-up step
A stock standard solution containing 17 ng/ml of
lindane and 1.9 ng/ml of piazselenol in toluene was
prepared. A 1-ml volume of this solution was shaken
with 1.5 ml of 4, 6, 7, 8 or 9 M perchloric acid. The
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Fig. 1. UV absorption spectrum of 0.23 mM monoprotonated

1,2-diamino-3,5-dibromobenzene. (a) No selenium added; (b)

10 pM selenium added; formation of 10 uM 4,6-dibromopiaz-

selenol. The analytical wavelength (343 nm) is indicated by an

arrow.

aqueous phase was discarded and the toluene phase
shaken twice with 1.5 ml of Milli-Q water and then
injected into the chromatograph. The Milli-Q water
and the perchloric acid solutions were extracted with
toluene before use.

Extraction efficiency

To five 25-ml volumetric flasks, 15 ml of Milli-Q
water, 0.5 ml of 70-72% perchloric acid and 0.5 ml
of 5.2 mM Br,-PDA were added. To five 100-ml
volumetric flasks, 75 ml of Milli-Q water, 2 ml of
70-72% perchloric acid and 2 ml of 52 mM
Br,-PDA were added. Finally, to five 250-ml volu-
metric flasks, 200 ml of Milli-Q water, 5 ml of
70-72% perchloric acid and 5 ml of 52 mM
Br,-PDA were added. This means that the concen-
trations of Br,-PDA and perchloric acid in all flasks
were 0.1 mM and 0.25 M, respectively. To each set of
five volumetric flasks 0, 1, 2, 3 and 4 ml of a standard
solution containing 1 ng/ml of Se(IV) were added,
then, the flasks were diluted to the mark. After 3 h
the solutions were extracted with 1 ml of toluene
containing lindane as internal standard. The aque-
ous phases were discarded and the toluene phases
were transferred into 5-ml test-tubes with PTFE-
faced screw-caps. The toluene phases were shaken
once with 1.5 ml of 6 M perchloric acid and twice
with 1.5 ml of Milli-Q water. Before injection into
the chromatograph the organic phase was dried with
anhydrous sodium sulphate. Rapid phase separa-
tion was obtained by spinning the test-tubes.
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Derivatization at elevated temperatures

A 100-ml volume of test solution containing
10 ng/1 of Se(IV) and 0.25 M perchloric acid was
heated in a conical flask to the appropriate reaction
temperature. At temperatures between 20 and 80°C
the flask was placed in a low-temperature oven and
at 100°C the flask was heated to boiling on an
ordinary hot-plate. When the temperature had sta-
bilized, 1.9 ml of 5.5 mM Br,-PDA were added and
after 5¢, (where 1, is the half-life of the piazselenol
reaction) the solution was cooled to room tempera-
ture in a water-bath and then transferred quantitat-
ively with 5 ml of Milli-Q water to a separating
funnel for extraction. The extract was then treated as
described above. Blanks were run with Milli-Q
water.

Determination of total soluble selenium in water

The following method was applied to the determi-
nation of total soluble selenium in water.

Filter the sample through a 0.45-um filter, acidify
with 1 ml/l of perchloric acid and store the sample in
a refrigerator at 4°C. Add 25 ml of pretreated water
sample and 25 ul of 30% hydrogen peroxide to a
60-ml quartz tube. Irradiate the sample with a
700-W UV lamp for 3 h. Add 12.5 ml of concen-
trated hydrochloric acid (extracted with toluene) to
the sample [to reduce Se(VI) to Se(IV)] and place the
test-tubes in a temperature-controlled aluminium
block or equivalent. Boil the sample for 30 min.
Remove the tube from the heating source and add
1 ml of 5.5 mM Br,-PDA extracted with toluene.
Wait for 5 min, then cool the sample to room
temperature and transfer it quantitatively to a
separating funnel with 5 ml of Milli-Q water. Add
1 ml of toluene containing lindane (20 ng/ml) and
extract the sample for 2 min by vigorous shaking.
Discard the aqueous phase and transfer the toluene
phase to a 5-ml test-tube with a PTFE-faced screw-
cap. Wash the toluene twice with 1.5 ml of Milli-Q
water (rapid phase separation can be obtained by
spinning the test-tube). Dry the toluene phase by
adding anhydrous sodium sulphate prior to injec-
tion into the chromatograph. Evaluate the result
from a calibration graph obtained with PIAZ or
selenium(IV) standards and lindane as internal
standard.

The procedure is adapted to waters containing
10200 ng/l of selenium. Outside this range, the
sample volume should be adjusted.

K. JOHANSSON, A. OLIN
RESULTS AND DISCUSSION

Rate of the piazselenol reaction

In the following, the previous abbreviation Br,-
PDA for 1,2-diamino-3,5-dibromobenzene will be
retained in general discussions of the ligand; how-
ever, if its chemical form is of importance in the
context, the ligand will be referred to in italics by
Br,-PDA, Bry-PDAH® or Bry-PDAH2" toindicate
a particular species. A symbol in italics within
square brackets denotes concentration.

The formation of the piazselenol has been shown
repeatedly [3,25-28] to occur by the reaction be-
tween undissociated selenious acid and the diamine
in the monoprotonated form. Hence the rate of
reaction will be optimum in the pH range where
these species predominate. As the dissociation con-
stants of Br,-PDAH2* were unknown, they were
determined by spectrophotometric measurements.
The pK, , value was found to be 2.6. The value of
pK,.: could not be properly established but it must
be small as it was observed that the spectrum of
Br,-PDAH™ did not change until the medium was
3 M in perchloric acid and it changed continuously
in the range 3-7 M acid.

The pK,,; value of selenious acid is 2.6. Hence the
reaction rate should be virtually independent of the
acidity in the range 0.1-3 M. Outside this region the
amount of monoprotonated ligand decreases and
the reaction rate diminishes. Téei and Shimoishi
[3,8] found that Br,-PDAH™ reacts quantitatively
with selenious acid in 0.01-6 M hydrochloric acid if
the ligand is present in more than a 12 000-fold
molar excess over selenium(IV).

The kinetic experiments were carried out in
0.25 M perchloric acid. In this medium, Se(IV) will
be present almost exclusively as H,SeO; and the
ligand as Br,-PDAH™. The reason for using per-
chloric acid instead of the commonly employed
hydrochloric acid medium is the greater solubility of
Br,-PDA in perchloric acid. This acid also yielded
cleaner blank chromatograms than hydrochloric
acid.

From the previous discussion, the expected rate
law for the formation of the piazselenol is

_d[PI4Z]  d[Se(IV)]
T4 T dt

L[H,SeO3)[Broa-PDAH*] (1)
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Under the current experimental conditions, eqn. 1
can be written as, and a new second-order rate
constant, k,, defined by,

_ _d[Se(IV)]

T = ky[Se(IV))iu[Br-PDAlo (2)

as the reactants are constant fractions, almost equal
to 1, of the total selenium(I'V) and ligand concentra-
tions. In the following equations and discussions the
subscript tot will be omitted.

Eqn. 2 was experimentally tested by Ostwald’s
isolation method using an excess of the ligand.
Integration of eqn. 2 gives

In[Se(IV)] = In[Se(IV)]o — k't (3)

where k' = k,[Br,~-PDA] and [Se(IV )], represents
the initial selenium concentration. First [Se(IV)],
was varied at constant [Br,-PDA]. The results are
presented in Fig. 2. The slopes of the three lines are
equal, which is in agreement with eqn. 3. In a second
series of experiments [Br,~-PDA] was varied at
constant [Se( 1V }]o. The slopes of the lines in Fig. 3,
k', are different but the k, values are the same. The
proposed rate equation is thus confirmed. These
experiments were carried out at 20°C and eqn. 3 was
assumed to be valid also at higher temperatures.
The values of k' at higher temperatures were
evaluated in the following way in order to account
for a possible time lag before the reaction mixture
became homogeneous with respect to temperature

-In [Se(iV)]

14 T T T T 1

0 10 20
min .
Fig. 2. Determination of the rate constant of piazselenol forma-
tion at 20°C by fitting eqn. 3 to the experimental data. The
concentration of Br,-PDA was kept constant at 0.3 mA/ and the
total selenium(IV) concentration was varied: [ = 3.02; ® =
4.52; O = 6.03 uM.
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Fig. 3. Determination of the rate constant of piazselenol forma-
tion at 20°C by fitting eqn. 3 to the experimental data. The total
concentration of selenium was kept constant at 7.5 M and the
concentration of Br,-PDA was varied: O = 0.177, @ = 0.265;
O = 0.353 mM.

and concentration. The total concentration of sele-
nium, Co, i

Co = [PIAZ] + [Se(IV)] @)

With the ligand in excess the combination of
eqns. 1, 2 and 4 yields

d[PIAZ]
dt

The selenium(IV) solution is added to the Br,-
PDA solution in the cuvette at = 0. A certain time
will elapse before the solution is homogneous and
the temperature has stabilized at the preset value. At
that time, ¢t = #,, the concentrations are [Se(IV )] =
Cp and [PIAZ] = Cy — Cyp. Integration of eqn. 5
between ¢ and ¢, then results in

= K'(Co — [PIAZ)) ®)

[PIAZ] = Co — Be™*" (6)
where B = Cj ¢¥*. As the absorbance, A4, of the
piazselenol formed was measured, eqn. 6 is more
conveniently expressed as

A = A, —be™*" 7

Eqn. 7 was fitted to the experimental data shown
in Fig. 4 by non-linear least-squares calculations.

The results from the kinetic studies of the piaz-
selenol formation are presented in Table I. The
temperature dependence of the second-order rate
constant between 20 and 60°C can be expressed by

Ink, =229 — ——
n <y RT ®
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0.075

Absorbance

Fig. 4. Determination of the temperature dependence of piaz-
selenol formation. The rate constant at each temperature was
found by fitting eqn. 7 to the experimental data. Temperature:
0O = 60; @ = 50; A = 40; 4 = 30; O = 20°C.

with k, in 1 mol™! min~! and the activation energy
in J mol~!. Half-lives, #;, can be calculated from
eqns. 8 and 9:

o= In2
* 7 ky[Br,-PDA]

Table II contains estimates, expressed as 5S¢4, of
the time for quantitative piazselenol formation with
0.1 mM Br,-PDA at temperatures between 20 and
100°C in 0.25 M perchloric acid. The data indicate
that the reaction time could be shortened from
about 3 h to 4 min if the piazselenol can be formed at
100°C instead of room temperature (20°C). An
increased temperature has been used for the piaz-
selenol reaction in the analysis of biological samples

)

TABLE I

SECOND-ORDER RATE CONSTANTS OF THE PIAZ-
SELENOL FORMATION REACTION

The second-order rate constants (k,) were determined once with
0.1 and twice with 0.3 mM Br,-PDA. The estimated standard
deviation is given in parentheses.

Temperature  k,

(o] (I mol~! min™!)
20 200 (3)

30 362 (6)

40 616 (12)

50 1035 (39)

60 1658 (73)

K. JOHANSSON, A. OLIN

TABLE Il

TIME REQUIRED FOR QUANTITATIVE PIAZSELENOL
FORMATION

The estimated times correspond to five half-lives (57,) calculated
from Table I or, above 60°C, by extrapolation of eqn. 8. The
ligand concentration was 0.1 mM.

Temperature  5¢ Temperature  5¢
p! + 1

0 (min)  (°C) (min).
20 175 70 13

30 98 80 9

40 57 90 6

50 34 100 4

60 21

[7,10,13,29], but it has also been reported that a high
temperature in the derivatization step leads to a
number of spurious peaks in the chromatogram [29].

Chromatographic conditions and clean-up procedure
The piazselenol reaction yields by-products, which
together with a co-extracted excess of the diamine

Jresult in chromatographic peaks that may overlap

the piazselenol peak. Back-extractions of the or-
ganic extract with hydrochloric acid [3], perchloric
acid [4,6,7,13,14], perchloric acid and sodium hy-
droxide [5,11] or by passing the organic phase
through a Fluorosil column [10] have been used to
eliminate the interferences. For Br,-PDA it has been
reported [29] that a peak partially overlapping the
piazselenol peak could not be eliminated completely.

In earlier investigations on the GC determination
of selenium, packed columns have been used. With
the higher efficiency of a capillary column, interfer-
ences are absent in the present system even without a
clean-up procedure, as the piazselenol is well sepa-
rated from the by-products (Fig. 5a). The ligand,
which is added in large excess, elutes after the
piazselenol as two broad peaks. The effect of one
clean-up step on the toluene extract is shown in
Fig. 5b. The two broad peaks have almost disap-
peared and some of the peaks around the piazselenol
peak have decreased. A clean-up step could be
included in the method to prolong the lifetime of the
column and detector and was therefore investigated.

In the clean-up step the toluene phase was ex-
tracted once with 1.5 ml of 6 M perchloric acid
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Fig. 5. Chromatograms of toluene extract of the reaction mixture after reduction of Se(VI) to Se(IV) in 4 M hydrochloric acid and
piazselenol formation at 100°C. Only the analytically relevant part of the chromatogram is shown. A 25-ml volume of 130 ng/ Se solution
was made to react with 0.1 mM Br,-PDA for 5 min. The reaction mixture was extracted with 1 ml of toluene containing lindane as internal
standard. The volume injected was 0.5 ul. (a) Without clean-up; (b) with clean-up; extraction with 6 M perchloric acid.

followed by two washings with 1.5 ml of Milli-Q
water. This treatment removed most of the Br,-
PDA (Fig. 5b). The piazselenol was not back-ex-
tracted (Table III) unless the perchloric acid concen-
tration exceeded 7 M. This finding is in fair agree-
ment with a report [4] that two extractions can be

TABLE Ii1
BACK-EXTRACTION OF PIAZSELENOL AND LINDANE

A 1-ml volume of toluene containing 1.9 ng of piazselenol and
17 ng of lindane was extracted with perchloric acid solution. R is
the ratio between the areas of the piazselenol and lindane peaks.

[HCIO,] ¥ R
(M) (mlb)

- - 0.353
4 1.5 0355
6 15 0355
7 1.5 0350
8 1.5 0299
9 15 0112
0.25 100 0.346

made with 8 M perchloric acid without loss. For
4-bromo-6-fluoropiazselenol losses were observed
after washings with 6 M perchloric acid [14]. Such
differences between piazselenols might be due to
differences in their first protonation constants [30].

