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Preparation and characterization of mixed functional
phase silica materials using phenyl-, butyl- or
octylchlorosilane as a silylating agent

Jun Haginaka* and Junko Wakai
Faculty of Pharmaceutical Sciences, Mukogawa Women's University, 11-68, Koshien Kyuban-cho, Nishinomiya, Hyogo 663 (Japan)

(First received September 6th, 1991; revised manuscript received December 31st, 1991)

ABSTRACT

Mixed functional phase (MFP) silica materials having phenyl-diol, butyl-diol and octyl-diol phases were prepared for direct
injection analysis of drugs in serum. The MFP materials were synthesized from a porous silica gel of 9 nm pore size in two steps;
introduction of a hydrophobic (phenyl, butyl or octyl) phase using the corresponding trichlorosilane as a silylating agent and in
troduction of a glycerylpropyl (i.e., diol) phase using 3-glycidoxypropyltrimethoxysilane in an aqueous medium (pH 3.5). By changing
the density of the hydrophobic and hydrophilic ligands, proteins were completely recovered from the prepared MFP materials in the
first injection. The MFP materials can be used for direct injection analysis of hydrophobic and hydrophilic drugs in serum.

INTRODUCTION

Recently, various types of restricted access pack
ings or packings with surface barriers have been de
veloped for sample clean-up or assays of drugs in
biological fluids [1-3]. In previous papers [4.5], we
reported a synthetic method for mixed functional
phase (MFP) silica materials having phenyl, butyl
or octyl groups as a hydrophobic phase and diol
groups as a hydrophilic phase for direct serum in
jection assays of drugs. The MFP materials were
prepared in three or four steps: introduction of a
3~glycidoxypropyl phase, introduction of a phenyl
phase and hydrolysis of the oxirane ring to a diol
phase, and three steps plus further introduction of
diol phases. In the above method, phenyl-, butyl- or
octylalkoxysilane was used as a silylating agent. It is
difficult to introduce an octyl phase owing to the
low reactivity of the corresponding alkoxysilane.
Also, the packing materials obtained had the disad
vantages of low column efficiencyand bad batch-to
batch reproducibility. Recently, we reported an im
proved preparation method for an MFP material in
two steps; introduction of a phenyl phase and in-

troduction of a glycerylpropyl (i.e., diol) phase [6].
The MFP materials also showed high column effi
ciency and good batch-to-batch reproducibility.

. This paper deals with the preparation of MFP
materials having phenyl, butyl or octyl groups as a
hydrophobic ligand by using the corresponding tri
chlorosilane as a silylating agent. They were charac
terized by physical and retention properties and ap
plied to direct serum injection assays of hydrophob
ic and hydrophilic drugs.

EXPERIMENTAL

Reagents and materials
Theobromine and bovine serum albumin (BSA)

were purchased from Nacalai Tesque (Kyoto,
Japan). HPLC-grade acetonitrile was purchased
from Kanto Chemical (Tokyo, Japan) and 3-glyci
doxypropyltrimethoxysilane, phenyltrichlorosilane,
butyltrichlorosilane and octyltrichlorosilane were
from Petrtarch Systems (Bristol, PA, USA). Other
reagents of analytical-reagent grade and control hu
man serum (Control Serum I) were purchased from
Wako (Osaka, Japan).' Phenobarbital, phenytoin,

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



152 J. HAGINAKA, J. WAKAI

carbamazepine, theophylline and caffeine were
kindly donated by Sankyo (Tokyo, Japan), Nippon
Ciba-Geigy (Takarazuka, Japan) and Eisai (Tokyo,
Japan). Develosil 90-5 silica gels (particle size 5 {lm;
pore size 9 nm; specific surface area 400 m2 jg) were
obtained from Nomura Chemicals (Seto, Aichi, Ja
pan).

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

Preparation of the MFP silica materials
The MFP packing materials were prepared in

two steps as shown in Fig. 1.

mixture was heated at reflux until all the water had
been removed as an azeotrope into a Dean-Stark
type trap. Next, 1.26, 0.40 or 0.17 ml of phenyl-,
butyl- or octyltrichlorosilane (equivalent to 2.5, 1.5
or 0.45 {lmol, respectively, per square metre of sur
face area) and 0.77, 0.47 or 0.14 ml of pyridine were
added to the mixture. After refluxing for 7 h, the
reaction mixture was cooled to room temperature,
filtered and washed with toluene and methanol. The
isolated silica gel was then dried in vacuo over P20S

at 60°C for 2 h. The silica materials thus obtained
are termed 2.5Ph, 1.5Bu or 0.450c silica, taking in
to account the number of micromoles of phenyl-,
butyl- or octyltrichlorosilane per square metre of
surface area used for the reaction.

j

Instrumentation
The reacted amounts of phenyl-, butyl- or octyl

trichlorosilane and 3-glycidoxypropyltrimethoxysi
lane were determined by elemental analysis using an
NC-80AUTO analyser (Sumika Chemical Analysis
Service, Osaka, Japan).

The prepared MFP materials were packed into
100 x 4.0 mm J.D. stainless-steel tubes by conven
tional high-pressure slurry-packing procedures.

The chromatographic system was composed of
an LC-9A pump, an SPD-6A spectrophotometer, a
SIL-6B autoinjector, a C-R4A integrator and an
SCL-6B system controller (all from Shimadzu,
Kyoto, Japan). The eluents used are specified in the
captions of the tables and figures. Detection was
performed at 254 or 275 nm. All separations were
carried out at ambient temperature.

Introduction of a diol phase
To 4 g of the 2.5Ph, 1.5Bu or 0.450c silica, 90 ml

of queous solutions containing 12.0 ml of 3-glyci
doxypropyltrimethoxysilane (34 {lmol per square
metre of surface area), the pH of which was ad
justed to 3.5 by addition of perchloric acid, were
added and the mixture was refluxed for 5 h. The
mixture was filtered and washed with water and
methanol. The isolated silica gel was dried in vacuo
over P 205 at 60°C for 2 h. The MFP silica materials
thus obtained are termed 2.5Ph-34G, 1.5Bu-34G
and 0.450c-34G silica.

3-glycidoxypropyllrimelhoxysilane

in aqueous media (pH 3.5)

O-Si-R

OH

O-Si-R

OH

OH

j R-SiCl, in 1010000

Introduction of a phenyl, butyl or octyl phase
Amounts of 4 g of Develosil silica gels were dried

in vacuo over P20 S at 150°C for 6 h and the dry
silica gel was added to 120 ml of dry toluene. The

Fig, 1. Synthetic route for the MFP packing materials. R =
phenyl, butyl or cetyl.

Preparation of human serum samples
Drugs were dissolved in human serum at a
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TABLE I

CARBON CONTENTS AND SURFACE COVERAGES OF THE MFP SILICA PACKING MATERIALS HAVING PHENYL
DIOLPHASES

Silica

2.5Ph
2.5Ph-17G
2.5Ph-34G
2.5Ph-68G

Carbon
content (%)

5.33
8.94
9.79

11.63

Surface coverage (umol/rn")

Hydrophobic phase

2.12
2.12
2.12
2.12

Diol phase

1.49
2.30
2.68

known concentration and an appropriate volume of
the serum sample was applied to the MFP material
after filtration through a 0.22-,um membrane filter
(Nippon Millipore, Tokyo, Japan).

Recovery of BSA from the MFP silica material
The recovery of BSA in the first injection from

the MFP silica material was determined by mea
suring the UV absorbance at 280 nm after injection
of 100 ,ul of BSA (10 mg/ml) sample as reported
previously [6].

RESULTS AND DISCUSSION

Preparation ofthe M FP materials having phenyl, bu
tyl or octyl phases as a hydrophobic ligand

Previously, we reported [6] that by using silica of
9-nm pore size as a starting material and prepara
tion in two steps (introduction of a phenyl phase
and introduction ofa diol phase), the MFP packing

materials obtained showed high column efficiency
and good batch-to-batch reproducibility. In this
study, we prepared the MFP materials having phen
yl, butyl or octyl phases as a hydrophobic ligand by
the same method except that phenyl-, butyl- or oc
tyltrichlorosilane was used as a silylating agent.

Table I shows the carbon contents and surface
coverages of MFP materials having phenyl-diol
phases. The introduction of phenyl phases was kept
constant by reaction with 2.5 ,umol/m2 of phenyl
trichlorosilane with addition of pyridine as a basic
catalyst. The amounts of diol phases introduced
were varied by changing the amount of 3-glycidox
ypropyltrimethoxysilane used for the reaction from
17 to 68 ,umol/m2

•

Table II shows the average pore diameters and
column efficiencies of the MFP packing materials
having phenyl-diol phases and the recovery of BSA
in the first injection. It was assumed that the hydro
phobic phases introduced were not hydrolysed in

TABLE II

AVERAGE PORE DIAMETERS AND COLUMN EFFICIENCIES OF THE MFP SILICA PACKING MATERIALS HAVING
PHENYL-DIOL PHASES AND RECOVERY OF PROTEINS

Silica

2.5Ph-I7G
2.5Ph-34G
2.5Ph-68G

Average
pore
diameter" (nm)

5.0
5.7
5.2

Column
efficiency"
(plates per 10 em)

3700
4600
2600

Recovery of
proteins in first
injection' (%)

90
100
100

a Measured by the inverse size-exclusion chromatographic method.
b Number of theoretical plates for carbamazepine under the following high-performance liquid chromatography (HPLC) conditions:

column, 100 mm x 4.0 mm J.D. packed with MFP silica; eluent, 100 mM phosphate buffer (pH 6.9)-acetonitrile (85:15, v/v).
c A 100-lll portion of bovine serum albumin (10 mg/ml) was injected on to the column under the HPLC conditions as in footnote b.
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TABLE III

CARBON CONTENTS AND SURFACE COVERAGES OF THE MFP SILICA PACKING MATERIALS HAVING BUTYL
DIOL AND OCTYL-DIOL PHASES

Silica

I.OBu-34G
1.5Bu-34G
2.5Bu-34G

0.30c-34G
0.450c-34G
0.60c-34G

Carbon Surface coverage (umoljm 2)
content (%)

Hydrophobic phase Diol phase

7.42 0.95 2.58
7.42 1.76 2.03
7.71 2.89 1.4\

7.16 0.35 2.58
7.79 0.5\ 2.69
8.6\ 0.79 2.74

the process of introduction of diol phases, and that
diol phases were introduced as a monomeric layer.
By introduction of hydrophobic and hydrophilic li
gands, the average pore diameter, measured by the
inverse size-exclusion chromatographic method re
ported by Cook and Pinkerton [7], was decreased
from 9 to 5-6 nm. The recovery of proteins from the
MFP materials in the first injection was 100% ex
cept for the 2.5Ph-17G silica, from which proteins
were completely recovered in the second injection.
The number of theoretical plates (N) was 3700,
4600 and 2600 for carbamazepine for the
2.5Ph--17G, 2.5Ph-34G and 2.5Ph-68G silicas, re
spectively, packed into a 100 x 4.6 mm I.D. col
umn. Hence the amount of 3-glycidoxypropyltri-

methoxysilane used for the reaction was determined
to be 34 flmoljm2.