The temperature programme used gave a good
separation of the piazselenol peak from some minor
peaks close to it. The resolution between the piaz-
selenol and the two closest peaks were Ry(1) = 2.2
and Ry(2) = 3.3. It would therefore be possible to
use a shorter column. This was not investigated
because in the future the column will be used to
determine selenium(I'V) in water. Decomposition of
organic matter (UV destruction) then cannot be
made and this will lead to additional peaks in the
chromatogram from concomitants in the water.

If the Br,-PDA reagent was not extracted with
toluene before use, then a large peak appeared next
to the piazseleno!l peak.

Lindane as internal standard
Lindane was used as internal standard and about
18 ng/ml of lindane were added to the toluene used
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TABLE 1V
EFFICIENCY OF THE PIAZSELENOL EXTRACTION

The stated amounts of selenium were derivatized in different
volumes of 0.25 M perchloric acid and then extracted into 1 ml of
toluene. R is the ratio between the areas of the piazselenol and
lindane peaks corrected for the blank. The blank is the value of R
when no selenium was added.

Se(ng) R

Vig = Vg = Ve =

25 ml 100 ml 250 ml
Blank 0.0263 0.0384 0.0890
1 0.320 0.324 0.317
2 0.630 0.638 0.579
3 0.870 0.885 0.812
4 - 1.14 1.09

for extraction of the piazselenol. It is well separated
in the chromatogram (Fig. 5) and gives a good
response in the electron-capture detector. No loss of
lindane has been observed in the extraction or the
clean-up step.

Extraction efficiency

The efficiency of the extraction of the piazselenol
was investigated by extracting 0, 1, 2, 3 and 4 ng of

25 4
20 A
15 4

10 4

0 L) L) Ll 1 - 1
0 1 2 3 4 5
ng Se / ml toluene
Fig. 6. Calibration graphs. S is the area ratio between the
piazselenol peak and the internal standard (lindane) peak recalcu-
lated to an internal standard concentration of 1 ng/ml in toluene.
Results from ([J) synthesized piazselenol standards and (O)
derivatized selenium(IV) standards.
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selenium(1V) derivatized in different volumes of
0.25 M perchloric acid into 1 ml of toluene. The
results presented in Table IV indicate that the
distribution constant is so large that the extraction
can be considered to be quantitative. There was,
however, a small loss when extraction was made
from 250 ml of the aqueous phase. Owing to the
sensitivity of the method, the use of sample volumes
larger than 100 ml is seldom required. For larger
volumes the losses can be compensated for by
establishing a calibration graph from standards of
the appropriate volume.

Calibration

There was good agreement between calibration
graphs obtained from solutions of synthesized piaz-
selenol and derivatized standard solutions of sele-
nium(IV) (Fig. 6). Standard solutions of synthesized
piazselenol can therefore be used for calibration
purposes. As a check of the calibration, a standard
solution of selenium(IV), treated as the sample,
should be included in the analysis of real samples.
This procedure will correct for extraction losses with
large sample volumes.

The calibration graph is non-linear. The function
Y = AX?® reproduces the calibration data well after
subtraction of the blank. The value of B is typically
about 0.9.

Derivatization at higher temperatures-

The formation of the piazselenol at higher tem-
peratures and hence shorter reaction times, 5¢,, was
investigated in two series of experiments. In the first
series the toluene extracts were subjected to the
previously described clean-up step with 6 M per-
chloric acid. This step was excluded in the second
series. No special precautions were taken to mini-
mize possible loss of piazselenol, other than covering
the mouth of the conical reaction flask with a
watch-glass. Losses of the volatile piazselenol would
be greatest from boiling solution. In the experiments
performed at 100°C the reaction vessel was therefore
removed from the hot-plate before adding Br,-
PDA. The calculated reaction time was prolonged
by 1 min instead.

At all temperatures the derivatizations resulted in
very similar chromatograms. The analytical data are
presented in Table V. No decrease in recovery is
observed at higher temperatures. The blank value is
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TABLE V

RECOVERY OF SELENIUM WHEN THE PIAZSELENOL
IS FORMED AT HIGHER TEMPERATURES

The sample consisted of 1 ng of Se(1V) added to 100 ml of 0.25 M
perchloric acid. The results are averages of triplicate determina-
tions with relative standard deviations in parentheses.
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TABLE VI

TOTAL SOLUBLE SELENIUM IN A LAKE WATER
SAMPLE

The determination was made according to the procedure de-
scribed in the text. The results obtained with an HG-AAS method
was 131 + 5 ng/l. This was an average of five different digestion
procedures [31].

Tem- Reac-  Selenium found (ng)
pera- tion [HCl}  teace. Selenium concentration
ture  time Without clean-up With clean-up M) (min)  (ng/D)
(C)  (min)
Sample Blank  Sample Blank 4 5 128
124
20 174 1.00° (4.8%) 0.050 1.01 (2.4%) 0.064 4 10 132
40 56 1.02 (0.2%) 0.051 1.02 (4.2%) 0.049 129
60 21 1.00 (1.0%) 0.048 1.00 (0.8%) 0.054 3.2 5 127
80 9 1.03 (7.8%) 0.051 0.99 (1.5%) 0.086 129
100 5 1.01 (5.0%) 0.060 1.01 (5.4%) 0.062 1.5 180¢ 130

% Used as a reference.

not affected by temperature and the clean-up step
does not influence the results.

The time for the derivatization step can be
reduced by increasing the concentration of Br,-
PDA. Short reaction times can then be achieved at
moderate temperatures. For instance, the reaction
would be complete after 7 min when the concentra-
tion of Br,-PDA is 0.3 mM and the temperature
60°C. However, a higher Br,-PDA concentration
adversely affects the chromatogram unless one or
several clean-up steps are included. Therefore, it is
recommended to use a lower Br,-PDA concentra-
tion and a higher temperature.

Determination of total soluble selenium in water

In the determination of total soluble selenium in
water it is necessary to decompose organic selenium
compounds and reduce selenium(VI) to selenium(IV).
The decomposition of the organic material was
achieved by UV irradiation of the sample contained
in closed quartz tubes after addition of hydrogen
peroxide [21]. The lake water analysed contained
24 mg/l of carbon and was completely discoloured
after the UV irradiation. The reduction was carried
out in 4 M hydrochloric acid at 100°C for 30 min.

It would be convenient to carry out the derivatiza-
tion directly in the quartz tube after the reduction
step. The concentration of monoprotonated ligand
is lower in 4 M hydrochloric acid than in 0.25 M

4 The derivatization was made at room temperature.

perchloric acid, so that the previous kinetic data are
not directly applicable. Table VI contains data from
derivatizations at high hydrochloric acid concentra-
tions. Obviously the high temperature leads to such
a high reaction rate that neither the acid concentra-
tion need be decreased nor the reaction time in-
creased.

The results from the GC-ECD method agree with
those from a study with an HG-AAS method in
which also different digestion procedures were eval-
uated [31].

CONCLUSIONS

Most analytical procedures for selenium deter-
mine only selenium(IV). Therefore, selenium(VI)
must be reduced to selenium(I'V). This is generally
accomplished by boiling the sample in about 4 M
hydrochloric acid. In the GC-ECD method the
derivatization step follows the reduction step. For
easy performance, the derivatization conditions
should be compatible with the conditions prevailing
after thereduction step. This is the case for Br,-PDA
owing to the small value of its second protonation
constant. The piazselenol reaction is complete in
about 5 min at boiling temperature with little or no
increase in the background from decomposed ligand.
The use of a capillary column facilitates the isolation
of the piazselenol peak and a clean-up step may be
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omitted. The sensitivity is good and quantitative
determination of a few ng/l of selenium in water can
be made.
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ABSTRACT

An integrated design for electrically driven separations is presented. The injector, column and detector are all located within the same
cartridge, allowing for integral thermostating and short column lengths. Results on the performance of the proposed fluorescence
detector are reported. Molar amounts as low as 2-10™!® mol of fluorescein (100-pl detector cell volume) can be detected. Short column
lengths permit very fast separations, as is demonstrated by the separation of four laser dyes within 35 s.

INTRODUCTION

Electrically driven separation methods, including
capillary zone electrophoresis (CZE) [1-3], micellar
electrokinetic chromatography [4,5] and electro-
chromatography [6,7], are currently attracting a
great deal of attention. Their common characteristic
is that the flow through the “separation column” is
effected by electroosmosis rather than by a pressure
gradient. There are two main analytical reasons for
such interest: first, superior separation efficiencies

can be attained, with plate counts an order of mag-

nitude higher than are possible in traditional liquid
chromatography, and second, extremely small sam-
ple volumes can be handled. Depending on the inner
diameter of the separation capillary, injection vol-
umes can range from several tens of picolitres to the
low nanolitres level, creating possibilities for single-
cell sampling in the biological sciences [8] and local
dissolution and sampling in materials research.
Owing to their common characteristics, many of
the operating parameters (e.g., field strength, buffer

0021-9673/92/$05.00 ©

concentration, column diameter, column length)
affect the separation performance of all electrically
driven separation techniques in a similar fashion. As
is outlined in the Theory section, there is a great deal
to be gained with respect to efficiency and, more
important, time of analysis (seconds rather than
minutes) if high field strengths and short column
lengths can be employed. In the present generation
of instruments, short column lengths cannot be used
owing to the physical distance that has to be spanned
between the injector and detector. At a given
maximum voltage of the power supply, this also
limits the attainable field strength. Moreover, high
field strengths require active thermostating to dis-
sipate efficiently the Joule heat generated by the
current. To benefit from the prospects offered by
high field strengths and short column lengths, a new
instrument concept is called for that takes into
account the stringent requirements placed on injec-
tor and detector volumes, and, at the same time,
allows for integral thermostating. Such an inte-
grated instrument design is presented under Experi-
mental.

1992 Elsevier Science Publishers B.V. All rights reserved
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In this paper, we report on the detector cell of the
instrument. Owing to the very small detector cell
volumes required, the use of several widely em-
ployed detection principles, e.g., UV absorbance
detection and refractive index detection, is pre-
cluded. Detection should be based on phenomena of
high inherent sensitivity. Fluorescence and electro-
chemical detection are the only likely candidates at
present. Unfortunately, both methods are highly
specific. In order to increase the versatility, one can
either turn to derivatization or to indirect detection
(adding a detectable compound to the eluent and
measuring the decrease is signal due to presence of a
solute [9]). Here, we demonstrate the use of a
detector cell for fluorescence detection that is com-
patible with short column lengths and high field
strengths and also adheres to the limitations placed
on the maximum allowable detector cell volume.

THEORY

In this section, we investigate the separation
properties of electrically driven systems. Our main
aim is to show how the different operating param-
eters influence the separation performance with
regard to efficiency and speed of analysis and to
estimate how large the detector cell volume can be
before a significant loss in this performance is
observed. '

The standard deviation of a chromatographic
peak can be expressed in volume units as [10]

oy = (n/4)Hed?\/N (1)

where H is the plate height, € the void fraction
(different from unity in the case of packed column
electrochromatography), d, the column diameter
and N the plate number. The above standard
deviation is a measure of the dispersion due to the
column. We now demand that external contribu-
tions to the total dispersion do not seriously deteri-
orate the performance of the instrument. Following
Naish er al. {11], we use as a criterion that the
extra-column contribution to the total standard
deviation should be less than half the dispersion
caused by the column. Assigning half of the external
dispersion to the detector and half to the injector
and other sources, the maximum allowable detector
cell volume can be obtained from
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Voer < \/; TvE 2
22
where k is the detection profile factor [12].

To make eqns. 1 and 2 explicit, we need an
expression for the plate height of the peak. It is here,
of course, that the specific characteristics of electri-
cally driven separation techniques will become ap-
parent. The great advantage of electrically driven
systems is to be found in the plug profile of
electroosmotic flow (for a detailed account, see Rice
and Whitehead [13]). As there now is no tendency
for the solute to be dispersed by radial differences in
flow, one expects the only term to remain in the
equation for the plate height of a solute that does not
participate in any mass-transfer process to be that
due to axial diffusion. Hence,

2yDp

H="= 3)
u

where v is the tortuosity factor, which is different
from unity in the case of a packed bed, and D,
is the diffusivity of the solute. In electrically driven
systems the linear velocity is given by the von
Smoluchowski equation, u = &,&0{ E/n, where ¢ and
¢, are the permittivity of free space and the relative
permittivity, respectively, { (the zeta potential) is the
potential at the plane of shear, E is the electric field
strength and # is the viscosity. Substituting for u in
eqn. 3 leads to

g = 21D 1
&l E

As noted by several workers [7,14], eqn. 4 is a
simplification. Owing to self-heating of the eluent, a
temperature gradient between the centre of the
separation capillary and its walls will build up. Knox
and Grant [7] calculated the excess temperature at
the centre of the capillary, assuming the wall tempe-
rature to be constant. The resulting additional
dispersion term is derived to be equal to

7-107° - g8l A2€2d0c?
D,nK>

4

H= B’ &)

where 1 is the equivalent conductivity, ¢ is the molar
concentration of the eluent and K is its thermal
conductivity.

Eqn. 5 indicates that this additional dispersion
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term becomes particularly manifest at large column
diameters and high field strengths. The total plate
height, i.e., the sum of eqns. 4 and 5, is plotted
against field strength in Fig. 1 for three different
column diameters.

Typical values used in the calculations are col-
lected in Table I. The data clearly illustrate the need
for small column diameters. Owing to self-heating, a
diameter of 500 um offers a working range that is

extremely limited in voltage. Generally, a diameter

of around 100 um is accepted as a practical upper
limit.

Key numerical results are collected in Table II,
with values for the elution time of the electroosmotic
peak, tg = Ln/eeolE, the analysis time, £,, assum-
ing the slowest component to have a capacity factor
of 10, the standard deviation of the unretained peak,
dv.o, N volume units (eqn. 1), using eqns. 4 and 5,
and the maximum allowable cell volume, Vper (eqn.
2). Values were calculated for two column diam-
eters, 100 and 50 pum. All calculations were per-
formed at the minimum of the H-FE curves (values
for Hp, and E,, are indicated in the table title. The
corresponding flows for 100- and 50-um columns
are 17.5 and 8.8 nls ™!, respectively.

It should be realized that the results in Table 1T
were obtained based on the velocity of the electro-
osmotic peak (which is necessarily the fastest peak in
electrochromatography) and using the values for the
physical constants collected in Table I. Notwith-
standing these constraints, several very interesting
conclusions can be drawn from the results in Fig. 1

TABLE 1

0 ] L
0 100000 200000 300000 400000

E [V/m] ———

Fig. 1. Plots of total plate height (sum of eqns. 4 and 5) vs.
electrical field strength for different capillary diameters. For
numerical values used in the calculations, see Tabie 1.

and Table II, as follows. (1) The minima of the H-E
curves are located at very high field strengths, far
above the currently used values of 3040 kV m ™1,
Such high field strengths can only be used in practice
if the Joule heat generated can be efficiently re-
moved. (2) For analyses that do not require high
plate numbers, very short analysis times can be
realized. Owing to the physical dimensions of the
currently used instruments, the short column lengths
needed (e.g., 0.5 cm for 10 000 plates on a 100-um
column) cannot be used. (3) The maximum allow-
able detector volume increases with plate number
and decreases with column diameter. Detector vol-
umes of the order of 100 pl need to be realized to

TYPICAL VALUES OF PHYSICAL QUANTITIES USED IN THE CALCULATIONS

Symbol Quantity Unit Value
[4 Molar concentration mol m~3 10

D, Diffusivity m?s! 107®
K Thermal conductivity Wm™! K™ 0.4

¥ Tortuosity factor - 0.6

€ Void fraction — 0.75

&0 Permittivity of free space C*N ™ *'m™2 8.85-10712
& Relative permittivity - 80

n Viscosity Nsm™? 1073

4 Zeta potential \Y 51072
K Profile factor - 6

A Equivalent conductivity m~2mol ' Q7! 0.015
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TABLE 11

CHARACTERISTIC PARAMETERS FOR TWO COLUMN
DIAMETERS: 100 ym (Hpio = 0.49 pm, Eop = 84 kV m™1)
AND 50 ym (Hpin = 0.24 pim, Eop = 168 KV m™Y)

de (pm) N () ta(min) ovo (@) Voer ()
100 10 000 1.6 03 290 250
50000 8 L5 640 550
100000 16 3.0 "900 770
500000 80 15 2030 1760
1000000 160 30 2900 2470
50 10000 04 007 40 35
50000 20 037 80 70
100000 41 075 110 100
500000 20 37 250 210
1000000 40 7.5 360 310

exploit fully the advantages of electro-drive separa-
tions.

Our integrated design for electrically driven sepa-
rations aims at meeting the requirements set by the
above three conclusions.

EXPERIMENTAL

Instrument design

In Fig. 2 a schematic diagram of the integrated
instrument is shown. As can be seen, the injector,
column and detector are all located within the same

sameLe| |BurFer| [surFer| | ueHT | {BUFFER PM
SOURCE|
T T T T
7/ I 7/ |
L__L _4}_ L= _I

VOLTAGE
SUPPLY

Fig. 2. Schematic diagram of integrated instrument design. The
injector is on the left-hand side and the detector on the right-hand
side. Heavy solid lines indicate fused-silica capillary, double lines
optical fibres. Dashed lines are used for electrical connections.
Note that the injector, column and detector are all within the
same thermostated enclosure (dot-dashed lines). PM = Photo-
multiplier.
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thermostated enclosure. The enclosure, in fact, is
intended to be a small cartridge. The necessity for
active thermostating can be appreciated if one bears
in mind that electrophoretic and electroosmotic
mobilities, and hence retention times, vary by about
2% K1, Also, because the optics of the fluores-
cence detector and also the buffer and sample vials
are remote from the actual instrument, the length of
the separation capillary can be very short (several
millimetres). The design depiéged in Fig. 2 is only
possible by directly connecting optical fibres and
injection capillaries to the separation capillary, i.e.,
without employing bulky connecting devices. Direct
connection is obtained by the use of a carbon
dioxide laser to machine bores in the wall of the
separation capillary. In the injector design, capil-
laries are inserted in these bores and an injector
similar to that reported by Verheggen et al. [15]is the
result. Flow through either the injection or the
separation capillary can be effected by the appropri-
ate application of the voltage. In the design of the
fluorescence detector cell, optical fibres are placed in
the two bores, which are now at right-angles. In this
paper, we focus on detector performance. A detailed
description of the construction of the detector is
given in the next section.

Detector cell construction

At the desired position of the cell, 2 cm of the
protective, polyimide coating of the fused-silica
capillary were removed. A carbon dioxide laser
(Edinburgh Instruments, Edinburgh, UK) was used
to make the bores in the walls of the capillaries [16].
The design is illustrated in Fig. 3. The diameter of
the resulting bores depends on the outer and inner
diameters of the capillary (330 and 100 um, respec-
tively), the power and duration of the laser shot (2.4
W and 400 ms, respectively) and the distance to the
object (2.9 mm). Using the above conditions, tap-
ered bores having a top diameter of 35 um were
obtained, centred with an accuracy of 2 um.

To increase the light intensity in the cell and to
decrease the fluorescent background due to fluor-
escing centres in the adhesive, the detector cell was
coated with a silver mirror prior to the application of
the adhesive. Silver films were vapour-deposited on
the fused silica of the capillary. Vapour deposition
was performed in an HV system (Balzers, Liechten-
stein) using an Airco-Temescal E-gun at a rate of 0.3
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tapered fiber

Fig. 3. Fluorescence detector design. A drawing of the cell is shown on the left-hand side and an optical micrograph of the cell (no optical

fibres connected) on the right-hand side.

nm s~ 1. The thickness of the silver layer was 30 nm.

Spectraguide optical fibres with high UV trans-
mission were obtained from Spectrum (Sturbridge,
MA, USA). The 100-um core of the fibres was
tapered to 35 um in order to fit snugly into the bores
in the capillary walls. The metal-coated capillary
and the optical fibres were joined with a two-
component epoxy adhesive (Bison, Middelburg,
Netherlands).

Assuming a cylinder with a length of 100 um and a
diameter of 35 um, the illuminated volume of the
detector cell described above is 96 pl.

Experimental set-up

In all experiments, a continuous laser was em-
ployed (Model 4210 NB, Liconix, Santa Clara, CA,
USA). The 442-nm emission line of the He—Cd laser
was used, having an energy of ca. 10 mW. The laser
was focused on one of the fibres of the detector cell
using a lens (f = 125 mm). The output from the
other fiber was fed to a Model 150UVP photomulti-
plier (Philips, Eindhoven, Netherlands). The laser-
induced fluorescence was measured with a 530-nm
short-wavelength cut-off filter in front of the
photomultiplier. The signal of the photomultiplier
was recorded via a Model 160 boxcar (Princeton
Applied Research, Princeton, NJ, USA), using a
static gate, with either an x—¢ recorder or a Model
10B computing integrator (Milton Roy, Riviera
Beach, FL, USA).

In all experiments, a Model DA-30 stabilized,
high-voltage (0-30 kV) power supply (Spectrovi-
sion, Chelmsford, MA, USA) was used.

Procedures

All experiments were performed using phosphate
buffers adjusted to the desired pH by titration with
phosphoric acid. The test solutes were obtained
from various sources and were all of the highest
purity available. High-purity deionized water was
used to make up the solutions. Samples were
introduced into the capillary using electromigration.
In determining the calibration graph and the detec-
tion limit for fluorescein, concentration fronts were
injected and the heights of the resulting blocks were
measured. Noise levels were measured by recording
the baseline over 1-min intervals and taking the
average of six measurements of the peak-to-peak
signal as 4oy [17]. Electrophoretic separations were
performed by injecting the sample mixture at a
voltage of 3 kV for 3 s.

RESULTS AND DISCUSSION

In Fig. 4, a calibration graph for fluorescein is
shown. Over the three orders of magnitude investi-
gated, good linearity is observed. From the slope of
the plot and the noise (see Experimental), the
concentration detection limit is determined to be 2 -
10~° M of fluorescein. Using an illuminated volume
of 100 pl, this corresponds to 2 - 10~ *° moles (200
zmol) in the detector cell.

Owing to the great variety of experimental sys-
tems and test solutes used, a direct comparison with
literature data on laser-induced fluorescence detec-
tion is not straightforward. The concentration de-
tection limit quoted above compares well with
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Fig. 4. Calibration graph for fluorescein, obtained using the
detector cell in Fig. 3.

earlier values for highly fluorescing compounds
using on-column detection [17,18]. Substantially
lower detection limits were reported by Folestad et
al. [19] (5 - 10~ 1% M fluoranthene). However, they
used a free-falling jet cell that requires flow-rates far
higher than can be attained in electrically driven
systems. In CZE very impressive results were ob-
tained by Dovichi and co-workers [20,21] using a
sheath flow cuvette [5 - 1072 M of (derivatized)
alanine] and by Sweedler et al. [22] using axial
illumination and a charge coupled device (CCD)
readout (1 - 10~ 2 M of fluorescein isothiocyanate).
Again, we encounter a compatibility problem. It is
not easy to see how either the sheath flow cuvette or
axial illumination can be combined with short
column lengths and integral thermostating that are
necessary to achieve the high efficiencies and separa-
tion speeds. In our integrated design, such a com-
patibility problem does not exist. In addition, we feel
that there is ample room for improving the detection
limit of our detector cell. As the standard deviation
of the background signal is now limiting its perfor-
mance, increasing the laser power will not be
beneficial. Rather, we should either try to decrease
the background itself by improving on the optics or
to decrease its variance. Several ways to achieve the
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latter can be envisaged. One could either contem-
plate the use of a commercially available laser power
stabilizer (Liconix) or build a double-beam instru-
ment in which fluctuations are corrected for by
subtracting or ratioing the “blank™ and “sample”
photocurrents.

The possibility of fast separations is demonstrated
in Fig. 5, which shows the separation of four laser
dyes within 35 s using a 4-cm capillary. In this work,
we used traditional electromigration (3 s, 3 kV) as
the injection technique. Itis clear that this method of
injection has an adverse effect on the separation.
Using an electroosmotic mobility of 7.8 - 1078 m?
V~!s~! (determined using the technique described
by Huang et al. [23]), the volume injected is calcu-
lated to be 17 nl. Assuming an injection profile
factor of 6, the peak width at half-height due to the
injection is 0.95 s. Comparing this result with the
electropherogram in Fig. 5, it is seen that the width
of the peak travelling at the electroosmotic velocity
(approximately the first peak) is completely domi-
nated by the contribution of the injection. In
practice, the consequence of the large contribution
of the injection is that we cannot use the desirable
high field strengths without serious resolution
losses. Note that the field strength used to obtain the
electropherogram in Fig. 6 is much lower than the
optimum values quoted in the Theory section.
Obviously, injection devices that allow for smaller

1

23

e

10 20 30 40

s —»
Fig. 5. Electropherogram of the separation of four laser dyes.
Conditions: field strength, 33 kV m~!; buffer, 2 mM phosphate
(pH 6); capillary, 4.0 cm x 100 um I.D.; temperature, ambient;
injection, 3 s at 3 kV. Sample: (1) 7 ppm rhodamine B; (2) 7 ppm
sulphorhodamine B; (3) 0.4 ppm fluorescein; (1) 17 ppm 4',5'-

diiodofluorescein.
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injection volumes than electromigration are neces-
sary to realize the very short analysis times offered
by short column lengths. We feel that the injector
described in the first paragraph under Experimental,
with which injection volumes of the order 100 pl are
possible, can serve the purpose.

CONCLUSIONS

An integrated instrument for electrically driven
separations has been designed. The design facilitates
the use of short columns and high field strengths, so
that high resolutions and short analysis times can be
attained. The detector cell has the required small
volume (100 pl) and allows 2 107!° mol of
fluorescein to be detected. In combination with a
short capillary (4 c¢cm), four laser dyes could be
separated within 35 s.

The separation speed is currently limited by the
injection technique used (electromigration at 3 kV
for 3 s). To decrease the contribution of the injection
to the total peak width, the injected volume has to be
reduced. This may be achieved using the injector of
the proposed instrument.
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ABSTRACT

A method is described to enhance the resolution and detection sensitivity of proteins, peptides, and amino acids in capillary
electrophoretic analysis of solution mixtures. The method consists of derivatizing the analytes with fluorescamine, which is normally
used as a fluorogenic reagent for compounds containing a reactive primary amine functional group, and then using the derivative as an
ultraviolet chromophore to enhance detection sensitivity (measured at 280 nm) in capillary electrophoresis. The results demonstrated a
significant improvement in the separation and detection sensitivity of the derivatized analytes as compared to their underivatized
counterparts. The use of chromophores, such as fluorescamine, in capillary electrophoresis facilitates the analysis of components of
solution mixtures, such as pharmaceutical formulations, that could not be resolved and/or detected by conventional capillary electro-

phoresis procedures.

INTRODUCTION

The utility of capillary electrophoresis (CE) for
the analysis of protein drug substances present in a
solution mixture has been previously demonstrated
[1,2]). Because of the complexity of many solution
mixtures, however, it is essential to develop CE con-
ditions that will provide a sufficient degree of reso-
lution to separate the components of the analyte
mixture. A typical complex solution mixture, for
example, is a pharmaceutical formulation. In this
case, in addition to optimization of separation con-
ditions, detection sensitivity must be maximized in
order to visualize small amounts of drug substances
in the presence of relatively large amounts of exci-
pients. With this in mind, we have developed a
method for increasing the detection sensitivity in

"the CE analysis of protein drug substances. The
method involves reaction of the analyte mixture
with the reagent fluorescamine to form fairly stable
derivatives. These derivatives can then be detected

0021-9673/92/$05.00  ©

with a conventional UV detector. The fluoresca-
mine-analyte derivatives are separated with a higher
degree of resolution than their underivatized coun-
terparts.