Table III shows the carbon contents and surface
coverages of MFP materials having butyl-diol or
octyl-diol phases, where the amount of 3-glycidox
ypropyltrimethoxysilane used for the reaction was
kept constant at 34 flmoljm2. Table IV illustrates
the same data as in Table II for butyl-diol and oc
tyl-diol phase materials.

These results reveal that the butyl- and octyltri
chlorosilane used for the reaction are completely
introduced into the silica surface. To recover BSA
completely from the MFP materials in the first in
jection, the amounts of butyl-, and octyltrichlorosi
lane used for the reaction were 1.5 and 0.45 !lmoll

TABLE IV

AVERAGE PORE DIAMETERS AND COLUMN EFFICIENCIES OF THE MFP PACKING MATERIALS HAVING BUTYL
DIOL AND OCTYL-DIOL PHASES AND RECOVERY OF PROTEINS

Silica

1.0Bu-34G
1.5Bu-34G
2.5Bu-34G

0.30c-34G
0.450c-34G
0.50c-34G

Average Column Recovery of
pore efficiency" proteins in first
diameter" (nm) (plates per \0 em) injection' (%)

3.8 1400 100
4.6 2000 \00
4.5 4500 30

5.7 2300 100
5.2 2800 100
5.1 4800 60

a r:c See footnotes to Table II.
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TABLE V

RETENTION PROPERTIES OF ANTICONVULSANT DRUGS AND METHYLXANTHINE DERIVATIVES ON THE MFP
SILICA PACKING MATERIALS

Type Compound Capacity factor (k')

2.5Ph-34G 1.5Bu-34G 0.450c-34G

Anticonvulsant drugs" Phenobarbital 1.26 0.95 0.76
Phenytoin 4.87 3.45 2.59
Carbamazepine 6.61 4.51 3.92

Methylxanthine derivatives" Theophylline 2.57 0.86 0.75
Theobromine 3.70 0.93 0.79
Caffeine 6.82 1.38 1.17

a Capacity factors were measured under the following chromatographic conditions: eluent, 100 mM phosphate buffer (pH 6.9)
actonitrile (85: 15, v/v); flow-rate, 0.6 ml/rnin.

b Capacity factors were measured under the following chromatographic conditions: eluent, 100 mM phosphate buffer (pH 6.9)
acetonitrile (23:1, v/v); flow-rate, 0.6 ml/min,

m2 , respectively. Assuming that hydrophilic phases
were introduced into phenyl-diol, butyl-diol and
octyl-diol materials with almost the same ligand
density, the highest ligand density of phenyl phases
could be obtained, resulting in complete recovery of
proteins in the first injection. This is due to the
length and width (i.e., shape) of the substituted hy
drophobic ligand on a silanol group: phenyl and
butyl phases have maximum lengths of 6.28 and
6.17 A, respectively, and maximum widths of 4.81
and 5.94 A, respectively, according to the Sterimol
parameter reported by Verloop et al. [8]. This in
dicates that to avoid interaction of hydrophobic li
gands with proteins, the butyl-diol materials need a
lower hydrophobic ligand density than the phenyl
diol materials when almost the same hydrophilic li
gands are introduced. As octyl groups have a maxi
mum length and width of 10.27 and 8.85 A, respec
tively, the ligand density should be much smaller
than with phenyl and butyl groups. If hydrophilic
ligands such as polyoxyethylene groups were used
instead of 3-glycerylpropyl (i.e., diol) phases, a
higher density of hydrophobic ligands and/or long
er ligands such as octadecyl groups could be intro
duced, as reported by Perry et al. [9] and Desilets et
al. [10] for semi-permeable surface (SPS) materials.

Retention properties ofMFP materials having phen
yl, butyl or octyl phases as a hydrophobic ligand

Table V shows the retention properties of anti-

convulsant drugs and methylxanthine derivatives
on the 2.5Ph-34G, 1.5Bu-34G and 0.450c-34G sil
icas. The anticonvulsant drugs were well retained
on the all MFP packing materials, whereas
2.5Ph-34G silica was the most suitable for the sep
aration of methylxanthine derivatives, which
should be retained by hydrophobic and n-electron
interactions. These retention properties were com
parable to those on the MFP materials prepared in
three or four steps. These results suggest that MFP
materials having phenyl-diol phases could be good
candidates for direct serum injection assays of hy
drophobic and hydrophilic drugs.

Direct injection analysis of drugs in serum
Fig. 2A, Band C show chromatograms from the

direct injection analysis of the anticonvulsant drugs
phenobarbital, phenytoin and carbamazepine in
human serum on the 2.5Ph-34G, l.5Bu-34G and
0.450c-34G silicas, respectively. These drugs were
eluted following the elution of serum proteins in the
void volume, and were well separated from the
background components of serum. The MFP mate
rials prepared in two steps could be used for about
500 repetitive injections of 20-,u1 serum samples (to
tal 10 ml of serum sample) without a decrease in
column efficiency or increase in back-pressure.
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Fig. 2. Chromatograms of control serum spiked with (1) phenobarbital (20 jlg/ml), (2) phenytoin (50 jlg/ml) and (3) carbamazepine (10
jlg/ml) on (A) 2.5Ph-34G, (B) 1.5Bu-34G and (C) 0.450c-34G silicas. Chromatographic conditions: column, 100 x 4.0 mm I.D.;
eluent, 100 mM phosphate buffer (pH 6.9)-CH3CN (10: I, v/v); flow-rate, 0.6 ml/min; detection, 254 nm; injection volume, 20 jll. Dotted
lines indicate serum blank.

CONCLUSION

MFP silica materials having hydrophobic and
diol phases were prepared in two steps; introduc
tion of a hydrophobic (phenyl, butyl or octyl) phase
using the corresponding trichlorosilane as a silylat
ing agent and introduction of a diol phase using
3-glycidoxypropyltrimethoxysilane in an aqueous
medium. The method can be applied to the prep
aration of MFP packing materials having various
functionalities, and the MFP materials could be uti
lized for direct injection assays of drugs in serum for
the purposes of therapeutic drug monitoring and
biopharmaceutical studies.
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ABSTRACT

Evaluation of several matrices by gel permeation chromatography (GPC) revealed that the chromatographic characteristics of
packings are sensitive to the morphological structure. When closed morphology granules are used, a novel, non-classical chromato
graphic profile is observed. This profile is seen in chromatograms of polymeric standards and also in the calibration graph for the
packing and has been termed the "skin effect". Gel filtration of polymeric standards was used to evaluate granule surface permeability
and GPC process equilibrium. The use of closed morphological structure matrices for GPC is problematic because of the narrow
fractionation interval and possible non-equilibrium GPC processes. Among the closed morphological structure packings, membranous
granules are notable for their denser but sufficiently permeable surface. Such packings fractionate macromolecules according to
molecular mass into two groups.

INTRODUCTION

Among several available means for the investiga
tion of packings, gel permeation chromatography
(GPC) is notable for the information it provides [1].
In addition, this method is valuable for its simplic
ity, as it can be carried out using standard chro
matographic apparatus. In addition to the common
characteristics of packings such as porosity and ex
clusion limits, it is also possible to determine the
most important parameters of matrices, namely av
erage pore size, polydispersity and specificpore sur
face area, by means of gel chromatographic poro
simetry [2]. However, if the morphology of the
granules is not fully investigated, then all of the
above factors do not fully reflect the complexity of

'" Present address: Institut fur Anorganische und Analytische
Chemie, Universitat Mainz, Johann-Joachim-Becher-Weg
24,6500 Mainz-l, Germany.

the matrix structure, or their complete chromato
graphic characteristics.

The morphological uniformity of a porous struc
ture may be evaluated by means of electron micros
copy [3,4]. However, there are difficulties in the
preparation of soft hydrogel samples. Essential
changes in porous structure may occur when the
samples are dried. In order to minimize the drying
effect, cryogenic preparation methods are employed
for soft cellulose hydrogels (freeze-drying at the
critical point). Samples may also be washed with
volatile organic solvents and dried under vacuum
[5].

Samples which are not dried, however, are more
acceptable for the analysis of matrix porous struc
ture. One of these methods is known as the "in
teruption" method [6], by which the granule mor
phology of ion exchangers can be qualitatively
characterized. Special equipment is necessary, how
ever, for the investigation of ion-exchange kinetics.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Further, the application of this method is problem
atic with neutral matrices.

It is worth mentioning with regard to the GPC
method that it is generally accepted that the matrix
morphology has a significant effect on chromato
graphic characteristics. However, there have been
no detailed studies on the determination of the rela
tionship between chromatographic characteristics
and granule morphology, except for the work of
Motozato, et al. [7]. They prepared granules with a
denser external layer and determined their chro
matographic properties.

The evaluation of the effect of matrix granule
morphology on gel size-exclusion properties is re
ported in this paper.

EXPERIMENTAL

Apparatus
A liquid chromatograph (Kovo, Czechoslovakia)

consisting of an HPP 5001 precision electromechan
ical pump, RIDK 102 differential refractometer,
LCD 2563 UV-VIS detector and TZ 4620 linear
recorder was utilized.

Materials
For packing of columns, Granocel-4, Grano

eel-S, Granocel-14, Granocel M-8 and Granocel
MB-8 (0.07-0.2 mm fraction) were used. These ma
trices were developed in our laboratory. We also
employed commercial packing materials: open
morphological structure gel Toyopearl HW-55F
(Toyo Soda, Japan) and closed morphological

TABLE I

CHARACTERISTICS OF STANDARD POLYMERS

M w = Mass-average molecular mass; M n = number-average
molecular mass.

Dextran Manufacturer Mw Mw/Mn

T5 Serva 4700
no Pharmacia 9000 1.73
T20 Ferak 23000 1.30
T40 Pharmacia 35000 1.80
T70 Pharmacia 74000 2.05
TIOO Serva 129000 1.41
T500 Pharmacia 484000 2.46
T2000 Pharmacia 2000000
T5000- Serva 5000000-
40000 40000000

A. MARUSKA et al.

structure ion exchangers Ostsorb-DEAE (Spo1che
mie, Czechoslovakia) and DEAE-cellulose (Reanal,
Hungary). The dextrans listed in Table I were used
as standard polymers.