Fluorescamine  (4-phenylspiro[furan-2(3H),1’-
phthalan]-3,3’-dione) has been commonly used as a
fluorogenic reagent [3-9]. This reagent reacts read-
ily and rapidly at alkaline pH with primary amines
to form intensely fluorescent substances, providing
the basis for a rapid and sensitive assay of amino
acids, peptides, proteins, and other primary amines
[7-12]. Although free fluorescamine is quickly hy-
drolyzed in aqueous solution, the derivative it
forms with primary amines is not. The comparative
rates of the hydrolysis and derivatization reactions
are crucial parameters. At pH 9 and ambient tem-
perature, the reaction between fluorescamine and
primary amines has a half-time of 200-1000 ms,
while the hydrolytic reaction has a half-time of sev-
eral seconds {7]. This assures that, upon mixing flu-
orescamine with an aqueous solution which con-

1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Schematic representation of the molecular structure of
fluorescamine (A), the reacting amino functional group-contain-
ing analyte (B) and the derivatized reaction product (C).

tains primary amines, there will be immediate deriv-
atization followed by rapid hydrolysis of unreacted
reagent. The proposed reaction scheme of fluores-
camine with primary amines [7] is shown in Fig. 1.

The vast amount of data available in the litera-
ture has focused on the use of fluorescamine as a
fluorogenic reagent (assaying for fluorescent deriv-
atives). Only a few papers [13-16] report the mea-
surement of the fluorescamine-analyte derivative by
UV absorption. In this report we have examined the
utility of fluorescamine as a UV chromophore, and
have evaluated its application to the measurement
of protein drug substances in pharmaceutical for-
mulations separated by capillary electrophoresis.
As a model system we have used the active drugs
recombinant human leukocyte A interferon®, hu-
manized anti-TAC monoclonal antibody® and the
commonly used excipients glycine, L-arginine and
human serum albumin.

EXPERIMENTAL

Reagents and supplies

All chemicals were obtained at the highest purity
level available from the manufacturer, and were
used without additional purification. Potassium hy-
droxide, sodium phosphate (NA,HPO,), borax
(Na,B,05 - 10H,0), lithium chloride, crystallized
human serum albumin, and fluorescamine were ob-
tained from Sigma (St. Louis, MO, USA). Glycine
and rL-arginine were purchased from Fluka (Ron-

¢ Leukocyte A interferon (IFN-2A) is in current nomenclature
designated IFN.a2a.

* Anti-TAC (T-activated cell) is an IgG1 class genetically engi-
neered hybrid antibody, directed against the human receptor
for interleukin-2 [26].
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konkoma, NY, USA). Acetone (HPLC grade), py-
ridine (Fisher Certified), and hydrochloric acid so-
lution (12 M) were obtained from Fisher Scientific
(Fair Lawn, NJ, USA). Recombinant human leu-
kocyte-A interferon and humanized anti-TAC
monoclonal antibody were supplied by Hoffmann-
La Roche (Nutley, NJ, USA). Albuminar-25 (250
mg/ml solution for injection of human serum albu-
min) was purchased from Armour Pharmaceutical
(Kankakee, IL, USA). Reagent solutions and buf-
fers were prepared using triply distilled and deion-
ized water, and routinely degassed and sonicated
under vacuum after filtration.

Millex disposable filter units (0.22 um) were pur-
chased from Millipore (Bedford, MA, USA), and
fused-silica capillary columns were obtained from
Scientific Glass Engineering (Austin, TX, USA),
and Polymicro Technologies (Phoenix, AZ, USA).

Instrumentation

A commercially available CE instrument (P/ACE
System 2000, Beckman, Palo Alto, CA, USA), was
used for this work. In this instrument, the capillary
is housed in a cartridge constructed so as to allow a
flow of recirculating liquid for Peltier-temperature
control of the capillary column. Samples were
stored in a microapplication vessel assembly, con-
sisting of a 150-ul conical microvial inserted into a
standard 4-ml glass reservoir and held in position
for injection by an adjustable spring. In order to
minimize evaporation of the sample volume (100
ul), about 1-2 ml of cool water was added to the
microapplication vessel housing the microvial. The
external water serves as a cooling bath for the sam-
ple in the microvial, and as source of humidity to
prevent sample evaporation and concentration. Af-
ter insertion of the microvial, the microapplication
vessel assembly was covered with a rubber injection
septum and placed into the sample compartment of
the CE instrument. Samples were injected into the
capillary column by pressure. Peak visualization
and data acquisition were performed using the UV
detection system of the CE instrument and the Sys-
tem Gold chromatography software package
(Beckman, San Ramon, CA, USA). Data integra-
tion was also carried out with a Model D-2500
Chromato-Integrator (Hitachi, Danbury, CT,
USA).
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Assay procedure

Sample preparation. Equal molarity stock solu-
tions were individually prepared by dissolving L-ar-
ginine (1 mg/ml) and glycine (0.43 mg/ml) in 0.1 M
sodium tetraborate (borax) buffer, pH 9.0. A stock
solution of crystallized human serum albumin (25
mg/ml), used as reference, was prepared in the same
buffer. Albuminar-25 (250 mg/ml), recombinant
human leukocyte-A interferon (5.8 mg/ml) and hu-
manized anti-TAC monoclonal antibody (8.6 mg/
ml) were obtained as concentrated solution and
were diluted to their specified working strengths
with the same sodium tetraborate buffer.

Sample derivatization. For CE analysis without
fluorescamine derivatization, assay samples were
diluted to desired concentrations with sample dilu-
tion buffer (0.1 M sodium tetraborate buffer, pH
9.0) and directly transferred to the conical vial and
then inserted into the microapplication vessel as-
sembly on the CE instrument.

For CE analysis of fluorescamine derivatives, so-
lutions of the respective analyte samples (concen-
tration ranging from 2.1 to 1250 pg, or from 7.4 to
172.2 nmol per 100 ul reaction mixture) were trans-
ferred to a 500-ul microcentrifuge tube and their
total volume adjusted to 70 ul by addition of sample
dilution buffer. Derivatization was performed by
the addition of 30 ul of fluorescamine solution (3
mg/ml fluorescamine in acetone, containing 20 ul
pyridine) to the sample while continously and vig-
orously vortexing. After approximately 2 min, the
content of the microcentrifuge tube was transferred
to the conical microvial and then inserted into the
microapplication vessel assembly for analysis.

For the fluorescamine-derivatized L-arginine the
volumes of the sample and reagent were doubled
and prepared in a 500-ul microcentrifuge tube. A
100-ul aliquot was transferred to a conical micro-
vial and then inserted into the microapplication ves-
sel assembly as described above. The rest of the
sample mixture was maintained in a sealed micro-
centrifuge tube at 25°C, and used as a replacement
sample for the last two experimental points (8.5 and
24.5 hours).

Running conditions. Sample solutions for analysis
in microapplication vessels were placed into the
sample holder of the analyzer. The analysis pro-
gram was initiated and the first sample automatical-
ly injected into the capillary by a positive nitrogen
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pressure of 0.5 p.s.i. (3500 Pa) for 4 s. At the com-
pletion of each run, the capillary column was se-
quentially washed by injection of 2.0 M sodium hy-
droxide solution, 0.1 M sodium hydroxide solution,
distilled-deionized water, and then regenerated with
running buffer.

The CE separations reported were performed us-
ing three different buffers: (1) 0.05 M sodium te-
traborate buffer, pH 8.3, containing 0.05 M lithium
chloride; (2) 0.05 M sodium tetraborate buffer, pH
8.3, containing 0.025 M lithium chloride; or (3) 0.05
M sodium phosphate buffer, pH 7.0, containing
0.05 M lithium chloride. The CE instrument was
equipped with a 57 cm (50 cm to the detector) X 75
um L.D. capillary column. The CE separation was
performed at 12 kV when using the 0.05 M lithium
chloride-containing sodium phosphate buffer, at 15
kV when using the 0.05 M lithium chloride-contain-
ing sodium tetraborate buffer, or at 18 kV when
using the 0.025 M lithium chloride-containing sodi-
um tetraborate buffer. Capillary temperature for all
experiments was maintained at 25°C during the run.
Under these conditions, approximately 24 nl (6 nl/s)
was injected into the capillary column [17]. Mon-
itoring of the analytes was performed at wave-
lengths of 200, 214 or 280 nm.

RESULTS

Fig. 2 depicts the electropherograms of a control
fluorescamine solution and of a fluorescamine-de-
rivatized simple mixture of primary amines, i.e., L-
arginine and glycine. Both of the fluorescamine-de-
rivatized amino acids, L-arginine (peak 2) and gly-
cine (peak 3), are well separated from each other
and from the peaks corresponding to the constitu-
ents of the derivatization reagent, fluorescamine
(peak 4) and the organic solvents acetone and pyri-
dine (comigrating at peak 1). The observed de-
creased peak area for the fluorescamine (Fig. 2B,
peak 4), in comparison with the control value (Fig.
2A, peak 4), confirms that a significant amount of
the reagent is immediately consumed in reaction
with the analytes.

In order to optimize the degree of derivatization
of the analytes with fluorescamine under the reac-
tion conditions used, i.e., pH 9.0 in a sodium tetra-
borate buffer at 25°C, a fixed amount of L-arginine
(115 nmol) was reacted with increasing concentra-
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Fig. 2. Capillary electrophoresis profile of fluorescamine-deriv-
atized amino acids. (A) Electropherogram of the fluorescamine
solution control; peaks: 1 = acetone; 4 = fluorescamine reagent.
(B) Electropherogram of glycine and L-arginine; peaks: 1 = ace-
tone; 2 = fluorescamine-derivatized L-arginine; 3 = fluoresca-
mine-derivatized glycine; 4 = fluorescamine reagent. The proce-
dure was carried out as described in the Experimental section.
The separation buffer consisted of 0.05 M sodium tetraborate
buffer, pH 8.3, containing 0.05 M lithium chloride.

tions of the fluorescamine reagent. As shown in Fig.
3, peak area of the derivative appeared to be maxi-
mal at a fluorescamine concentration of 250-300
nmol (per 100 ul reaction mixture volume). There-
fore, for this amino acid, a two- to three-fold molar
excess of fluorescamine reagent should be sufficient
to saturate the reaction mixture and form an opti-
mal fluorescamine-amino acid derivative.

Using these conditions, the linearity of the deriv-
ative peak area as a function of L-arginine concen-
tration was investigated. As shown in Table I and
Fig. 4, a linear response (at 280 nm) was observed at
L-arginine concentrations ranging from 14.3
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Fig. 3. Relationship between peak area of derivatized analyte
formed and concentration of fluorescamine consumed. The
amount of excess fluorescamine reagent was calculated by reac-
ting a fixed concentration of L-arginine (115 nmol/100 ul reac-
tion mixture volume) with an increasing concentration of fluo-
rescamine. The procedure was carried out as described in the
Experimental section. The separation buffer consisted of 0.05 M
sodium ‘tetraborate buffer, pH 8.3, containing 0.05 M lithium
chloride.

nmol/100 ul to 172.2 nmol/100 ul of reaction mix-
ture. A similar molar excess fluorescamine ratio and
saturation response curve were observed for glycine
(data not shown).

The stability of the fluorescamine-L-arginine de-
rivative over a 24-h period, which might constitute
a normal day’s assay requirements, was also investi-
gated. For this study, caution was taken to avoid
evaporation during the 24-h storage period. This is
particularly important in view of the volatile nature
of the fluorescamine solvent (acetone). As shown in
Table II, no loss in derivative was observed over the
test period. On the contrary, peak area was observ-
ed to increase slightly over the first 2.5 h of storage
and then remain constant. The progressive increase
in peak area during the initial phase of storage is
most likely the result of evaporative concentration,
which appears to occur to some extent despite the
precautions taken. This is probably due in part
to: (a) storage of the sample in the ambient tem-
perature environment of the CE instrumentation
sample handling compartment, and (b) poor or
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TABLE 1
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TYPICAL AMOUNTS OF FLUORESCAMINE-DERIVATIZED L-ARGININE ANALYZED BY CAPILLARY ELECTRO-

PHORESIS AT 280 nm

For this experiment, increasing amounts of L-arginine were reacted with a fixed concentration of fluorescamine reagent (324 nmol/100
ul reaction mixture). The separation buffer consisted of 0.05 M sodium tetraborate buffer, pH 8.3, containing 0.05 M lithium chloride.

Amount of L-arginine present

in 100 gl reaction mixture the capillary column

Amount of L-arginine injected into

peak area
(arbitrary units x 1079)

0.57
1.09
2.20
3.18
4.48
5.59
6.92

ul ug nmol nl ng pmol
2.5 2.5 14.3 24 0.6 34

5 5 28.7 24 1.2 6.7
10 10 57.4 24 24 13.8
15 15 86.1 24 3.6 20.7
20 20 114.8 24 438 27.6
25 25 143.5 24 6.0 344
30 30 172.2 24 7.2 41.3
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Fig. 4. Relationship between peak area of the derivatized analyte
formed and the concentration of reacting L-arginine. The linea-
rity of the formation of fluorescamine-derivatized amino acid
was calculated by reacting increasing concentrations of L-argi-
nine (ranging from 14.3 to 172.2 nmol/100 ul reaction mixture)
with an excess amount of fluorescamine reagent (324 nmol/100
4l reaction mixture). The procedure was carried out as described
in the Experimental section. The separation buffer consisted of
0.05 M sodium tetraborate buffer, pH 8.3, containing 0.05 M
lithium chloride.

incomplete sealing of the microapplication vessel
assembly. Without the precautions taken, i.e. hu-
midification of the chamber and water cooling of
the sample, evaporation occurred much more rap-
idly and resulted in a dramatic loss of acetone and a
corresponding concentration of the fluorescamine-
L-arginine derivative (results not shown). Similarly,
evaporative concentration effects have been previ-
ously demonstrated for benzoic acid derivatives

[18].

TABLE 11

STABILITY OF FLUORESCAMINE-L-ARGININE DERJIV-
ATIVE : :

For this experiment, the microapplication sample vessel contain-
ing the microvial was filled with an appropriate amount of deion-
ized water in order to avoid evaporation. For details see the
Experimental Section. The separation buffer consisted of 0.05 M
sodium tetraborate buffer, pH 8.3, containing 0.05 M lithium
chloride.

Peak area

Time of incubation
(h) (arbitrary units x 107°)
0.5 4.58
1.5 4.61
2.5 4.72
4.5 4,78
8.5 4.79
24.5 4.76
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The fluorescamine derivatization procedure de-
veloped with the simple amino acid model com-
pounds was applied to CE analysis of recombinant
human leukocyte A interferon and human serum
albumin, which represent a typical protein drug
substance and a common protein excipient. For de-
rivatization, fluorescamine concentration was
maintained at 324 nmol/100 gl of reaction mixture
and analyte samples containing 13.3 nmol of inter-
feron and 4.2 nmol of albumin, respectively, were
analyzed. CE analysis was performed using the 0.05
M sodium phosphate buffer, pH 7.0, containing
0.05 M lithium chloride. As shown in Fig. 5, the
derivatization with fluorescamine resulted in a 20-
to 30-fold increase in detection response for the
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Fig. 5. Comparison of the peak areas of the non-derivatized pro-
teins versus fluorescamine-derivatized human serum albumin
and recombinant human leukocyte A interferon. Dashed bars
represent the peak areas of non-derivatized proteins. Solid bars
represent the peak areas of fluorescamine-derivatized proteins.
The concentration of non-derivatized samples used in this exper-
iment was 580 ug (29.6 nmol)/100 ul reaction mixture of recom-
binant leucocyte A interferon, and 1250 pg (18.4 nmol)/100 pl
reaction mixture of human serum albumin. The concentration of
fluorescamine-derivatized samples was 290 ug (14.8 nmol)/100 ul
reaction mixture of recombinant leucocyte A interferon, and 250
418 (3.7 nmol)/100 ul reaction mixture of human serum albumin.
The scparation buffer consisted of 0.05 M sodium phosphate
buffer, pH 8.3, containing 0.05 M lithium chloride.
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protein analytes. Under these conditions (280 nm),
interferon at a concentration down to 400 ug/ml
(20.4 nmol/ml), and albumin at a concentration
down to 800 ug/ml (11.7 nmol/ml) were easily de-
tected when derivatized with fluorescamine.

Derivatization with fluorescamine was also ob-
served to have a marked effect on analyte mobility
in CE analysis. As indicated in Table I11, derivatiza-
tion increased the migration times for both the ami-
no acid and protein analytes. The magnitude of the
shift appears to be mostly determined by the net
charge of the analyte after derivative formation,
which is a function of both the pI of the unde-
rivatized analyte and the number of reacting amino
groups present. The molar ratio of fluorescamine to
analyte in the derivative also influences migration
rate, and would play a major role in determinating
the mobility of analytes migrating in buffers at or
near their pJ values.

This mobility shift is graphically illustrated in
Fig. 6, which shows the electropherograms ob-
tained for leukocyte A interferon samples (2.9
nmol/100 ul, 24 nl injection) assayed with and with-
out fluorescamine derivatization. Analysis of the
non-derivatized sample (Fig. 6A) indicated a single
peak migrating at 10.2 min and detected near the
lower limits of detector sensitivity (at 280 nm). De-
rivatization with fluorescamine (Fig. 6B) shifted the
interferon to 22.2 min (peak 4), increased its peak
area dramatically, and enabled detection of an un-

TABLE III

EFFECT OF FLUORESCAMINE ON THE MIGRATION
TIME OF COMPONENTS PRESENT IN A FORMULA-
TION MIXTURE

For this experiment, CE detection of separated native amino
acids (non-fluorescamine derivatized) was performed at 200 nm.
All other measurements were carried out at 280 nm. For the
separation of the formulation mixture sample components by
CE, 0.05 M sodium tetraborate buffer, pH 8.3, containing 0.025
M lithium chloride was used.

Substance Migration time (min)
Native Derivatized
L-Arginine 3.9 7.3
Glycine 5.2 20.0
Humanized anti-TAC 5.9 10.1
Interferon 7.2 14.0
Human serum albumin 9.7 17.8
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Fig. 6. Capillary electrophoresis profile of recombinant leuko-
cyte A interferon. (A) Electropherogram of non-derivatized in-
terferon. (B) Electropherogram of fluorescamine-derivatized in-
terferon. Peaks: 1 = acetone; 2 = ammonia; 3 = unknown; 4 =
interferon; 5 = fluorescamine reagent. The separation buffer
consisted of 0.05 M sodium phosphate buffer, pH 7.0, containing
0.05 M lithium chloride. The concentration of interferon used in
this experiment was 580 pg (29.6 nmol)/100 pi reaction mixture
(A), and 232 ug (11.8 nmol)/100 ul reaction mixture (B).

known component (peak 3) and ammonia (peak 2),
an interferon buffer constituent. The enhanced sen-
sitivity afforded by fluorescamine derivatization is
even greater when detection is performed at lower
wavelengths (Fig. 7).

The procedures developed using the model com-
pounds were applied to CE analysis of recombinant
leukocyte A interferon (Fig. 8A) and recombinant
humanized anti-TAC antibody (Figure 8B) in for-
mulation mixtures. To demonstrate the versatility
of CE, the formulation mixtures were supplemented
with the excipients human serum albumin, glycine
and L-arginine, which may also serve as reference
compounds for mobility comparison. As shown in
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Fig. 7. Comparison of the peak areas of non-derivatized and
fluorescamine-derivatized interferon at various wavelengths.
Dashed bars represent the peak areas of the non-derivatized in-
terferon and solid bars represent fluorescamine-derivatized in-
terferon. The separation buffer consisted of 0.05 M sodium te-
traborate buffer, pH 8.3, containing 0.025 M lithium chloride.
The concentration of interferon used in this experiment was 58
ug (2.9 nmol)/100 ul reaction mixture.

the figure, all of the compounds were well separat-
ed.

DISCUSSION

Proteins and peptides are playing an ever increas-
ing role in todays pharmaceutical industry. Al-
though capillary zone electrophoresis and other
variants of CE methods have developed over the
last decade into analytical tools of remarkable per-
formance [19-25], the use of this technology for the
separation and analysis of proteins is not yet gener-
ally accepted. Difficulties in separating the proteins
of interest from components of the formulation ma-
trix and the high levels of sensitivity required for
their detection, have contributed to the problem.
Furthermore, detection of proteins is difficult owing
to a lack of good chromophore groups in easily ac-
cesible spectral regions.
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Fig. 8. Capillary electrophoresis profile of fluorescamine-deriv-
atized formulation mixture components. (A) Electropherogram
of a formulation mixture containing human leukocyte A interfe-
ron; peaks: 1 = acetone; 2 = L-arginine; 3 = ammonia; 5 =
interferon; 6 = human serum albumin; 7 = glycine; 8 = fluo-
rescamine reagent. (B) Electropherogram of a formulation mix-
ture containing humanized anti-TAC monoclonal antibody;
peaks: 4 = anti-TAC monoclonal antibody; all other peaks as in
(A). The separation buffer consisted of 0.05 M sodium tetrab-
orate buffer, pH 8.3, containing 0.025 M lithium chloride. The
concentration of analytes, per 100 ul reaction mixture, used in
this experiment were as follows: L-arginine, 5 pg (28.7 nmol);
anti-TAC monoclonal antibody, 215 ug (1.4 nmol); interferon,
145 pg (7.4 nmol); glycine, 2.1 g (28.7 nmol); and human serum
albumin. 125 pg (1.8 nmol).

The experiments described in this report demon-
strate that the addition of a chromophore, such as
fluorescamine, to an amino functional group of a
protein, peptide, or amino acid, or any other amine-
containing substance, dramatically improves its de-
tection sensitivity in the UV region. Furthermore,
derivatization with fluorescamine shifts analyte mi-
gration time, as a function of analyte structure and
buffer conditions, and may result in an enhanced
degree of resolution as compared to underivatized

N. A. GUZMAN et al.

counterparts. For maximum utility, conditions for
derivatization with fluorescamine should be opti-
mized for the analyte of interest. For simple com-
pounds, containing only a single reactive amino
group, a 2- to 3-fold molar excess of reagent and a
reaction pH of 9.0 were sufficient to show a dramat-
ic increase in detection sensitivity when monitored
at 280 nm. For more complex analytes, having
many reactive groups, an increased molar ratio of
fluorescamine and slightly altered reaction pH, may
be called for. Also, it may be possible that the extent
of derivatization could be dependent on the sample
matrix. Thus, if this problem occurs, post-column
derivatization may be used as an alternative meth-
od.

Optimization of CE running conditions, to con-
sider the effects of buffer salt, pH and the inclusion
of inorganic ions [24,25], is also essential in order to
assure the required degree of analyte resolution.
For example, the experiments described in this re-
port demonstrated that for the analysis of the fluo-
rescamine-derivatized protein analytes by CE, 50
mAM lithium chloride-containing sodium tetrabo-
rate buffer, pH 8.3, produces adequate separation
with reproducible migration times and peak areas.
Similar results are obtained with 50 mM lithium
chloride-containing sodium phosphate buffer, pH
7.0. However, when the analysis of all formulation
mixture components is carried out simultaneously,
the separation seems to be better when the concen-
tration of lithium chloride is reduced to 25 mM in
the sodium tetraborate buffer, pH 8.3.

In conclusion, the incorporation of fluorescamine
derivatization in the CE analysis of amino acids,
peptides or proteins, or of molecules in general con-
taining a reactive primary amine functional group,
significantly improves detection sensitivity and sep-
aration. The method is simple, quite fast, and very
reproducible. The derivatives formed also appear to
be stable and show no loss in UV response over the
period tested.
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ABSTRACT

The use of an optimization scheme for the separation of a group of sulphonamides is described. This scheme utilizes an interpretive
optimization approach to predict the optimum conditions for the separation of a group of eight sulphonamides. By conducting nine
preplanned experiments that span the maximum working range of the system, overall optimum conditions for separation can be
obtained. To confirm the validity of the optimization procedure, additional experiments using the optimum conditions predicted by the
scheme were performed. The results demonstrated that satisfactory separation could be achieved by using the optimum separation

conditions predicted by the scheme.

INTRODUCTION

Sulphonamides are drugs which are extensively
used in the treatment of bacterial infections in both
animals and man, and there is currently great
interest in their separation and assay [1-3]. High-
performance liquid chromatography (HPLC) is
commonly used for this purpose but, as most of
these compounds are ionic, it is expected that
capillary electrophoresis (CE) may be a valuable
alternative method.

CE is a highly efficient and rapid technique that is
being increasingly used in the biological and phar-
maceutical fields [4-6]. Extremely high separation
efficiencies have been demonstrated using this tech-
nique. However, optimum separation conditions
using CE are normally obtained by trial-and-error
methods and these approaches result only in local
optimum conditions rather than overall optima. A
systematic approach for CE separation was recently
reported by Vindevogel and Sandra [7], in which a
Plackett—Burman statistical design was used. The
method required only eight experiments for the
optimization of five factors, all related to buffer

0021-9673/92/$05.00  ©

composition. However, no fixed rules existed for the
selection of low and high levels of the parameters
used in the optimization procedure and further
optimization may need to be attempted based on the
conclusion of the optimization experiments [7].

In this investigation, CE with f-cyclodextrin as
modifier was used for the assay of eight sulphon-
amides. A systematic optimization scheme was
utilized. This scheme, known as the overlapping
resolution mapping (ORM) scheme, had been previ-
ously applied for the optimization of HPLC separa-
tions [8,9]. In this paper, the use of a modified ORM
scheme for the optimization of the CE separation of
sulphonamides is described.

EXPERIMENTAL

Experiments were conducted on a laboratory-
built CE system. A Spellman (Plainview, NY, USA)
Model RM15P10KD power supply capable of de-
livering up to 15 kV was used. Fused-silica capillary
tubing of 50 cm x 50 pym 1.D. with an optically
transparent coating was obtained from Polymicro
Technologies (Phoenix, AZ, USA). A Shimadzu

1992 Elsevier Science Publishers B.V. All rights reserved
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(Kyoto, Japan) Model SPD-6A UV spectrophoto-
metric detector and a microUVIS20 UV detector
(Carlo Erba, Milan, Italy) were used for the detec-
tion of peaks. Chromatographic data were collected
and analysed using a Shimadzu Chromatopac C-
R6A data processor.

The pH of the buffer solutions used in the CE
system was obtained by mixing appropriate portions
of sodium dihydrogenphosphate and sodium tetra-
borate solutions. f-Cyclodextrin, which was used as
a modifier in the electrophoretic medium, was
purchased from Fluka (Buchs, Switzerland). The
eight sulphonamide standards used (Table I) were
purchased from Sigma (St. Louis, MO, USA). The
sulphonamide standards were each dissolved in
HPLC-grade methanol (BDH, Poole, UK) at a
concentration of 1000 ppm.

Sample solutions were introduced manually. One
end of the capillary was placed in a sample vial
containing the sample solution and the sample was
introduced by siphoning from the sample solution at
a level 9 cm higher than the electrophoretic solution
in which the other end of the tube was immersed.
The injection time was about 4 s. Each injection was
estimated to be 1 nl.

RESULTS AND DISCUSSION

Initial attempts to separate the sulphonamides
using CZE conditions in which the pH of the
electrophoretic media was adjusted to 6, 7 and 8
proved unsuccessful. Owing to the ionic nature of
the sulphonamides, slight changes in pH was found
to affect the separation adversely. In fact, it was
found that the resolution of the peaks could be

TABLE 1
SULFONAMIDES INVESTIGATED

Compound Abbreviation
Sulphamethoxypyridazine SMP
Sulphachloropyridazine SCp
Sulphasalazine SS
Sulphamerazine SM
Sulphaguanidine SG
Sulphadiazine SD
Sulphaquinoxaline SQX
Sulphamethazine SMZ
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affected by as small as 0.05 unit change in the pH of
the electrophoretic medium. In view of the suscepti-
bility of resolution to pH changes for this group of
compounds, optimization through pH variation by
the trial-and-error method was considered to be
unsatisfactory. The addition of a suitable modifier
to the buffer, which would serve to stabilize the
system in response to slight changes in pH and to
enhance the separation efficiency, was therefore
considered. As the sulfonamides are relatively polar,
we would not expect that the use of sodium dodecyl
sulphate (SDS) in the electrophoretic medium, as is
normally employed in micellar electrokinetic chro-
matography (MEKC) [10-12], would be effective in
solvating the compounds. This is because the sul-
phonamides would prefer to remain in the aqueous
buffer medium rather than partition with the micel-
les. A better choice would be S-cyclodextrin, as it is
neutral and yet possesses polar hydroxy groups.
B-Cyclodextrin was therefore chosen as a modifier in
the electrophoretic medium.