D-(+)-Glucose (Reakhim, USSR) was used as a
low-molecular-mass (low-Mr) chromatographic
standard. Bovine serum albumin (BSA) was ob
tained from Reana!.

Conditions
The concentration of injected sample solutions

was in the range 0.3-2.0 mg/ml. The flow-rate was
7.1-42.6 ml/cm" . h. Chromatography of BSA was
performed in 0.05 M Tris-HCl buffer (pH 8.35).

RESULTS AND DISCUSSION

In order to determine effect of the morphology of
granules on the chromatographic characteristics of
packings, cellulose matrices with a closed morph
ological structure, viz., Granocel-4, Granocel-8,
Granocel-14, Granocel M-8 and Granocel MB-8,
were investigated. It was observed that the gel chro
matograms of standard dextrans (Fig. l a) obtained
under normal GPC conditions (flow-rate 21.2 ml/
em? . h, sample concentration 2.0 mgjml) when us
ing a column packed with neutral cellulose matrix
Granocel-8 differ from those obtained when typical
gels were employed. As shown in Fig. I, dextrans
T2000 and T500 do not penetrate into the pores of
Granocel-8 and are eluted with the column void
volume (va). Lower-Af.; dextrans, T70 and T40,
partially penetrate into the packing. However, their
elution curves are different from typical chromato
grams, which exibit Gaussian curves. In spite of the
monomodal M, distribution of dextrans T70 and
T40 (Pharmacia data), the chromatograms are
elongated and have two more or less noticeable
peaks. Further, the first chromatographic peak cor
responds to the column void volume (va).

According to the ratio of the areas under these
peaks, the amount of sample retained increases with
decreasing M, of the dextran. Injected samples of
standard dextrans T20 and TIO and also glucose
were almost completely retained.

Analogous separations of standard dextrans were
obtained with the more porous Granocel-4 and the
less porous Granocel-14 packings (data not present
ed). The calibration graph for Granocel-x (Fig. 1h)
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Fig. 3. Chromatograms of standard dextrans obtained on the
closed morphological structure cellulose packing Granocel M-8.
Flow-rate. 0.1ml/min; detector. refractometer; column. 190 x 6
mm J.D.; sample. 0.3 ml. 2 gil: eluent. distilled water.
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little from the characteristics observed for typical
gels.

The "skin effect" is a reflection of a specific chro
matographic property of the packing which is due
to the density gradient on the exterior of the gran
ules and should be understood as a qualitativechar
acteristic of granule morphology. The reflection of
the density gradient quantitative parameters of the
surface of the granuleswas not determined from gel
chromatographic characteristics. On the other
hand, qualitative determination of the morpholog
ical structure of the packing granules by means of
GPC is superior because of its sensitivity. This sen
sitivity is observed both when there is a gradual
densification of the outer layer of the granules
which is indistinct and unobservable by other meth
ods (Fig. 2). This effect is also observed when there

Fig. 2. Electron micrograph of Granocel-8 sphere cross-section
( x 23 800).
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shows the typical curve obtained for closed morph
ological structure packings. As can be seen in Fig.
Ib, fractionation of polymeric standards, which is
usually observed for conventional gels, does not oc
cur within the whole interval [vo; I',]. The monoto
nous dependence of the elution volume Vc on the
logarithm of M; [vc=f(iog M w ) ] is observed only
within the interval [ v~ ; v,] . This interval represents
only part of the whole packing pore volume I'p.

Therefore, the efficiency of application of such
packings for gelchromatography is alwaysless than
the efficiency of application of typical gels. In each
particular case this depends on the ratio I'~/Vp (Fig.
Ib). When the magnitude of V~/ I'p approaches unity,
the "skin effect" manifests itself more subtly. As
this occurs, the morphological structure and chro
matographic properties of the packing differ very

""~

t: ~:" , : ,, ::t~
;:: 2 Lt:V+==::L::::::::+:t.5;=~

2 Vo 3 4 5 v~ 6 v t 7

Elu t i on volume (ml)

Fig. I. (a) Chromatograms of standard dextrans obtained on the
closed morphological structurecellulosepacking Granocel-8 and
(b) calibration graph for the packing. Flow-rate. 0.1 ml/min;
detector, refractometer; column, 250 x 6 mm J.D.; sample, OJ
ml, 2 gi l; eluent, distilled water.
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Fig. 4. Electron micrograph of Granocel M-8 granule surface and inner layers ( x 10000) .

is distinct fi lm on the granules.This film has quanti
tativecharacteristics that can be observed by micro
scopic methods (Figs. 3 and 4).

The "skin effect" may be observed in cellulosic
matrices other than the present Granocel materials
(Figs. 3, 5 and 6 in ref. 9) and also with synthetic
packings, e.g., Toyopearl HW-65 and Toyopearl
HW-75 (Fig. 78 and C in ref. 9). A closed morph
ological structure is characteristic also for the ion
exchangers Ostsorb-DEAE and Reanal DEAE-cel
lulose (Fig. 5).

The closed morphological structure of the ma
trices may be easily verified when the granules are
subjected to mechanical grinding, i.e., destroying
the outer layer and obtaining easily accessible po
rous structure particles. After the grinding of Gra
nocel-Sgranules, for example (Fig. 6), the character
of the elution curv s of standard d xtrans is entirely

different (Fig. 7a). Typical Gaussian curves are now
observed. As can be seen in Fig. 7b, the upper exclu
sion limit of the ground granules is increased and a
linear dependence v,= f(logMw) is observed
throughout almost the whole [1'0; 1'.) interval.

It is necessary to carry out this grinding proce
dure when there is doubt about the possible adsorp
tion interaction of the matrix with standard poly
mers. As two different results are obtained under
analogous conditions, the possibility of adsorption
interaction may be excluded as a factor in the chro
matographic behaviour of the packing. It is impor
tant to note that the gel chromatographic condi
tions for both intact and ground particles were
identical.

In order to explain the nature of the chromato
graphic "skin effect", it is worth remembering that
based on general GPC principles [1 0], every macro-
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Fig. 5. Chrom ato gram s of standard dextrans obtained on cellu
lose anion-exchangers: (a) Ostsorb-DEAE (column. 210 x 6 mm
I.D.) and (b) Reanal D EAE-cellulose (column. 270 x 6 mm
I.D.). Flow-ra te. 0. 1 nil/min:detector. refractometer ; sample, 0.3
m1, 2 gil ; eluent. distilled wate r.
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molecular sorption-desorption process has the fol
lowing stages: (I) random macromolecules wander
ing in the canals of the mobile phase, due to thermal
motion and hydrodynamic conditions; (2) transfer
of macromolecules from the mobile phase into the
stationa ry phase, i.e., their entry into packing
pores; (3) macromolecular diffusion back and forth
from the external surface of the packing granules
into internal canals, i.e., random movement back
and forth in the porous space; and (4) desorption of
macromolecules, i.e., their transition from the sur
face of the packing granules into the mobile phase.

In the process of GPC, there is no adsorption
interaction between the macromolecules and the
packing matrix. Therefore, stages 2 and 4 are rela
tively shorter than stages I and 3, and the kinetics
of the GPC process are determined by random mac
romolecular motion in the mobile phase and their
diffusion within granules. The denser layer on the
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Fig. 6. Optical micrograph of ground Granocel-8 packing gran
ules ( x 90).
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Fig. 7. (a) Chromatog rams of standard dcxtrans ob tained on the
ground cellulose packing Gr anocel-8 and (b) calibration graph
for the packing. Flow-rate, 0.1 nil/min: detecto r, refractometer;
column . 250 x 6 mm I.D .; sample. OJ ml, 2 g/I; eluent, distilled
water.
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granule surface makes diffusion of macromolecules
in and out of particles much more difficult. For this
reason, the stages outlined above are prolonged,
causing the chromatograp hic process to change.

Fig. 8 illustrates the dynamics of the separation
of a macromolecular standard with a monomodal
M, distribution into two zones. This profile is not
chracteristic of open morphological structure
packings.

When closed morphological structure packings
are used in GPC. the processmay not undergo com
plete equilibrium owing to the poor permeability of

a

b
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the granules surface. This isconfirmed by the exper
imental results for the chromatography of mono
disperse protein on Granocel-8 packing (Fig. 9).
Chromatography of BSA, which exibits normal
chromatograp hic behaviour on the open morpho
logical structure gel Toyopearl HW-55F, shows a
distribution into two chromatographic peaks and
separation of the protein into a wide zone when
Granocel-8 was used. Also. when the concentrat ion
of the injected sample is decreased, the character of
the chromatographic curve changes, i.e., the rela
tionship between the peak areas and also the posi
tion of the second peak.

The chromatograms of the polydisperse standard
T70 (MwiM n =2.05) are also essentially changed
(analogous to the chromatograph ic curves of BSA)
when different concentration samples are injected.

It should also be noted, however. that even dur
ing a non-equilibrium GPC process the sample may
undergo partial fractionation according to Mr. As
analysis of the collected fractions from the first and
second chromatographic peaks (Fig. lOa) obtained
using Toyopearl HW-55F gel has shown (Fig. lOb)
these fractions are not pure with respect to Mr. The
fi rst chromatographic peak contains the higher-M,
fraction and the second contains the lower-M, frac
tion. As the chromatographic process on Grano
cel-8 is non-equilibrium, however, refractionation
of the collected fractions results in separation again
into two zones (Fig. lOa). It was found that when
the flow-rate was changed from 7.1 to 42.6 ml/crn? .
h, the elution of the intermediate molecular mass

Fig. 9. Resolution of BSA when the closed mor pho logical struc
ture cellulose packing G ranoce l-8 was used. Flow-rate, 0.1 mil
min; detector, UV (254 nm); colum n, 250 x 6 mm 1.0 .; sample
(0.3 ml) concentra tion. ( I) 10 gil, (2) 3 gi l and (3) I gil; eluent,
0.05 M Tris-HCI buffer (pH R:IS)

4

Elu tion vol ume (ml)

Fig. 8. Dynamics of resolution of sta ndar d dextran no into two
chromatograp hic zones obtained on the cellulose packing Gra 
nocel-8 when columns of (a) 56 x 6 mm J.D.• (b) 116 x 6 mm
J.D. and (c) 170 x 6 mm J.D. were used. Flow-rate . 0.1 ml/rnin;
detector, refractometer; sample, 0.3 ml, 2 gil; eluent. distilled
water.
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o l2 34567

Elution volume (ml)
Fig. 10. (a) Collection of standard dextran T70 fractions N I and
N2 and their repeated fractionation. Packing, Granocel-8; flow
rate, 0.1 ml/min; eluent, distilled water. (b) Analysis of collected
fractions NI and N2 on the typical gel Toyopearl HW-55F.
Flow-rate, 0.1 ml/min; detector, refractometer; column, 250 x
mm 1.0.; sample, 0.5 ml; eluent, distilled water.

dextran standards on the Granoce1-8 packing oc
curred in different way. The change in the character
of the chomatographic profiles is a same as that
observed when the concentration of the injected
sample is increased.