An ORM scheme was used to determine the
optimum conditions for the separation of sulphon-
amides. The ORM scheme is a statistical experi-
mental model used to define the region of interest in
which the optimum conditions reside. The term
ORM used in this investigation implies that the
optimum conditions were achieved by overlapping
all resolution plots. The scheme predicts the opti-
mum operating pH and f-cyclodextrin composition
of the electrophoretic medium from nine prelimi-
nary experiments.

A schematic flow chart for the optimization
scheme is shown in Fig. 1. The initial step for this
scheme involved setting the criteria for the separa-
tion. Two criteria were considered: first, the peaks
should be baseline separated, and second, the overall
migration time should be less than 15 min. For this
scheme, there is great flexibility in choosing the
migration range for the system. This depends on the
type of compounds under investigation and the
nature of the investigation. As the sulphonamides
would be expected to be ionized in the electrophor-
etic medium, the migration times for this group of
compounds under CZE conditions would be rela-
tively short. In addition, it is desirable not to choose
too long a migration range for the separation. In this
instance, an overall migration time of 15 min was
chosen.
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SET CRITERIA FOR SEPARATION

DETERMINE THE OPERATING CONDITIONS AT THE
APICES OF THE RECTANGULAR PLOT

ESTABLISH EXPERIMENTAL CONDITIONS FOR
THE NINE EXPERIMENTS

CARRY OUT THE NINE EXPERIMENTS

[
CALCULATE RESOLUTION FOR EACH
PAIR OF PEAKS
I

DETERMINE COEFFICIENTS FOR POLYNOMIAL
(Equation 1)

GENERATE RECTANGULAR PLOT FOR EACH
PAIRS OF PEAKS

]

OVERLAP THE RECTANGULAR PLOTS

[

OBTAIN OPTIMUM COMPOSITIONS OF
ELECTROPHORETIC MEDIUM

Fig. 1. Schematic representation of the optimization scheme.

After the criteria had been set, the operating
conditions at the four apices of the rectangular plot
were determined. The nine experiments were strate-
gically chosen at appropriate positions in the rectan-
gular plot as shown in Fig. 2. The ORM scheme is
flexible in that it allows the four experiments at the
vertices of the rectangular plot to cover as much as
possible the whole working range of the system.
These four experiments are only subjected to the
preset criteria mentioned earlier and the type of
compounds under investigation. In determining the
working range for the pH of the buffer, it was
considered undesirable to use extreme pH condi-
tions because they were known to be detrimental to
the untreated column. Therefore, a moderate pH of
8 was chosen. Otsuka and Terabe [13], in investiga-
tions on the effect of pH on electroosmotic flow,
showed that the electroosmotic flow, v.,, decreased
as pH decreased. The use of a low-pH buffer would
obviously lead to an increase in analysis time. In
view of the preset criteria which stipulated that the
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PH (0,50) (50,50) (100,50)
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(0,0) (50,0) (100,0)
1l 21 3l

B-cyclodextrin

Fig. 2. Locations of the nine experiments chosen from the
rectangular plot. The composition at each point is represented as
a percentage at the respective apices.

total analysis time should not be greater than 15
min, the lower limit of pH was set at 6.
p-Cyclodextrin as modifier in the electrophoretic
medium has been shown to effect separation
through a host—guest relationship [14] with the
analytes. Small amounts of f-cyclodextrin in the
separation media have been found to be sufficient
for optimizing the separation of water- and fat-
soluble vitamins [15]. Therefore, concentrations
higher than 10 mM were considered unnecessary. In
addition, higher concentrations of f-cyclodextrin in
the buffer solution would pose a solubility problem.
Consequently, minimum and maximum S-cyclodex-
trin concentrations of 0 and 10 mM were chosen.
After setting the operational conditions at the
four apices of the rectangular plot, the other five
experiments as shown in Fig. 2 would then be easily
defined. For example, the pH of the buffer and the
amount of f-cyclodextrin in the electrophoretic
media for point 5 (5 mM S-cyclodextrin and pH 7.0)
shown in Fig. 2 are calculated as follows: the amount
of fB-cyclodextrin is the sum of the amount of
B-cyclodextrin at point 4 (0 mM f-cyclodextrin) and
the mean of the difference between point 4 (0 mM
B-cyclodextrin) and point 6 (10 mAM f-cyclodextrin).
Similarly, the pH of the buffer can be obtained from
point 2 (pH 6) and point 8 (pH 8). The detailed
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TABLE II

EXPERIMENTAL CONDITIONS USED FOR THE NINE
" EXPERIMENTS

Experiment No. pH  B-CD concentration (mM)

1 6.0 0
2 6.0 5
3 6.0 10
4 7.0 0
5 7.0 S
6 7.0 10
7 8.0 0
8 8.0 5
9 8.0 10

conditions at the various points of the rectangular
plot are listed in Table II.

Once all the conditions for the nine experiments
had been determined, the experiments were con-
ducted. The resolutions, R, between adjacent peak
pairs in each of the electropherograms were then
calculated from the migration times obtained from
the nine experiments using the equation

2 —1y)

R =
Wy + W,

)
where t; and ¢, are the migration times of two
adjacent peak pairs and W, and W, are the widths of
the peak pairs. These values were fitted into a
polynomial equation:

R = g + a1xy + azx; + a13x1X5 +'011X%'+

2 2 2 2.2
Ay2X3 + A112X1X2 + A332X1X5 + A1122X1X3 )

where g; are the polynomial coefficients and x; are
the proportions of each variable in percentage as
defined in Fig. 2. A BASIC program was used to
determine the coefficients of the polynomial. Once
the coefficients had been determined, the resolution
between peak pairs for conditions other than those
in the nine experiments could be calculated using
eqn. 2. As there are eight compounds, there would
be seven pairs of adjacent peaks. The rectangular
plots for the seven pairs of peaks were then generated.
Fig. 3 shows a typical rectangular plot for one of the
peak pairs, where the different symbols correspond
to different ranges of resolution between peak pairs.
By overlapping the seven rectangular plots, the final
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Fig. 3. Typical rectangular resolution plot of a pair of peaks.
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overlapped rectangular plot was obtained and is
shown in Fig. 4. Fig. 5 is a three-dimensional
representation of such a plot. The final overlapped
resolution plot represents the minimum values of the
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Fig. 4. Final overlapped resolution plot for all seven pairs of
peaks. Notation as in Fig. 3.
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Fig. 5. Three-dimensional representation of the final overlapped resolution plot.

resolution between all peak pairs under the condi-
tions bounded By the rectangular plot. The region
marked with # indicates the highest resolution
between all peak pairs and this is where the optimum
conditions are expected to be found. It is noted in
Figs. 4 and 5 that the overall optimum corresponds
to pH 6.4 and 2 mM B-cyclodextrin (R = 2.24).
Although satisfactory separation can also be ob-
tained at pH 6.5 or 6.6 without S-cyclodextrin (R =
2.03 and 2.10, respectively), the use of f-cyclo-
dextrin as a modifier served to stabilize the system
and resulted in enhanced separation.

In order to_evaluate the validity of the ORM
scheme, experimental conditions corresponding to
points A, B and C in Fig. 4 (the final overlapped
resolution plot) were chosen from the regions re-

[—
' i ;
0

4
MIN

Fig. 6. Electropherogram for the eight sulphonamides with
electrophoretic conditions corresponding to point A in Fig. 4:
0.05 M phosphate-0.05 M borate (pH 6.0) and 3 mM f-cyclo-
dextrin; Separation tube, 50 cm x 50 um LD.; detection
wavelength, 210 nm; voltage, 15 kV. Peaks: 1 and 2 = methanol,
SG and SMZ;3 = SMP; 4 = SM; 5 = SD; 6 = SQX; 7 = SS;
8 = SCP.

presented by the symbols - and #, respectively.
Poor resolution (R < 0.5) would be expected for the
condition represented by point A whereas high
resolution (R = 2.0) would be expected for condi-
tions represented by points B and C. Point B
represented the optimum conditions when no modi-
fier is added. Point C represented the overall opti-
mum conditions, i.e., the conditions with the highest
resolution within the range of experimental condi-
tions. Typical electropherograms using these condi-
tions (represented by points A, B and C) are shown
in Figs. 6, 7 and 8, respectively. As can be seen from
Fig. 6, the first two peaks (SG and SMZ) co-elute for
experimental conditions corresponding to point A,
which lies outside the optimum region. From Figs. 7
and 8, it can be observed that for experimental

MIN

Fig. 7. Electropherogram for the eight sulphonamides with
electrophoretic conditions corresponding to point B in Fig. 4:
0.05 M phosphate-0.05 M borate (pH 6.5); separation tube, 50
cm x 50 yum L.D.; detection wavelength, 210 nm; voltage, 15 kV.
Peaks: 1 = methanol and SG; 2 = SMZ; 3 = SMP; 4 = SM;
5=8D; 6 = SQX; 7 = SS; 8 = SCP.
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0 2 4 6 8
MIN

Fig. 8. Electropherogram for the eight sulphonamides with
electrophoretic conditions corresponding to point C in Fig. 4:
0.05 M phosphate-0.05 M borate (pH 6.4) and 2 mM B-cyclo-
dextrin; separation tube, 50 cm x 50 um 1.D.; detection wave-
length, 210 nm; voltage, 15 kV. Peaks: 1 = methanol and SG;
2 =SMZ;3 = SMP;4 = SM;5 =SD;6 = SQX;7 =S§;8 =
SCP.

conditions corresponding to points B and C selected
from the optimum region, all the peaks are baseline
separated and the values of the resolution between
all the pairs of peaks are more than the preset value
of 2. The total analysis time was less than 8 min,
which is considerably less than the preset criterion of
a maximum analysis time of 15 min.

The results clearly demonstrated the versatility of
the ORM scheme for CE separations. The most
important feature of the scheme is that it could be
used to determine the overall optimum conditions
for the separation, which involved optimization of
both pH and f-cyclodextrin concentration. Further,
it could be used to determine the optimum condi-
tions for separation by varying pH alone (corre-
sponding to pH 6.5 or 6.6 and 0 mM (-CD). From
the results obtained, it is concluded that overall
optimum conditions for CE separation can be
obtained much more readily using the systematic
optimization schemé than by trial-and-error ap-
proaches.

C.L.NG,H. K. LEE,S. F. Y. LI
CONCLUSIONS

An ORM scheme was employed for the optimiza-
tion of CE separation of eight sulphonamides. The
scheme provided a systematic procedure which
could be used to obtain the overall optima within the
range of experimental conditions investigated. To
confirm the validity of the optimization procedure,
additional experiments were performed which de-
monstrated that satisfactory separation could be
obtained using experimental conditions selected
from the optimum region of the resolution plot. In
view of the promising results obtained, it is believed
that the scheme can be readily extended to obtain
optimum experimental conditions for other CE
separations.
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ABSTRACT

B-Cyclodextrin-bonded silica is shown to be a suitable stationary phase for high-performance liquid chromatography of conforma-
tional isomers of proline-containing peptides. A variety of selective interactions may be used to separate cis—trans conformers by steric
discrimination. The formation of an inclusion complex seems to be particularly effective if an aromatic amino acid N-terminal-bonded
to proline is enclosed in the analyte. Unusually high resolution values for such separations under low-temperature conditions suggest a
steric hindrance of isomer conversion owing to the formation of inclusion complexes.

INTRODUCTION

cis—trans Isomerism of the prolyl peptide bond
seems to be of central importance for the folding and
biological activity of various oligopeptides and
small proteins [1]. Enzymes exhibiting peptidyl
prolyl cis—trans isomerase (PPIase) activity efficient-
ly catalyse the cis—trans isomerization of proline
imidic peptide bonds [2,3]. In order to investigate the
enzymatic catalysis of conformational changes ap-
plying pure conformers instead of mixtures of
cis—trans short peptides with C-terminal proline or
N-alkylamino -acid can be utilized to study the

0021-9673/92/$05.00 ©

separation of conformers. Such oligopeptides show
particularly high barriers of rotation of the peptide
bond [4,5]. In the equilibrium the trans conforma-
tion is favoured in most peptides, but the cis
conformers occur in detectable amounts. Quantita-
tive data about this type of conformational inter-
conversion could be obtained by different spectro-
scopic and kinetic methods [3,6-10].
Reversed-phase high-performance liquid chroma-
tographic (HPLC) studies of di- and oligopeptides
with C-terminal proline were published by Melander
et al. [11} and others [12,13]. Chromatographic
resolution of conformers by solvophobic interaction
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with the reversed-phase was described as a possible
method for separating pure peptide bond isomers,
but the relaxation times of conformational changes
have to be comparable to the time scale of the HPLC
run used.

It was assumed that the elution behaviour of cis
and trans isomers is determined by the larger
solvophobic surface area of the cis isomer, inter-
acting with hydrocarbons bonded to silica gel. In
relation to aqueous solution, the isomer distribution
and the relaxation times of the isomerization may be
seriously affected by the chromatographic condi-
tions. Therefore, experimental selection of the
optimum eluent composition, pH, ionic strength,
system temperature and flow-rate is necessary for
the successful separation of conformational isomers.

In this paper, we present an HPLC method which
allows the separation of cis and trans isomers of
proline-containing di- and oligopeptides by steric
discrimination on cyclodextrin-bonded silica.

EXPERIMENTAL

Materials

Optically pure dipeptides were purchased from
Bachem Biochemica (Heidelberg, Germany). Bio-
logically active oligopeptides were synthesized by K.
Neubert and co-workers at the Department of
Biochemistry/Biotechnology, Martin-Luther Uni-
versity Halle, Germany. Chiral S-cyclodextrin Si 100
(10 um) columns were obtained from Serva (Heidel-
berg, Germany). All other solvents and chemicals
were of analytical-reagent grade.

Apparatus

HPLC measurements were performed with a
Merck-Hitachi LiChroGraph system using an
L-6200 low-gradient pump, an L-3000 photodiode-
array detector and an HM computing integrator.
The columns and the eluents were immersed in a
Lauda RM 6 constant-temperature bath.

HPLC conditions

The columns, both 125 mm x 4.6 mm LD., were
connected. Chromatographic experiments were per-
formed isocratically using various 0.02 M ammo-
nium dihydrogenphosphate—acetonitrile mixtures.
The analyte absorptions were monitored at 210 nm.
The flow-rate was 2 ml/min. Before elution, the
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columns were equilibrated with the mobile phase at
5°C for 60 min. Peak splitting as a result of
isomerization kinetics was demonstrated by peak
collection and rechromatography of the fractions.

RESULTS AND DISCUSSION

Cyclodextrin (CD)-bonded silicas as stationary
phases in HPLC were developed for separating
enantiomers by forming diasterecomers with chiral
centres of cyclodextrins. In addition to chiral appli-
cations, CD-bonded phases have been used as
packings for the separation of polynuclear aromat-
ics, substituted aromatics, stilbenes and structural
isomers [14], and also as stationary phases for the
separation of selected groups of di- and tripeptides
[15,16].

The introduction of CD-bonded silicas for sepa-
rating conformational isomers offers the opportuni-
ty to exploit a variety of selective interactions be-
tween peptides and cyclodextrins, such as host—guest
and hydrophobic interactions, hydrogen bonding
and dipole-dipole interactions. Using phosphate
buffer of low ionic strength and pH values that force
peptides into their zwitterionic form, a number of
conformers of di-, tri- and tetrapeptides were re-
solved. To separate both conformers of Ala—Pro,
Ile-Pro, Leu—Pro, Phe-Pro, Phe-p-Pro, Ile-Pro-Ile,
Val-Pro-Leu, Tyr—-Pro—Phe and Pro-p-Phe-Pro-
Gly by inclusion complexation and hydrophobic
interaction for each individual peptide, the organic
solvent content has to be adjusted.

Lowering the temperature below ambient de-
creases the interconversion rates and can improve
the resolution of isomer peaks. As demonstrated in
Fig. 1, peptides bearing aromatic amino acids
N-terminal to proline (phenylalanine or tyrosine)
show baseline separations between the two con-
formers with relative resolution (R,) values up to 5.
The unusually high R, values and the absence of the
typical plateau between the two isomer peaks, in
contrast to reversed-phase chromatographic runs,
suggest a steric hindrance of isomer conversion
owing to the formation of inclusion complexes. In
contrast to these results, peptides consisting of
aliphatic amino acids N-terminal-bonded to proline
show well resolved peaks without baseline resolu-
tion.

It seems that aromatic amino acids are essential
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Fig. 1. Elution profiles of (1) Phe-Pro, (2) Tyr-Pro-Phe and (3)
Pro-p-Phe-Pro—Gly on chiral f-cyclodextrin Si-100 at 5°C. For
chromatographic conditions, see Experimental. Mobile phase: (1)
0.02 M ammonium dihydrogenphosphate (pH 6.2)-acetonitrile
(90:10); (2) 0.02 M ammonium dihydrogenphosphate (pH 6.2)-
acetonitrile (80:20); (3) 0.02 M ammonium dihydrogenphosphate
(pH 6.2)—-acetonitrile (70:30). Detector: 0.0128 a.u.fs. ’

parts in the sequence to distinguish conformers by
inclusion complexation. These results are in accor-
dance with those of other workers [15,17,18], which
suggested that the formation of an inclusion com-
plex for exploiting the chiral recognition principle
and a separation system for geometric isomers is
particularly effective if an aromatic ring system is
enclosed in the analyte.

In contrast to reversed-phase techniques, the
elution pattern of conformer separations on CD-
bonded silica may be affected by additional different
interactions. Starting from the hypothesis that cis or
trans isomers are selectively included in the CD
cavity by steric discrimination, some of the observed
phenomena, e.g., elution order of cis and trans
isomers and the cis—trans ratio of conformers, could
be explained. Enzymatic and NMR spectroscopic
studies of fractionated single isomers are in progress
to establish the elution order.

In order to demonstrate that peak splitting was a
result of dynamic equilibrium during the chroma-
tographic run, fractions of effluents were collected.
Using rechromatography in each instance the origi-
nal chromatogram was obtained after relaxation of
the conformer distribution, as demonstrated for
Phe-Pro in Fig. 2. Refrigeration of the fractionated
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Fig. 2. Semi-preparative low-temperature fractionation of Phe—
Pro on chiral f-cyclodextrin Si-100 (see Experimental). (1)
Isolation of the minor isomer (shaded peak); injection 0.5 mg per
100 ul. (2) Rechromatography of the first-eluting peak from (1),
corresponding to the minor isomer; reisomerization of this frac-
tion as a function of incubation time and temperature. (a) 15
min, —10°C; (b) 45 min, — 10°C; (c) 60 min, — 10°C; (d) 90 min,
25°C. Detector: (1) 1.0 a.u.fis.; (2) 0.01 a.u.fs.

conformers offers the opportunity to delay con-
former relaxation for a substantial period and
allows the acquisition of nearly pure cis and trans
isomers for further studies, e.g., structural and
enzymatic investigations.

In conclusion, low-temperature HPLC on CD-
based silicas has been found to be applicable to the
determination of conformational changes in proline-
containing peptides and for the fractionation of cis
and trans conformers as valuable substrates for
advanced studies. Cyclodextrin additives should
provide versatile chromatographic systems for the
investigation of conformational changes in proly!
peptides. These applications are under investigation.
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ABSTRACT

An improved high-performance liquid chromatographic technique with photodiode-array detection was developed for the identifica-
tion and determination of the active principles of Magnolia officinalis extracts such as honokiol and magnolol. A reversed-phase column
(Nucleosil 7C, 4) was eluted with a isocratic system of acetonitrile-0.1% phosphoric acid (65:35). It was found that 19.13 + 0.62 mg of
honokiol and 75.24 + 3.48 mg of magnolol were contained in the methanol extracts of 1 g of Magnolia officinalis.

INTRODUCTION

The root and stem bark of Magnolia officinalis
(Chinese name: houpo) has been used as a folk med-
icine in China for the treatment of thrombotic
stroke, typhoid fever and headache [1]. Two iso-
mers of neolignans, honokiol and magnolol, have
been isolated from the bark of this plant and other
Magnoliaceae [1]. These two compounds possess
antimicrobial activities against Gram-positive and
acid-fast bacteria and fungi [2] and central depres-
sant effects [3]. Recent studies indicated that mag-
nolol inhibits intracellular calcium mobilization in
platelets caused by collagen, even in the presence of

0021-9673/92/$05.00 ©

indomethacin [4], and relaxes vascular smooth mus-
cle by releasing endothelium-derived relaxing factor
and by inhibiting calcium influx through voltage-
gated calcium channels [5].

The determination of honokiol and magnolol by

OH  H OH OH
O Q.
Honokiol Magnolol

Fig. 1. Structures ot honokiol and magnolol.
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high-performance liquid chromatography (HPLC)
[6] and of magnolol and its metabolites by liquid
chromatography-mass spectrometry [7-9] have
been described. However, none of the methods per-
mits the ultraviolet spectral identification of hono-
kiol and magnolol from Magnolia officinalis. In this
work, we developed a simple method displaying
three-dimensional patterns for the identification
and to check the purity of honokiol and magnolol.

EXPERIMENTAL

Materials and reagents

Magnolia officinalis was purchased from a tradi-
tional Chinese herbal drug store in Taipei. Authen-
tic compounds, honokiol and magnolol (Fig. 1),
were obtained from Nacalai Tesque (Kyoto, Japan)
and acetonitrile, methanol, n-hexane, ethanol
(99.5%) and phosphoric acid (70%) from E. Merck
(Darmstadt, Germany).

Apparatus
The HPLC system consisted of a Rheodyne (Co-
tati, CA, USA) Model 7125 injector, a Waters (Mil-

209 nm

2 300 350
200 A A
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ford, MA, USA) Model 990 photodiode-array de-
tector, which permits the scanning of chromato-
graphic and spectral data, and two Waters Model
510 chromatographic pumps. Separation was
achieved on a reversed-phase Nucleosil 7C;¢ (parti-
cle size 7 um) column (250 X 4 mm I.D.) (Mache-
rey—Nagel, Diiren, Germany) fitted with a column
inlet filter (3 mm x 0.5 um) (Rheodyne) at room
temperature. The mobile phase was acetonitrile-
water—phosphoric acid (65:35:0.1, v/v/v) of pH 2.4~
2.7 -at a flow-rate of 1.0 ml/min. The detection
wavelengths were 209 nm for honokiol and 218 nm
for magnolol.

Extraction

Magnolia officinalis powder (0.5 g) was boiled
with 50 m! of extraction solvent [water, methanol,
ethanol (99.5%), ethanol (50%), n-hexane, 0.1 M
HCI or 0.1 M NaOH] for 15 min. This procedure
was repeated twice. The two filtrates were combined
and diluted to 100 ml in a volumetric flask.

Authentic samples
The compounds separated by the proposed

Wavelength nm

a.l

:2.0?min

T T T T
0 i

—
o

©g).

Fig. 2. Chromatogram and UV spectra of ethanol (99.5%) extract of Magnolia officinalis. A = honokiol (3.89 ug); B = magnolol (16.18
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HPLC method were identified by comparison of
their retention times and spectra with those of au-
thentic samples of honokiol and magnolol.

Determination of honokiol and magnolol

Calibration graphs for honokiol and magnolol
dissolved in methanol were constructed by HPLC
of various known amounts of these compounds
(0.25, 0.5, 1 and 2 ug). The contents of honokiol
and magnolol in the crude extract of Magnolia offic-
inalis were determined from the regression equa-
tions for the lines constructed for the two com-
pounds.

RESULTS AND DISCUSSSION

Under the above conditions, the retention times
for honokiol and magnolol were 5.11 and 6.33 min,
respectively. Fig. 2 shows the chromatogram and
UV spectra of an ethanol (99.5%) extract of Mag-
nolia officinalis. The peaks corresponding to hono-
kiol and magnolol were confirmed by the retention

AU 7

'
) KN

.2

300

Wavelength
200 --- 380 nm
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times and the UV spectra obtained with photo-
diode-array detection. Fig. 3 illustrates a three-di-
mensional chromatogram where both honokiol and
magnolol are present. This plot was very useful in
the identification of each compound because it al-
lowed the observation of the full UV absorption
spectrum of each peak as it eluted from the chro-
matographic column [10]. Hence the detection of
other compounds was easily noted, and co-eluting
components could be observed.

The content of each compound in the crude herb-
al extract was determined from the linear regression
equation of the calibration graph for each com-
pound. The equations for honokiol and magnolol
were y = 0.0862x + 0.0028 (r = 0.999) and y =
0.0655x + 0.0057 (r = 0.999), respectively, where x
is amount of compound and y is peak-area re-
sponse. The linearity range was between 5 ng and 2
ug. The detection limits for honokiol and magnolol,
at a signal-to-noise ratio of 4, were 2 and 1 ng, re-
spectively.

Table I gives the contents of honokiol and mag-

Time
0 --- 10 min

]
_
o

range

Fig.’3. Three-dimensional chromatogram of ethanol (99.5%) extract of Magnolia officinalis. x-Axis is retention time, y-axis absorbance

and z-axis UV wavelength. A = honokiol; B = magnolol.
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TABLE }

CONTENTS OF HONOKIOL AND MAGNOLOL IN DIF-
FERENT EXTRACTS OF 1 g OF MAGNOLIA OFFICINA-
LIS

Results are means + S.D. (n=4).

Extraction solvent Honokiol (mg/g) Magnolol (mg/g)

Water 0.594:0.09 2.2940.89
Methanol 19.13+0.62 75.244:3.48
Ethanol (99.5%) 18.88+0.98 83.62%5.23
Ethanol (50%) 17.27+0.21 77.67£0.69
n-Hexane 22.11+1.84 89.87+£3.27
0.1 M HCI 0.57+0.12 1.7040.73
0.1 M NaOH 18.294:0.27 84.01+1.73

nolol in extracts of Magnolia officinalis obtained
with different solvents. It appears that n-hexane is
the best and 0.1 M HCI the worst solvent for the
extraction of honokiol and magnolol.

In conclusion, the proposed technique should be
useful for the quality control of Magnolia officinalis,
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for stability testing and for pharmacokinetic studies
of honokiol and magnolol.
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ABSTRACT

A reversed-phase high-performance liquid chromatographic analysis of cruciferous phytoalexins, antimicrobial compounds syn-
thesized de novo by plants after exposure to microorganisms, was performed using an acetonitrile-methanol-water complex solvent
gradient system. A well resolved chromatogram of thirteen phytoalexins and three related indole metabolites isolated from cruciferous
plants was obtained by this method. Accumulation of phytoalexins in Pseudomonas cichorii-inoculated turnip tissue was followed by

this high-performance liquid chromatographic analysis.

INTRODUCTION

Phytoalexins are low-molecular-weight antimi-
crobial compounds that are synthesized de novo by
plants in response to infection by microorganisms
[for recent reviews see refs. 1-3). Accumulation of
phytoalexins is considered to be one of the impor-
tant disease resistance mechanisms. We have re-
cently isolated and characterized several phytoalex-
ins (1-12) (Fig. 1) from cruciferous plants, Japanese
radish (Raphanus sativus) [4], Chinese cabbage
(Brassica campestris ssp. pekinensis) [5-7], cabbage

* For part XV, see ref. 10.

0021-9673/92/805.00  ©

(B. oleracea) [8-10] and turnip (B. campestris L. ssp
rapa) [11].

These phytoalexins are structurally unique indole
or indole-related compounds possessing one or two
sulphur atoms. Devys and co-workers [12,13] have
described the accumulation of additional phytoa-
lexins, brassilexin (13) and cyclobrassinin sulphox-
ide, in Indian mustard (B. juncea) treated with
abiotic elicitors. Also, Dahiya and Rimmer {14]
have reported the isolation of methoxybrassinin (2)
and cyclobrassinin (4) from oilseed rape (B. napus)
inoculated with Leptosphaeria maculans. Phytoalex-
in accumulation was related to resistance to L. mac-
ulans, a fungus which causes the blackleg disease of
crucifers [15,16].