By repeated fractionation and analysis of the col
lected fractions of dextran standards, it was estab
lished that the equilibrium process may be partialy
reached when the flow-rate and concentration of
the sample are decreased. Theoretically, however,
the direct cause of the non-equilibrium GPC
process should be the insufficient accessibility of the
granule porous structure. This depends on the ratio
of the open pore surface area to the total granule
surface area. The application of closed morpholog
ical structure matrices in GPC is therefore problem
atic not only owing to the narrow fractionation in
terval, i.e., lower selectivity, but also to possible

non-equilibrium GPC processes. In this instance the
results of chromatography are very dependent on
the sample concentration and the elution flow-rate.
If in a common gel chromatographic process chang
ing the sample concentration or flow-rate causes a
change in the width and the height of the chromato
graphic peak (i.e., a change in the efficiency of elu
tion), then in a non-equilibrium gel chromato
graphic process a further change is observed (i.e., a
change in the position of the peak).

Interesting chromatographic properties are char
acteristic of closed porous structure packings with
denser but still sufficiently permeable membranes
on the granule surface. In this instance macromole
cules are fractionated into two groups, oflower and
higher M, the elution volumes of which correspond
to the chromatographic zones Vt and vo (total vol
ume and void volume), respectively. Such a chro
matographic process is more similar to ultrafiltra
tion, because the macromolecular fractionation
does not show a linear dependence v, = f (log M w),
whereas the upper and lower exclusion limits be
come so narrow that they almost coincide. Their
value is dependent on the pores size of the granule
membrane. Because of the easily accesible porous
structure of the packing, this case may be treated as
a limiting case. Therefore, it is worth studying this
situation in more detail.

Fig. II illustrates chromatograms of dextrans ob
tained using the membranous cellulose packing
Granocel MB-8. Polydisperse polymeric probes
with a wide M, distribution may be separated into
two zones, as is also obtained when using Grano
cel-8. In this instance, however, the granule packing
surface is sufficiently permeable and, as seen from
repeated elution of collected fractions NI and N2,
the chromatography using this packing is an equi
librium process. It was determined by analysis of
the collected fractions that they are very similar
with respect to molecular mass and would be very
difficult to separate using typical gels. When the
typical gel chromatographic packing Toyopearl
HW-55F is used, the chromatograms of fractions
NI and N2 show substantial overlapping and the
peaks are separated with very low selectivity. How
ever, when the membranous packing Granocel
MB-8 is used, they are separated with maximum
selectivity, i.e., are eluted in the zones which corre
spond to the void volume and total volume of the
column (Fig. 11).
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CONCLUSIONS

Gel chromatographic packing characteristics are
sensitive to the granule morphological structure. A
closed or open morphology of the packing granules
can therefore be easily determined by GPc. A
closed granule morphological structure causes es
sential changes in the chromatographic process and
the "skin effect" is reflected in chromatograms of
standard polymers and also in the column packing
calibration graph.

Application of a closed structure packing in GPC
depends on the intensity of the "skin effect", i.e., on
the GPC process equilibrium, which is due to the
accessibility of the porous structure, and also on the
decreased fractionation selectivity.

Among the closed morphological structure pack
ings, membranous granules are notable for their
special chromatographic characteristics. These
packings fractionate macromolecules according to
M; into two groups with maximum selectivity. This
is due to the denser but sufficientlypermeable gran
ule surface membrane.
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ABSTRACT

The encapsulation and fractionated release of nucleic acids on vesicular packing (VP) materials have been investigated. The earlier
described dependence of the permeation of nucleic acid molecules through the vesicle membranes on the salt concentration is a
necessary precondition for both encapsulation and fractionation. Encapsulation is achieved by applying a suitable sample onto a VP
column that has been equilibrated with a high-salt buffer. In that buffer the sample molecules are permeable. Immediately after sample
application, elution is started with a low-salt buffer, from which the sample molecules are excluded. At the front between the two buffers
the permeability changes, and some of the sample molecules distributed inside the vesicles cannot pass through the membranes. These
encapsulated molecules can be released by increasing the salt concentration in the eluent. If the encapsulated nucleic acid sample is
polydisperse, a stepwise or linear increase in the salt concentration leads to a fractionated release. The fractions obtained differ in their
molecular size composition.

INTRODUCTION

A certain kind of microcapsule, a vesicular pack
ing (VP) material consisting of clusters of empty
plant cells, was recently shown to be suitable as a
chromatographic support [1,2]. The use of the VP
material for size-exclusion chromatography of pro
teins and dextranes has been described. The VP ma
terial differs from conventional materials used in gel
permeation chromatography (GPC) both in struc
ture and mechanism. Whereas GPC is based on
size-dependent distribution within a gel matrix, ves
icle chromatography (VC) is a chromatographic
type of membrane separation, where the primary
plant cell wall acts as an ultrafiltration membrane
and encloses the stationary liquid phase. Depending
on their size and charge, the sample molecules are
either permeable or not permeable. For a suitable
polydisperse sample this results in the occurrence of

only two peaks, which are separated by a large dif
ference in elution volume.

The chromatographic behaviour of nucleic acids
was shown to be strongly dependent on environ
ment factors such as pH and salt concentration.
Divalent cations exert an especially strong influence
[3],for example, ribonucleic acid (RNA) is excluded
in a slightly buffered solution at pH 7.5, but is per
meable on the addition of 20 mM magnesium chlo
ride. Electrostatic interactions between the phos
phate groups of the nucleic acid and the carboxyl
groups of the cell wall are considered to be the main
reason for this change. Thus size-exclusion and ion
exclusion effects influence the chromatographic be
haviour of polyanions. Anionic molecules, which
could permeate according to their size, are excluded
at low salt concentrations due to an additional elec
trostatic barrier [4]. Electrostatic influences of car
boxyl groups on' the cell wall permeability have
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been discussed with respect to the kinetics of anion
uptake by roots and plant tissues [5], but in these
instances the assumed permeability changes were
quantitative. Complete prevention of cell wall per
meation of anions by the ion-exclusion effect has
been seen with oligonucleotides [3].

Traditionally, microcapsules are of interest for
the encapsulation of macromolecules, e.g. enzymes.
Encapsulation is usually coupled with the forma
tion or irreversible modification of the capsule
membrane [6,7]. Reversible environment dependent
changes in the effectivepore size of an ultrafiltration
membrane were also used for the inclusion of poly
mers in microcapsules. Sleytr and Sara [8] have de
scribed the use of vesicular membranes reassociated
from bacterial cell wall proteins for the inclusion of
certain proteins by a change of the salt concentra
tion.

The VP material differs from these vesicular
membranes by the complex structure and much
higher mechanical stability of the ultrafiltration
membrane (plant cell wall). This paper describes the
use of the reversible change of permeability of the
cel1 wal1 for the encapsulation of nucleic acids inside
the microcapsules and the subsequent fractionated
elution of these nucleic acids by 'release chromatog
raphy'.

EXPERIMENTAL

DNA from calf thymus and herring sperm, ade
nosine, 2',3'-uridinemonophosphate and 2',3'-cyti
dinemonophosphate were obtained from Serva.
RNA (not further specified) and tRNAvalwere from
Boehringer Mannheim.

Oligonucleotides were synthesized on an Applied
Biosystems 380A oligonucleotide synthesizer and
purified as described previously [3]. The oligonucle
otides, nucleotides and nucleic acids were dissolved
in the appropriate buffer to give an absorbance
A 2 6 0 of 1 unit in a 200-fllvolume. Al1 other reagents
were of analytical-reagent grade and were obtained
from Serva and Biomol.

The VP material described by Ehwald et al. [1],
commercially available from Serva (Vesipor) and
Permselekt (Permselekt) was used.

For the encapsulation of nucleic acids, the VP
material was swol1en for 5 min in distilled water. It
was then titrated with tris(hydroxymethyl)amino-
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methane to pH 7.5. This step was followed by ex
tensive washing using a high-salt buffer (5 mM
Tris-HCl, pH 7.5; 200 mM MgCI2 , 500 mM NaCl)
and finally with the appropriate buffer for chroma
tography. Short glass columns (injection syringes
with an 1.D. of 16mm) were packed conventionally.
The packing was covered with filter paper. After
equilibration, at least 0.1 A 2 6 0 units of the sample
were loaded onto the column. The flow-rate was
control1ed by a peristaltic pump (Minipuls 2, Gil
son).

Chromatograms were recorded using an LKB
2238 Uvicord S II recorder operating at 254 nm.

RESULTS AND DISCUSSION

As described previously [3], for a particular size
range the permeation of nucleic acids through the
vesicle membranes depends on the salt concentra
tion due to the effect of the salt concentration on the
electrostatic barrier [4]. At high salt concentrations
the membranes are permeable, but the nucleic acids
are excluded at low concentrations. If elution with a
low-salt buffer is started immediately after sample
application onto a column equilibrated at high salt
concentrations, some of the sample molecules
(about 20--25%) remain on the column. These mol-

10 15 20 25 30 35

Elution volume [mil

Fig. 1. Encapsulation and release of poly disperse RNA on VP
material. Column. dimensions, 25 x 16 mm; flow-rate 0.5 mIl
min; column equilibration, high-salt buffer (1 mM Tris-HCI, pH
7.'); 20 mAl magnesium chloride); sample, RNA in 50 J1Ilow-salt
buffer (1 mMTris-HCI, pH 7.5); elution, first 21 m1with low-salt
buffer, thereafter with high-salt buffer.
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ecules are not eluted until the salt concentration in
the eluent is increased (Fig. 1).

In earlier work we determined that" the adsorp
tion of nucleic acids onto VP materials does not
occur at pH values above 7 [3]. Therefore, the beha
viour illustrated in Fig. 1 with the salt-induced per
meability changes are described as follows (Fig. 2).
The column has been equilibrated with a high-salt
buffer, the sample (for the sake of simplicity, a
monodisperse sample in a negligibly small liquid
volume) is applied and immediately thereafter elu
tion with a low-salt buffer is started (Fig. 2, to).
Exactly in the region where the sample is located, a
steep salt gradient is formed (Fig. 2, t[). Below a
certain salt concentration, CE, the considered sample
molecule is excluded; above another (rather higher)
concentration, Cp, it is completely permeable. The
range between CE and Cp corresponds to the frac-

tionation range in ve, which is characterized by
limited permeability. The molecules are partitioned
between the extra-particular mobile phase and the
intra-vesicular stationary phase. There is a resi
dence time of the molecules inside the stationary
phase while the mobile phase, and therefore the salt
gradient, moves foreward. For this reason, the salt
concentration at the vesicle membrane decreases,
possibly falling below the value of CEo In this in
stance the nucleic acid molecule is immobilized by
inclusion in the VP material.

Some of the sample molecules pass into the zone
of increasing salt concentration as they are moving
faster than the eluent, as far as they do not per
meate the membrane. Arriving in a region with a
salt concentration C = Cpo the molecules become
permeable and move as a peak with the same rate as
the eluent. It is assumed by this model that this peak
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Fig. 2. Assumed concentration profiles during a chromatographic run of a monodisperse sample on a vesiclecolumn at different times.
Longitudinal section through the column: direction of the x-axis corresponds to the flow direction; RNA concentration and salt
concentration are plotted as a function of the x-coordinate; x-coordinate as a percentage of the total bed length. Values for c

E
and cp

chosen arbitrarily. Equilibration and elution performed in accordance with Fig. I.
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migrates ahead of the critical zone with a salt con
centration of about CEo As a result of peak disper
sion, a few nucleic acid molecules may once again
reach the critical zone. However, with increasing
migration distance on the column the salt gradient
flattens out and the conditions for inclusion become
more unfavourable (Fig. 2, t2 and t3)' The sample
components not included leave the column with the
salt gradient. Included molecules cannot leave the
vesicles until the salt concentration in the eluent is
increased above CEo

For polydisperse samples with a suitable molec
ular size distribution the principle should be the
same, but due to the different sizes of the molecules
every species has different values for CE and Cp.

The following results clearly show that the beha
viour seen in Fig. I is in accordance with this expla
nation.

If column equilibration, sample dissolution and
elution all are performed using the same buffer, nu
cleic acids were not held on the column either at low
or high salt concentrations (Fig. 3). Obviously, not
a certain salt concentration, but a change in the salt
concentration is responsible for the observed immo
bilization.

high-salt
buffer

~
10 15 20 25 30 35

Elution volume [mil

Fig. 3. Failure of immobilization at constant salt concentration.
Curve I, equilibration, sample dissolution and elution of the first
21 ml with I mM Tris-HCI, pH 7.5, then elution with I mM
Tris-HCI, pH 7.5, 20 mM magnesium chloride. Curve 2, equili
bration, sample dissolution and elution of the first 21 ml with I
mM Tris-HCI, pH 7.5, 20 mM magnesium chloride, then elution
with I mM Tris-HCI, pH 7.5, 200 mM magnesium chloride.
Other conditions as in Fig. I.
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The retention on the column only occurs with
samples, the molecules of which are excluded at low
salt concentrations and which are permeable in
high-salt buffer (Table I). Mononucleotides, which
can permeate at high and low salt concentrations,
were not encapsulated and the plasmides or riboso
mal RNA which were always excluded showed no
retention.

The vesicular structure of the packing material is
essential for the retention. Mechanically destroyed
cell wall vesiclesshow no retention of RNA (Fig. 4).
As outlined previously [3], the destroyed material
behaves like a conventional GPC material; the in
fluence of the salt concentration on the elution vol
umes of nucleic acids is small. As the large isolated
liquid volumes inside the VP material do not exist in
the destroyed material, the sample molecules can
not be encapsulated.

The inclusion is not specific for magnesium chlo
ride; it occurs with any other salt that influences the
permeability of the cell wall for nucleic acid mole
cules. The effect has also been observed by using
sodium chloride, potassium chloride, caesium chlo
ride and calcium chloride; however, with monova
lent cations a considerably higher concentration is
necessary to include similar amounts of nucleic
acids.

For small sample volumes, the bed length had no

A 2 5 4

10 15 20 25 30 35

Elution volume [mil

Fig. 4. Failure of immobilization with mechanicalIy disintegrat
ed VP material. All conditions as in Fig. I. Destruction of the VP
material was performed using a swinging milI until no intact
cellular structures were detected under a microscope (magnifica
tion x 200).
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TABLE I

ENCAPSULATION AND RELEASE OF NUCLEIC ACIDS, OLIGONUCLEOTIDES AND NUCLEOTIDES AS A FUNC
TION OF THEIR PERMEATION BEHAVIOUR AT MAGNESIUM CHLORIDE CONCENTRAnONS OF 0 AND 20 mM IN
I mM TRIS-HCI, pH 7.5.

Sample Molecular Permeation at Permeation at Encapsulation
weight omMMgCI 2 20 mMMgC1 2 and release"

2',3'-CMP 323 Permeating Permeating No
2',3'-UMP 324 Permeating Permeating No
RNA from < 15 000 Excluded Permeating Yes

yeast"
DNA from < 15 000 Excluded Permeating Yes

herring sperm"
28mer oligo- ~9000 Excluded Permeating Yes

nucleotide'
tRNAv,! from ~30 000 Excluded Excluded No

Escherichia coli
Calf thymus ~5 000 OOOd Excluded Excluded No

DNA, native
denatured" ~2 500 OOOd Excluded Excluded No

Plasmide ~3 000 000 Excluded Excluded No
pKK 161-8

a For evaluation of this parameter the experiment described in Fig. I was performed with the respective samples.
b Technical products, better referred to as crude mixtures of oligonucleotides.
c Sequence ATC TAG ATT GTG GGG GCG GCT CCC AAC A.
d Value represents an average of a broad molecular weight distribution.
e Denaturation was achieved by heating the sample for 10 min to lOOT and rapidly cooling down in an ice-bath.

significant influence on the amount of included
molecules, at least in the range investigated. It is
suggested that (i) with increasing migration distance
the conditions for inclusion are less favourable due
to the flattening of the gradient and (ii) after a few
millimetres of migration all sample molecules have
either been included or passed through the gradient.
An efficient inclusion seems to occur only at the
beginning of a chromatographic run.

If the sample is applied in a low-salt buffer and
elution is performed as described earlier (see Fig. 1),
an efficient inclusion can also be achieved by apply
ing comparatively high sample volumes. As the
sample molecules cannot permeate through the ves
icle membranes in the sample buffer, they move fas
ter than this buffer until they have reached the salt
gradient. To obtain a high inclusion yield, the ratio
between sample volume and packing volume should
have a value such that the last applied sample mole
cules reach the zone with the critical salt concentra
tion CE just before this zone leaves the column. It
was found experimentally that the sample volume

can be as large as 60% of the packing volume for an
efficient inclusion (Fig. 5). If the sample was loaded

yield
30
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Sample volume / Packing volume I % I

Fig. 5. Encapsulation yield as a function of the ratio between
sample volume and packing volume. Yield as percentage of the
released fraction compared with the total amount of RNA. Col
umn dimensions 7.5 x 16 mm. Other conditions as in Fig. I.
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Fig, 7, (a) Preparative encapsulation and fractionated release of
polydisperse RNA, Column equilibration with 5 mM Tris-HCI,
pH 7.5, 200 mM sodium chloride, Sample, RNA in I ml of low
salt buffer (5 mM Tris-HCl, pH 7.5); elution, first with low-salt
buffer, then stepwise increase of the NaCI concentration to the
concentrations designated in the figure. All other conditions as in
Fig, 1. (b) Investigation of the fractions collected in (a) using a
HiLoad 16/60 Superdex 75 (preparation grade) column (600 x
16 mm) operated on a fast protein liquid chromatographic sta
tion (Pharmacia). Samples: collected fractions from (a) were con
centrated by a factor often using a Speed Vac concentrator (Sa
vant). Sample volume, 100 Ill; eluent, 0.1 M Tris-HCI, pH 7,9,
0.2 M NaCl; flow-rate, 2 ml/min; chromatograms scaled to give
an approximately equal A 2 54 at peak maximum,

onto the column in a high-salt buffer and the above
described procedure was followed, only few mole
cules (about 3-5% of the RNA) were retained on
the column. This is due to mixing between the high
salt sample buffer and the low-salt elution buffer at
the rear side of the substance peak.

The inclusion did not lead to an absolutely dura
ble encapsulation of all nucleic acid molecules of a
polydispersed sample. The chromatograms present
ed here show, on closer examination, that the con
tinuous elution of small amounts of included nu
cleic acids occurred at a low rate. The absorption
A Z54 did not decrease to zero after inclusion, but to
a value close to zero. An increase of the amount of
loaded nucleic acid shows this more clearly (Fig. 6).
A long elution time (20 h) with a low-salt buffer (50
packing volumes) resulted in a loss of about two
thirds of the included molecules. Thus the cell wall
is not absolutely impermeable at low salt concentra
tions, but the permeability is decreased by some or
ders of magnitude.

The elution of the encapsulated molecules by per
mability changes can be used for the fractionation
of polydisperse polymer preparations by a stepwise
or continuous increase of the salt concentration.
Fig. 7a shows the fractionation of polydisperse
RNA in a sodium chloride step gradient. Four sep
arated peaks were detected at the four different salt
concentrations. The characterization of the collect
ed peak fractions with respect their molecular size

1,5

Elution volume [mil

FIg, 6. Preparative encapsulation and release of polydisperse
RNA. Sample volume, I ml. Other conditions as in Fig. I.

0,5
high-salt

buffer

\~
10 15 20 25 30 35

distribution by GPC of Superdex 75 (Fig. 7b)
shows, compared with the non-fractionated RNA
sample, that the elution from the VP column occurs
in the order of increasing molecular size. The small
er included molecules become permeable first, while
the larger molecules need higher salt concentrations
for permeation. The elution of the included poly
disperse RNA in a continuous linear sodium chlo
ride gradient gave a single broad peak, whereby the
mean molecular size was changing continously
(chromatograms not shown).

Fractionated release similar to that shown in Fig.
7a was also observed with DNA from herring
sperm and by using various salts. For the fraction-
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ated release, large column lengths (high numbers of
theoretical plates) are not necessary. This is a re
markable difference to GPc.