Cruciferous plants contain a group of structur-

1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Chemical structures of cruciferous phytoalexins and indole glucosinolates. 1 = Brassinin; 2 = methoxybrassinin; 3 = 4-
methoxybrassinin; 4 = cyclobrassinin; 5 = dioxibrassinin; 6 = spirobrassinin; 7 = brassitin; 8 = methoxybrassitin; 9 = me-
thoxybrassenin B; 10 = brassicanal A; 12 = brassicanal B; 13 = brassilexin; 14 = glucobrassicin; 15 = neoglucobrassicin; 16 ="
4-methoxyglucobrassicin. Compound 11 was isolated from both Chinese cabbage and cabbage, but its structure has not been published.
The absolute configurations of 6 and 11 have not been determined as yet. The spectroscopic data will be published elsewhere.

ally related secondary metabolites, the glucosino-
lates (14-16) [17]. The breakdown of such com-
pounds, brought about by the action of another en-
zyme, thioglucoside glucohydrolase, yields a variety
of products possessing a variety of biological ef-
fects, especially indole glucosinolates [18,19]. Re-
cently, interest in the biosynthetic relationship be-
tween these indole or indole-related phytoalexins
and indole glucosinolates has increased.

In order to study the biosynthesis of the cruci-
ferous phytoalexins, it is important to develop an
efficient method of analysing all phytoalexins and
related metabolites. In this paper, we describe a
practical high-performance liquid chromatographic
(HPLC) analysis of these thirteen cruciferous phy-
toalexins and three related indole metabolites in a
single run. We believe that this method is very use-
ful and powerful for research on the biosynthesis of
cruciferous’ phytoalexins and the analysis of phy-
toalexins of other crucifers.

EXPERIMENTAL

Apparatus

The HPLC analyses were performed on a Japan
Spectroscopic (Tokyo, Japan) liquid chromato-
graphic system equipped with a Model 801-SC sys-
tem controller, a Model 851-AS automatic sampler,
a Model 880-50 line degasser, a Model 880-02 low-
pressure gradient unit, a Model 865-CO column ov-
en, a Model 880-PU pump and a Model UVI-
DEC-100-V UV detector. A Chromatopac C-R6A
integrator was used for measuring peak areas (Shi-
madzu, Tokyo, Japan).

HPLC analytical conditions

The analytical column was yBondapak C;g (10
pm, irregular) (300 mm X 3.9 mm 1.D.) (Waters
Assoc., Milford, MA, USA). Water, methanol and
acetonitrile used as the mobile phase were HPLC
grade (Wako Chemicals, Tokyo, Japan, and Kanto
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Chemicals, Tokyo, Japan). These solvents were
kept at 35°C in a water bath. The HPLC column
was eluted with water (A)-methanol (B)-acetoni-
trile (C) under a ternary gradient mode [20-22] at a
flow-rate of 2 ml/min at 35°Cin a column oven. The
column was eluted for 4 min with 75% A + 10% B
+ 15% C, followed by successive linear gradients:
to 60% A + 10% B + 30% C over 10 min; to 50%
A + 50% B + 0% C over 3min; to 100% B over 15
min. The eluent was held at 100% B for 5 min and
then brought back to 75% A + 10% B + 15% C
over 5 min, and allowed to equilibrate for 5 min
(Fig. 2). The UV detector was operated at 254 nm.

Phytoalexin standards

An authentic standard mixture was prepared
from thirteen phytoalexins (Fig. 1, 1-13) and three
related indole compounds [3-indolecarboxaldehyde
(17), 3-indolylacetonitrile (18) and 1-methoxy-3-in-
dolecarboxaldehyde (19)]. These were isolated from
Pseudomonas cichorii-inoculated Japanese radish
[4], Chinese cabbage [5-7] and cabbage [8-10] as
previously described, except for brassilexin (13)
[12]. Authentic brassilexin (13) was supplied by Dr.
Barbier (Institut de Chimie des Substances Natu-
relles, CNRS, Gif-sur-Yvette, France). The authen-
tic standard mixture contained 0.1 ug of each com-
ponent in 5 ul of methanol. Cyclobrassinin sulphox-
ide was not determined in this analysis. The internal
standard wighteone (20) was isolated from Ficus
carica inoculated with Fusarium solani [23].

Quantitative analysis of phytoalexins

Under the analysis conditions, the retention
times (in minutes) of the phytoalexins were as fol-
lows: 3-indolecarboxaldehyde (17), 6.6 £+ 0.2; diox-
ibrassinin (5), 9.6 + 0.2; 3-indolylacetonitrile (18),
11.4 + 0.3; brassicanal B (12), 12.0 = 0.2; brassitin
(7) and brassicanal A (10), 12.6 + 0.2; 1-me-
thoxy-3-indolecarboxaldehyde (19) and brassilexin
(13), 13.3 £ 0.2; spirobrassinin (6), 15.5 + 0.2; me-

100
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40

Ratio (%)
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[

Retention time ( min )
Fig. 2. Solvent composition in the gradient system.

o
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thoxybrassitin (8), 18.7 £ 0.3; brassinin (1), 19.9 +
0.3; 4-methoxybrassinin (3), 21.3 + 0.3; methoxy-
brassinin (2), 24.4 + 0.2; cyclobrassinin (4), 24.9 £
0.2; methoxybrassenin B (9), 25.3 £ 0.1; and com-
pound 11, 26.7 £ 0.2 min. Each value is the mean
+ S.D.

A known quantity (0.50 ug) of wighteone (20)
was chromatographed as an internal standard. The
area of each peak in comparison with that of the
standard was used for quantitative purposes. In the
case of brassinin (1), the calculated equation for the
regression curve at 254 nm was y = —0.002 +
0.229 x where y = weight in ug and x = ratio of
peak area between brassinin (1) and wighteone (20)

~ with » = 0.997. The regression line was linear from

0.05 to 2.5 ug. The other areas were calculated from
their absorption coefficients recorded with a Japan
Spectroscopic Ubest-30 spectrophotometer. The
UV detector permitted detection of 10 ng of the
substances. Statistical analyses were obtained
through Delta Graph 1.5 software, loaded onto an
Apple Macintosh SE computer (Apple Computer,
Cupertino, CA, USA).

Material

Turnip plants (B. campestris L. ssp. rapa cv. To-
kyo Cross) were cut into 3-mm-thick discs (ca. 5 cm
in diameter). After an ageing period of 24 h, the
discs were divided into two series: control tissues
and tissues inoculated with P. cichorri. The control
discs were incubated at 25 °C for the indicated peri-
ods. Two discs were taken out each time and freeze
dried. The other series of discs were inoculated with
P. cichorii (ca. 108 cells/ml). The inoculated discs
and controls were kept under similar conditions
and processed similarly. Freeze-dried disc tissue
was suspended in acetone and homogenized using a
Polytron homogenizer (5 min); after being set aside
for 5 min the mixture was filtered under vacuum.
The filtrate was evaporated to dryness under re-
duced pressure and taken up in methanol (2 x 2
ml). The methanol solution was passed through Ad-
sorbex SI (100 mg) and Adsorbex RP-18 (100 mg)
cartridges connected in a series, to remove highly
polar/non-polar substances, and the cartridges were
washed with 5 ml of methanol. The combined meth-
anol eluate and washings were evaporated under
vacuum and the residue redissolved in a propor-
tional amount of methanol [11].
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RESULTS AND DISCUSSION

An authentic standard mixture was prepared
from the thirteen phytoalexins and three related in-
dole metabolites and their resolution was investi-
gated using HPLC under several analytical condi-
tions. At first, two simple gradient systems, aceto-
nitrile-water and methanol-water, were tried.
However, a well resolved chromatogram could not
be obtained. In the case of the acetonitrile-water
gradient system, peaks of polar compounds were
well resolved, but those of non-polar compounds
were not. On the other hand, in the case of the
methanol-water gradient system, the opposite re-
sult was obtained. So an acetonitrile-methanol-wa-
ter combination [20-22] was adopted, and gradient
conditions were examined. Several kinds of col-
umns were also tried, e.g. RCM8 x 10 with car-
tridge columns of 10-um Radial-PAK 5PAH (Cys),
10-um 8MBPH (alkylphenyl type), 10-um 8CN and
uBondapak C;g (Waters). When the 10-um SPAH
cartridge column was used, eight compounds were
eluted within 10 min without separation, and all
peaks were broadened considerably. In the case of
10-um 8BPH, most peaks were symmetrical, but
only eleven peaks were observed. Sharp peaks could
be obtained with 10-um 8CN columns, but all phy-
toalexins were eluted within 17 min without com-
plete separation because of weak affinity between
the CN group and the indole phytoalexins. Finally,
the best resolution was found with the uBondapak
C;s column using the complex solvent system as
illustrated in Fig. 2. In this ternary mobile phase
gradients, all the peaks of the phytoalexins and the
related indole metabolites were well resolved except
those of brassitin (7), brassicanal A (10), brassilexin
(13) and 1-methoxy-3-indolecarboxaldehyde (19)
(Fig. 3E, standard sample). When the UV detector
was operated at wavelengths > 300 nm, only brassi-
canal A (10) and 1-methoxy-3-indolecarboxalde-
hyde (19) could be detected since brassilexin (13)
and brassitin (7) show weak UV absorption in this
range. On the other hand, brassicanal A (10) and
1-methoxy-3-indolecarboxaldehyde (19) exhibit
strong UV absorption in this range. For instance,
brassicanal A (10) exhibits its absorption maximum
at 311 nm (¢ = 9740) [7], and 1-methoxy-3-indole-
carboxaldehyde (19) at 300 nm (¢ = 10 400) [24].

Using this method all cruciferous phytoalexins

SHORT COMMUNICATIONS

Retention time ( min )

Fig. 3. HPLC of the crude extracts of turnip tissues and standard
sample. Column, pBondapak C, g, 10 gm 300 x 3.9 mm LD,
solvent system, acetonitrile—-methanol-water; flow-rate, 2 ml/
min; UV detection at 254 nm. (A) Control tissue after 3 days. (B)
P. cichorii-inoculated tissue after 12 h. (C) Inoculated tissue after
2 days. (D) Inoculated tissue after 4 days. (E) Standard sample.
Peaks: 1-13, see Fig. 1; 17 = 3-indolecarboxaldehyde; 18 =
3-indolylacetonitrile; 19 = I-methoxy-3-indolecarboxaldehyde.

and related indole metabolites can be analysed in a
single run within a reasonable time (50 min per
run). Many samples can be analysed automatically,
even at night, in combination with an automatic
sampler. Reproducible chromatograms were ob-
tained by maintaining the temperature of both the
column oven and the solvent reservoirs at 35°C.
Fig. 3 illustrates the HPLC chromatograms of the
crude extracts obtained from control and P. cicho-
rii-inoculated turnip tissues and Table I shows their
phytoalexin contents. Accumulation of brassinin
(1), methoxybrassinin (2) and cyclobrassinin (4)
was clearly observed after 12 h of inoculation. Spi-
robrassinin (6) became the major phytoalexin at
day 4, with a decline in brassinin (1) and cyclobras-
sinin (4). This result agrees with our biosynthetic
studies: spirobrassinin (6) is biosynthesized from
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PHYTOALEXIN CONTENTS OF P. CICHORII-INOCULATED TURNIP ROOT TISSUE

N.D. = Not detected. Each value represents the mean + S.D. Experiments were repeated three times with three samples per experiment.

Time Phytoalexin production (ug per g dried weight)
Spriobrassinin Brassinin Methoxybrassinin  Cyclobrassinin
Control (3 days) N.D. N.D. N.D. N.D.
12h 10.1+1.7 8.841.0 20.0+0.9 112.6+8.9
2 days 61.9+5.0 37404 10.9+0.2 82.2+3.5
8 days 130.2£3.9 3.9+0.4 14.0+0.8 304£2.0

brassinin (1) [25]. A detailed discussion of the time
course studies of the phytoalexins is provided else-
where [11].

Prior to this report, two groups have described
procedures for the determination of cruciferous
phytoalexins. Dahiya and Rimmer [26] have report-
ed the HPLC analysis of methoxybrassinin (2) and
cyclobrassinin (4) from elicited B. napus and B. jun-
cea tissues and Kollmann et al. [27] have also dem-
onstrated efficient clean-up of coloured plant ex-
tract with reversed-phase cartridges and reported
the HPLC analysis of three phytoalexins. Recently,
Rouxel et al. [28] reported the HPLC analysis of five
indole, phytoalexins [brassinin (1), methoxybrassi-
nin (2), brassilexin (13), cyclobrassinin (4) and cy-
clobrassinin sulphoxide] using Kollmann’s binary
gradient system, and discussed the relationship be-
tween these indole phytoalexins and resistance to L.
maculans within Brassicaceae. However, as they in-
dicated in their paper, it seems difficult to be to de-
termine polar phytoalexins such as brassilexin (13)
using a simple gradient, since the slope of the meth-
anol gradient is too steep. Furthermore, they did
not analyse spirobrassinin (6), which is a major
phytoalexin in Japanese radish (R. sativus) and tur-
nip root (B. campestris), as illustrated in Fig. 3.

Recently, we have confirmed that spirobrassinin
(6) and cyclobrassinin (4) are biosynthesized from
brassinin (1) by incorporation studies of labelled
compounds [25]. Devys and Barbier [29] suggested
that brassilexin (13) is also biosynthesized from
brassinin (1) via cyclobrassinin (4) and cyclobrassi-
nin sulphoxide. In order to determine these biosyn-
thetic pathways, spirobrassinin (6) and other polar
and less polar phytoalexins must be analysed to-
gether with non-polar ones. Using our gradient sys-

tem, thirteen phytoalexins from polar to non-polar
and three related metabolites can be analysed in a
single run.

Because Japanese radish and turnip roots were
used as material, the analyses were not complicated
by pigments, waxes, sterols and other interfering
compounds, as illustrated in Fig. 3A (control tissue
after 3 days). However, other coloured cruciferous
plant materials could be also analysed by our meth-
od in combination with Kollmann’s protocol. The
combined method may be a standard analytical
procedure of cruciferous phytoalexins.
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