Inclusion in microcapsules and release by salt
induced permeability changes is a novel technique
in nucleic acid fractionation. The method should
not only apply to nucleic acids, but also to any oth
er anionic polyelectrolyte with a suitable molecular
size (distribution). Other factors influencing the
permeability of cell walls for certain polymers, such
as dehydration by organic solvent [9], can possibly
also be used for the reported type of size fraction
ation. Therefore encapsulation and fractionated re
lease might develop into a useful tool in polymer
fractionation and characterization.
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ABSTRACT

This paper explores the utility of a membrane chromatographic system (MemSep) for analytical and preparative separations of
biomolecules. These column systems consist of stacked disks of macroporous cross-linked regenerated cellulose membranes functional
ized with ion-exchange moieties. Fluid flow through the macropores of these membranes results in rapid mass transport to and from the
adsorbent surface. Elution and frontal experiments demonstrated that these systems were relatively insensitive to flow-rate. Linear
gradient experiments under analytical conditions indicated that rapid separations could be readily carried out. Preparative-scale
separations of proteins on ion-exchange MemSep systems were scaled-up with respect to flow-rate and mass loading with minimal
adverse effect on bioproduct purity. A cation-exchange CM MemSep 1010device was able to concentrate and purify 30 mg and 15mg
of proteins in 3 min when operated in the step and linear gradient modes, respectively. The design of these membrane chromatographic
systems enables efficient gradient elution of proteins under elevated flow-rate and mass loading conditions.

INTRODUCTION

The field of preparative chromatography has seen
a period of rapid growth in the last decade [1-3]. The
development of novel stationary phases with in
creased selectivities has enabled the separation of
complex mixtures of biomolecules. In addition, the
use of preparative chromatographic columns in
alternative modes of operation have greatly in
creased the throughputs attainable with these sys
tems [4--9]. There is currently great interest in
redesigning the morphology' of stationary phase
materials to enable rapid capture steps in the early

stages of downstream processing of biopharmaceu
ticals. Several hollow-fiber-based membrane sys
tems have been reported for affinity, ion-exchange
and reversed-phase separations of proteins [10-12].
While these systems are potentially quite useful for
bind-release separations, their use for conventional
chromatographic operations have met with minimal
success to date. A recent development in the chro
matographic engineering field has been the emer
gence of perfusion chromatography [13-15]. These
systems have been reported to exhibit convective
fluid flow in the macropores of the support resulting
in flow-rate-insensitive separations under linear

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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gradient conditions. Another flow-rate-insensitive
chromatographic technology is non-porous sup
ports which have shown great utility for analytical
biotechnology applications [16-23].

Although membrane systems have been used for
adsorption-desorption operations for quite some
time it is only recently that membrane chromato
graphic systems have been developed for high
resolution gradient operations. Tennikova et al. [24]
have demonstrated the utility of methacrylate co
polymeric membranes for hydrophobic interaction
chromatographic gradient separations of proteins.
A low pressure (0-100 p.s.i.) bioseparations system
consisting of stacked disks of macroporous, cross
linked regenerated cellulose membranes in a column
configuration has been employed for analytical
gradient chromatography [25,26]. Mass transport to
and from the adsorbent surfaces in these membrane
chromatographic systems is facilitated by convective
transport in the macropores (12 000 A). In this
paper, we will investigate the ability of these stacked
membrane chromatographic systems to carry out
efficient gradient elution of proteins under elevated
flow-rate and mass loading conditions.

EXPER1MENTAL

Materials
Carboxymethyl (CM) MemSep and diethylamino

ethyl (DEAE) MemSep 1010(1.0 x 2.8 em J.D.) and
1000 (0.5 x 1.9 cm J.D.) ion-exchange membrane
separation systems were supplied by Millipore (Bed
ford, MA, USA). Sodium acetate, sodium phos
phate dibasic, sodium chloride, Tris-HCI, a-chymo
trypsinogen A, cytochrome c, bovine serum albumin
(BSA), human transferrin, human serum albumin
(HSA), conalbumin, «-Iactoalbumin, ovalbumin,
trypsin inhibitor and lysozyme were purchased from
Sigma (St. Louis, MO, USA).

Apparatus
Two chromatographic systems were employed in

this work. Experimental system 1 consisted of a
fast protein liquid chromatography (FPLC) system
(Pharmacia-LKB Biotechnology, Uppsala, Sweden)
which included a Model LCC-500-Plus controller,
two Model P-500 pumps, a 0.6-ml mixer, and an
MV-7 injection valve. The MemSep effluent was
monitored at 280 nm by a Model UV-M detector
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and a Pharmacia strip-chart recorder. Fractions of
the effluent were collected with a Model Frac-IOO
fraction collector. System I was used for all experi
ments unless otherwise noted.

Experimental system 2 consisted of a Waters 650
advanced protein purification system (Waters Chro
matography Division, Millipore, Milford, MA, USA)
which included a Model600E controller, a Model 650
four buffer solvent system and a Model 484
variable-wavelength UV detector.

Procedures
Height equivalent to a theoretical plate (HETP)

for MemSep. The HETP values for the DEAE and
CM MemSep 1010 systems were evaluated using
human transferrin and cytochrome c, respectively.
These experiments were carried out under unre
tained conditions to evaluate the dispersive effects
due to non-uniform fluid flow in these systems.
Mobile phase conditions for the DEAE and CM
MemSep analyses were 25 mM sodium phosphate,
pH 7.5, containing 500 mM NaCI and 400 mM
sodium acetate, pH 5.5, respectively.

Dynamic binding capacities of DEAE and eM
MemSeps. The effect of flow-rate on the dynamic
binding capacity of the DEAE MemSep 1000 was
evaluated using sequential perfusions of: 44.8 ml of
1 mg/ml of HSA in 20 mM Tris, pH 8.0; 11.2 ml of
20 mM Tris, pH 8.0; and 11.2 ml of 20 mM Tris,
pH 8.0, containing 1 MNaCI. Flow-rates of 1.4, 2.8,
5.6, 11.2and 22.4 ml/min were employed. The shape
of the resulting breakthrough curve as well as the
total protein bound at each flow-rate was evaluated
to investigate the effect of flow-rate on "dynamic"
protein binding (Experimental system 2).

The binding capacities of the DEAE MemSep
1010 and the CM MemSep 1010 for BSA and
lysozyme, respectively, were also determined by
frontal chromatography under strongly retained
conditions. 5.0 mg/rnl BSA in 25 mM Tris, pH 8.5,
and 5.0 mg/ml lysozyme in 25 mM sodium acetate,
pH 5.5, were used for the DEAE and CM MemSeps,
respectively.

Linear gradient
Anion exchange. A 5-mg amount of a protein

mixture containing conalbumin, human transferrin,
c-lactoalbumin, ovalhumin and trypsin inhibitor
was separated using a linear gradient of 0 to 0.2 M
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NaCI in 20 mM Tris, pH 8.1 on a DEAE MemSep
1010. Gradient times of 30, 20 and 10 min were
employed at a volumetric flow-rate of 10 ml/min
(Experimental system 2).

Effect of flow-rate. A 25-JII feed solution con
sisting of3.0 mg/ml a-chymotrypsinogen A, 4.0 mg/
ml cytochrome c and 3.0 mg/mliysozyme in 25 mM
sodium acetate, pH 5.5, was separated using a linear
gradient of 0 to 400 mM sodium acetate, pH 5.5, on
the CM MemSep 1010. Volumetric flow-rates of2, 5
and 10 ml/rnin were employed to evaluate the
efficacy of the CM MemSep in linear gradient
chromatography under various flow-rate condi
tions. Gradient volume was held constant at 30 ml at
each flow-rate by appropriate adjustment of the
gradient time.

Effect ofmass loading. A feed solution containing
5 mg/ml each of a-chymotrypsinogen A, cyto
chrome c and lysozyme in 25 mM sodium acetate,
pH 5.5, was employed to evaluate the effect of mass
loading on the performance of the CM MemSep
1010 operated in the linear gradient mode. Injection
volumes ranging from 25 JII to 1 ml were used at
flow-rates ranging from 2-10 ml/min. A linear
gradient of 0 to 400 mM sodium acetate, pH 5.5,
with a gradient volume of30 ml was used to elute the
proteins.

Linear elution studies. Linear elution chromato
graphy of a-chymotrypsinogen A, cytochrome c and
lysozyme was carried out at various concentrations
of sodium acetate, pH 5.5, to examine the effect of
salt on protein retention time. From these experi
ments, a plot oflog capacity factor (k') vs. log [Na +]
was generated in order to predict appropriate "win
dows" of salt concentration for the step gradient
experiments.

Multiple step gradients. Feed solutions of 1 ml
containing 6, '15 and 30 mg total protein of a-chy
motrypsinogen A, cytochrome c and lysozyme in
25 mM sodium acetate, pH 5.5, were separated by
step gradient chromatography on the CM MemSep
1010 module. The CM MemSep was initially equi
librated with distilled water. The buffered protein
feed solutions were introduced into the CM Mem
Sep 1010 after which the first step change in salt
concentration was performed. The subsequent step
changes in salt concentration were executed when
the eluting peak obtained a maximum value. All
experiments were performed at a flow-rate of 5.0 ml/

min. The 30-mg experiment was also carried out at a
flow-rate of 10 ml/min, The following step gradients
were carried out: 6 mg injection: 100, 175 and
400 mM sodium acetate; 15 mg injection: 90, 165
and 400 mM sodium acetate; 30 mg injection: 60,
150 and 400 mM sodium acetate.

RESULTS AND DISCUSSION

HETP for DEAE and eM MemSep
In order to evaluate the inherent efficiency of

these stacked membrane chromatographic columns
a traditional HETP evaluation was carried out.
While the exact meaning of "plate height" in such a
membrane chromatographic column is unclear, it
nonetheless served as a comparative measure of
efficiency in these systems. Since these modules are
typically employed for gradient chromatography
where adsorption-desorption kinetics have minimal
effects on system efficiency, we examined the disper
sion due solely to the fluid flow characteristics of the
system. The resulting HETP plots for unretained
human transferrin and cytochrome c on the DEAE
MemSep and CM MemSep modules, respectively,
are presented in Fig. 1. Under these conditions, the
plate heights were on the order of 20 JIm and were
relatively insensitive to flow-rate. Thus, there ap
pears to be minimal dispersive contributions from
fluid flow irregularities in these systems under
typical operating conditions of 1-10 ml/rnin.

40
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Fig. 1. Height equivalent to a theoretical plate (HETP) vs.
flow-rate for DEAE and CM MemSeps 1010 for unretained
proteins. DEAE MemSep: human transferrin (0) in 25 mM
sodium phosphate, pH 7.5, containing 500 mM sodium chloride;
CM MemSep: cytochrome c (0) in 400 mM sodium acetate,
pH 5.5.
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Binding capacity of DEAE and eM MemSeps
The effect of flow-rate on the dynamic binding

capacity of the DEAE MemSep 1000was evaluated
as described in the Experimental section. The
resulting chromatographic profiles are shown in
Fig. 2. As seen in the figure, the breakthrough fronts
were relatively sharp at flow-rates of 1.4and 11.2mil
min with a slightly more diffuse front occurring at
22.4 ml/min. The dynamic binding capacities of
these systems remained essentially constant at ap
proximately 35 mg as shown in Table I. Thus, these
membrane chromatographic systems can be 'readily
scaled-up with respect to flow-rate when operated in
the adsorption-desorption mode.

The binding capacities of the DEAE MemSep
1010 for BSA and the CM MemSep 1010 for
lysozymewere also measured by frontal chromatog
raphy as described in the experimental section.
Under these strongly retained conditions, the
binding capacity of the DEAE MemSep 1010 was
34.2 mg BSA. For the CM MemSep 1010, the
binding capacity was 67.2 mg lysozyme. While these
represent lower binding capacities than generally
obtained with conventional chromatographic sup
ports, the ability to operate at elevated flow-rates
makes these systems attractive for high-throughput
capture operations in downstream bioprocessing.

a b c

TABLE I

DYNAMIC BINDING CAPACITY OF DEAE MemSep 1010
FOR HUMAN SERUM ALBUMIN

Flow-rate (ml/rnin) Binding capacity (mg)

1.4 37.8
2.8 33.6
5.6 34.7

11.2 35.8
22.4 34.8

Linear gradient
The DEAE MemSep 1010 system was employed

in the linear gradient mode for the analytical
separation of a five-component protein mixture
under various flow-rate conditions. The resulting
separations for gradient runs ranging from 30 to
10 min are shown in Fig. 3. These results demon-
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Fig. 2. Effect of flow-rate on dynamic binding capacity of the
DEAE MerrrSep 1000. Feed: 44.Rml of I mg HSA/ml in 20 mM
Tris, pH 8.0; wash: 11.2 ml of 20 mM Tris, pH 8.0; eluent: i 1.2 ilil

of20 mM Tris, pH 8.0, containing I M NaCI; flow-rates: (a) 1.4,
(b) 11.2 and (c) 22.4 ml/min.

Fig. 3. Linear gradient separation of a five-component protein
mixture on DEAE MemSep 1010. Feed: I = conalbumin; 2 =
human transferrin; 3 = o:-lactoalbumin; 4 = ovalbumin; 5 =
trypsin inhibitor (5 mg total protein); flow-rate: 10 ml/min;
gradient conditions: 0 to 2UumMN"CI in 20mMTris, pH 8.1, in
30 min (a), 20 min (b) or 10 min (c).



MEMBRANE SYSTEMS FOR HIGH-THROUGHPUT PROTEIN SEPARATIONS 177

strate that these systems can indeed be employed for
linear gradient separations of complex protein mix
tures.

The CM MemSep 1010column was employed in a
series of linear gradient experiments to examine the
effects of flow-rate and mass loading on the perfor
mance ofthe system. These experiments were carried
out under conditions where baseline resolution of
the proteins was maintained. Linear gradient condi
tions were established using analytical-scale protein
loading (0.25 mg total protein). The resulting chro
matogram, depicted in Fig. 4a, demonstrates that
these cation-exchange MemSep systems can also be
readily employed for linear gradient protein separa
tions. In order to examine the effect of flow-rate in
these systems, the experiment was repeated at volu
metric flow-rates of 5 and 10 ml/min, The resulting
chromatograms, shown in Fig. 4b and c, indicate
that these analytical linear gradient separations can
be readily scaled-up with respect to flow-rate with
minimal adverse effect on the separation efficiency.
Clearly, these ion-exchange membrane systems have
significant potential for rapid analytical chromato
graphic applications. Furthermore, the ability to
carry out rapid analytical experiments will signifi
cantly shorten method development time with these
membrane chromatographic systems.

While these results indicate that the MemSep
systems can be a powerful tool for analytical chro
matography, in order for it to have utility for
preparative separations, it must be capable of high
throughput bioseparations. Accordingly, the linear
gradient experiment on the CM MemSep 1010 was
repeated at mass loadings in the range of0.75-15 mg
total protein. As seen in Fig. 5, this preparative
separation was readily scaled-up to 15 mg total
protein with minimal adverse effect on the separa
tion efficiency.

In an effort to further increase the throughput in
this linear gradient system, the 15-mg separation
was repeated at 10 ml/min resulting in the chroma
togram shown in Fig. 6. The gradient time for this
separation of 15 mg of proteins was 3 min. These
results demonstrate that these membrane chroma
tographic systems can be readily employed in the
linear gradient mode at both elevated mass loadings
and volumetric flow-rates for high-throughput bio
separations.

Multiple step gradients
In order to establish appropriate conditions for

multiple step gradient protein separations, linear

3
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Fig. 4. Linear gradient separation of a three-component protein
mixture on CM MemSep 1010. Feed: I = o-chymotrypsinogcn
A; 2 = cytochrome c; 3 = lysozyme (0.25 mg total protein).
Gradient conditions: 0-400 mM sodium acetate, pH 5.5; in (a)
15 min at a flow-rate of 2.0 ml(min, (b) 6 min at a flow-rate of
5.0 ml(min or (c) 3 min at a flow-rate of 10.0 ml(min.

Fig. 5. Linear gradient separation of a three-component protein
mixture on CM MemSep 10I0 at elevated protein loadings. Feed:
I =oc-chymo1rypsinogen A; 2 = cytochrome ~; 3 = lysozyme.
Gradient conditions: 0-400 mM sodium acetate, pH 5.5 in
15 min, flow-rate: 2.0 ml(min. Total protein loadings of 0.75 mg
(a), 7.5 mg (b) and 15.0 mg (c).
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the multi-step gradient separation of 6 mg total
protein as shown in Fig. 8a. Under these conditions,
the multi-step gradient procedure resulted in com
plete separation of the three proteins in approxi
mately 5 min.

The separation was then scaled-up with respect to
mass loading to investigate the capacity of these
systems for multiple step-gradient operation. As
expected, at higher mass loadings the non-linearity
of the protein isotherms resulted in elution of the
proteins at lower salt concentrations. Accordingly,
the step gradient conditions were appropriately
modified, as the mass loading was increased, to
maintain baseline separation. For a total protein
loading of 15 mg, the "windows" employed for the
multi-step gradient were changed to 90, 165 and
400 mM sodium acetate. As seen in Fig. 8b, under
this mass loading, baseline separation of the proteins
was achieved with a separation time of approxi
mately 5 min.

At a protein loading of 30 mg, a significant
reduction in the initial step change was required to
eliminate contamination of the a-chymotrypsinogen
A by the cytochrome c. For this mass loading, the
"windows" employed for the multi-step gradient
were changed to 60, 150 and 400 mM sodium

Fig. 8. Step gradient separation of a three-component protein
mixture on CM MemSep 1010. Feed: I = a-chymotrypsinogen
A; 2 = cytochrome c; 3 = lysozyme. Flow-rate: 5.0 ml/min, (a)
Total protein: 6 mg. Gradient conditions: sequential step changes
of 100 (A), 175 (B) and 400 (C) mM sodium acetate, pH 5.5. (b)
Total protein: IS mg. Gradient conditions: sequential step
changes of 90 (A), 165 (B) and 400 (C) mM sodium acetate,
pH 5.5. (c) Total protein: 30 mg. Gradient conditions: sequential
step changes of 60 (A), ISO (B) and 400 (C) mM sodium acetate,
pH 5.5. Flow-rate: 5.0 ml/min.
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10121416182022242628
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Fig. 7. Effect of salt on protein capacity factors on CM MemSep
1010. 0 = a-Chymotrypsinogen A; • = cytochrome c; C =

lysozyme.

10.000

400 mM Na A.elate

Volume(ml)

Fig. 6. Linear gradient separation of a three-component protein
mixture on CM MemSep 1010 at both elevated flow-rate and
protein loading. Feed: I = a-chymotrypsinogen A; 2 = cyto
chrome c; 3 = lysozyme (IS mg total protein). Gradient
condition: 0-400 mM sodium acetate, pH 5.5 in 3 min, flow-rate:
10.0 ml/min.

elution studies were carried out. Various concentra
tions of sodium acetate were used to examine the
effect of salt on the retention of a-chymotrypsinogen
A, cytochrome c and lysozyme in the Clvl MemSep
1010. The resulting plot of log k' vs. log [Na +] is
shown in Fig. 7. As seen in the figure, concentrations
of 100 mM and 175 mM sodium acetate result in
negligible k' values for a-chymotrypsinogen A and
cytochrome c, respectively. For lysozyme, any con
centration above 300 mM sodium acetate resulted in
rapid elution of the protein. Accordingly, these
"windows" of salt concentration were employed in
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protein purification. Linear and step gradient chro
matographic separations of proteins on ion-ex
change membrane systems were successfully scaled
up with respect to flow-rate and mass loading with
minimal adverse effect on resolution or bioproduct
purity. The ability to operate these systems at
elevated flow-rates enables rapid analytical chroma
tography as well as significantly shortened methods
development time. In addition, the ability of these
efficient, low-pressure systems to operate at high
mass loadings in both the linear and step gradient
modes of operation make these systems particularly
attractive for preparative chromatographic applica
tions.

Fig. 9. Step gradient separation at elevated flow-rate and mass
loading of a three-component protein mixture on CM MemSep
10IO. Conditions as in Fig. 8c with the exception of flow-rate:
10.0 nil/min.

acetate. While, the reduced initial step gradient
resulted in a more diffuse iX-chymotrypsinogen A
peak than in the previous experiments, baseline
separation of the proteins was achieved with a
separation time of approximately 6 min (Fig. 8c).

To further increase the throughput of these sys
tems, the 30-mg step gradient separation was re
peated at a volumetric flow-rate of 10 ml/min,
resulting in the chromatogram shown in Fig. 9.
Again, baseline separation of the proteins was
achieved, now with a separation time ofabout 3 min.
In fact, the bioproduct throughput could be readily
increased by further optimization of the step gra
dient conditions as well as relaxation of the baseline
resolution constraint. In addition, recovery of the
feed proteins was found to be greater than 95% in all
gradient experiments. If one assumes a re-equilibra
tion time of 2 min (corresponding to 20 ml or 5
column volumes), this system would have a through
put of 360 mg purified protein/h. Thus, the CM
MemSep 1010 module can be employed for high
throughput protein purification when operated in
the multiple step gradient mode.

CONCLUSIONS

In this report we have demonstrated that chroma
tographic systems consisting of stacked adsorptive
membranes can be employed for high-throughput
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Analysis of underivatized C12-C1S fatty acids by reversed
phase ion-pair high-performance liquid chromatography
with conductivity detection
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ABSTRACT

A rapid, simple and precise reversed-phase ion-pair high-performance liquid chromatographic method is described for the separation
and determination of underivatized fatty acids (C I 2-C i S) using a conductivity detector. Baseline separation of eight fatty acid stan
dards was achieved on an octadecylsilyl column using isocratic elution with a methanol-5 mM tetrabutylammonium mobile phase. The
method was successfully applied to the determination both of an anionic surfactant and of free fatty acids extracted from etiolated
wheat shoots. The detection limit of margaric acid was ca. 2 ng at a signal-to-noise ratio of 3.

INTRODUCTION

The determination of free fatty acids has become
important in many fields [1,2]. Although many lab
oratories have traditionally resolved fatty acids by
gas chromatography [3], the determination of fatty
acids by high-performance liquid chromatography
(HPLC) seems to have become established [4-8].
Most of the available methods need derivatization
for satisfactory separation and sensitivity, however,
because fatty acids lack fluorescent or strongly UV
absorbing groups. Consequently, numerous types
of precolumn labelling agents for HPLC have been
developed [9-15].

The development of methods for the determina
tion of underivatized long-chain fatty acids is a
challenge. Separation of underivatized fatty acids
has frequently been performed on octadecylsilyl
(ODS) reversed-phase columns [2,16-20] using vari
ous mobile phases such as methanol-water-acetic
acid [2], tetrahydrofuran-water [16] and acetoni
trile-aqueous phosphoric acid [17,19,20]. Detection
has been effected with refractive index [1], UV
[2,17], capacitance/conductance [16] and electroki
netic detectors [18], a post-column ion-pair extrac-

tion and detection system [19], a differential thermal
lens [20] and a chemiluminescence detector [21].
However, each method has drawbacks such as low
sensitivity, poor resolution and long analysis time.

We have developed a rapid, simple and precise
reversed-phase ion-pair HPLC method with con
ductivity detection for the separation and determi
nation of underivatized fatty acids. Good separa
tion of eight· fatty acid standards was achieved by
the use of a reversed-phase column, an isocratic
eluent consisting of methanol-5 mM tetrabutylam
monium (TBA) and a conductivity detector.

EXPERIMENTAL

Reagents and chemicals
Analytical-reagent-grade methanol and myristic

acid were purchased from Wako (Osaka, Japan).
PIC reagent A (a phosphate-buffered solution of
TBA) was obtained from Waters Assoc. (Milford,
MA, USA). Lauric, oleic and linoleic acids were
purchased from Tokyo Kasei Kogyo (Tokyo, Ja
pan), margaric acid from Aldrich (Milwaukee, WI,
USA) and linolenic, palmitic and stearic acids from
Sigma (St. Louis, MO, USA). All fatty acids were of

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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the highest purity available. Lunac O-P, an anionic
surfactant, was supplied by Kao (Tokyo, Japan).

Extraction ofplant lipids
Wheat (Triticum aestivum L. cv. Shirasagi) seeds

were sown on moistened vermiculite, germinated
and grown in the dark at 25°C for 5 days. A portion
(300 mg fresh weight) of shoots were cut into 1-2
ern pieces, transferred into a 10-ml vial containing 5
ml of distilled water, incubated for a further 14 h as
above and homogenized in a total of 2 ml of metha
nol with a mortar and pestle in dim light. The fresh
weight after the l4-h incubation was 330 mg. The
homogenate was transferred into a 1O-ml tube with
a Teflon cap. Exactly 1 ml of chloroform was added
and mixed well with the methanolic extract, fol
lowed by the addition of 7 ml of distilled water. The
mixture was centrifuged at 2000g for 5 min at 2Ye.
An aliquot (0.3 ml) of the chloroform layer was
evaporated to dryness under a stream of nitrogen.
The residue was dissolved in 30 ),ll of 75% aqueous
methanol and an 8-),l1 portion was injected onto the
column for fatty acid determination.

RESULTS AND DlSCUSSION

TBA has conventionally been used to separate
organic anions as ion pairs [22-24]. A mobile phase
consisting ofmethanol-5 mM TBA (75:25, v/v) effi
ciently separated C l rC l 8 fatty acid standards (Fig.
1). Methanol-water (75:25, v/v) mixture gave a
poor separation with rapid elution of the fatty
acids. The retention time increased with increase in
the concentration ofTBA in the mobile phase. At 5
mM TBA the lauric acid (C12:0) and myristic acid
(C14:0) peaks were segregated from the in-between
system peak, and the myristic acid peak was ade
quately separated from the linolenic acid (C18:3)
peak. At 7.5 and 10 mM TBA the lauric acid peak
overlapped the system peak (the range was raised to
500 ),lS/cm only for 10mM TBA having an elevated
background beyond 'the initial setting of 200 ),lSI
em). Lauric acid was eluted after the system peak

TIME (MIN)

Fig. I. Separation of free fatty acids by HPLC with conductivity
detection. Mobile phase, methanol-5 mM TBA (pH 7.5) (75:25,
v/v); flow-rate, 0.8 ml/min; oven temperature, 50'C. Detector
settings: sensitivity, 0.01; range, 200 JlS/cm. A 312.5-ng portion
of each acid was injected. The inset shows the detection limits
obtained by injecting 2 Jll of I· ppm fatty acid standards and
setting the attenuation at I and the flow-rate at 0.6 ml/min.
Peaks: I = lauric (CI2:0) 2 = myristic (C14:0); 3 = linolenic
leiS:3); 4 - linoleic (CI8:2); S = palmitic (CI6:0); 6 = oleic
(CI8:1); 7 = margaric (CI7:0); 8 = stearic acid (CI8:0).

3

2 5 15 25

MIN

20

8

1510

6 8

~
, I I

4 5

6 7

5o

w
rnz
~
rn
w
a:
a:

~w
Iii
c,

HPLC analysis
The HPLC system consisted of a CCPD pump,

an IC-80l0 CM conductivity detector (both from
Tosoh, Tokyo, Japan) and a SIC Chromatocorder
12 (System Instruments, Tokyo, Japan). A Rheo
dyne Model (Cotati, CA, USA) 7125 sample injec
tor equipped with a 20-),l1100p was used for sample
injection. A 150 x 4.0 mm LD. column packed
with ODS, 5-),lm particle size Hitachi Gel 3056 (Hi
tachi Instruments Service, Tokyo, Japan) was used.
The mobile phase was methanol-5 mM TBA (pH
7.5) (75:25, v/v) which was prepared by diluting one
bottle of PIC reagent A solution with 1000 ml of
distilled water, passed through a 0.45-),lm filter (Fuji
Photo Film, Tokyo, Japan) before use. The flow
rate was 0.8 ml/min unless stated otherwise, the col
umn temperature being 50°e. The conductivity de
tector was set at sensitivity 0.01 and range 200 ),lSI
cm. The background conductivity was 114 ),lS/cm.
The attenuation was fixed at 8, except when the de
tection limit of margaric acid was estimated at 1.
The minimum width, minimum height, "twice
time" (the period in which the peak width is dou
bled) and chart speed were set at 0.1 min, 8 ),lV, 0
min and 2 mm/min, respectively.
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with methanol-5 mM TBA (70:30, v/v), but not
with methanol-S mM TBA (72.5:27.5, v/v). The
70:30 eluent perfectly segregated myristic and lino
lenic acid, but required a longer analysis time, e.g.,
42.5 min for stearic acid (CI8:0), whereas metha
nol-IO mM TBA (72.5:27.5, v/v) eluent yielded an
almost identical chromatogram with a shorter anal
ysis time, e.g., 32.5 min for stearic acid.

As has been observed with underivatized fatty
acids and their esters [17, 25], the retention time
increased with increase in the number of carbon
atoms and decreased with increase in the number of
double bonds in the fatty acid chain (Fig. I). The
present method completely separated palmitic acid
(CI6:0) from oleic acid (CI8:1), although the dis
crimination of these acids has often met with diffi
culty previously [I, 10, 19, 26]. Margaric acid
(CI7:0) was perfectly separated from the other fatty
acid standards and can be used as an internal stan
dard for fatty acid determinations.

The conductivity detector has widely been used
for the detection offree fatty acids [16], ionic species
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and organic acids [27] and carboxylic acids and
non-ionic substances [28]. The present conductimet
ric detection of fatty acid standards was more satis
factory with regard to both resolution and sensitiv
ity than in a previous method [16] in which saturat
ed CS-C2 2 fatty acids were separated using an ODS
column and tetrahydrofuran-water (45:55, v/v) as
the mobile phase. The detection limit reported was
0.1 f1g for capric acid (ClO:O), which is higher than
our detection limit given below.

Quantification of fatty acids was based on peak
area calculations, and the linearity of the method
was assessed. The correlation coefficient of the re
gression line for each fatty acid standard ranged
from 0.9995 (CI6:0) to > 0.9999 (all other acids
examined except lauric and myristic acids) between
43.7 ng (CI6:0) and 2.66 f1g (CI8:3). The reproduc
ibility of peak areas was good as shown by the small
relative standard deviations (R.S.D.) of 0.75% (the
largest R.S.D, obtained with 665 ng of linolenic

2

3

w
Ul

4z
0
11.
Ul
W
IE:

IE:
0
bw
Iii 5
0

o 5 10 15 20 o 5 10 15 20

TIME (MIN)

Fig. 2. Chromatogram of the anionic surfactant Lunac O-P. Lu
nac O-P was diluted with mobile phase to I mg/ml and a 2-J.lI
portion was analysed as in Fig. I. Fatty acids were tentatively
assigned to individual peaks by comparing the retention times
with those of the authentic standards in Fig. I. Peaks: I = CI4:0;
2 = CI8:2; 3 = CI6:0, 4 = CI8:1; 5 = CI8:0.

TIME(MIN)
Fig. 3. HPLC profiles of lipoidal extracts from wheat shoots.
Lipid fraction of dark-grown wheat shoots was analysed as in
Fig. I. See text for lipid extraction. Tentative peak identifications
were made by comparing the retention times with those in Fig. I.
Peaks: I = CI2:0; 2 = CI8:3; 3 = CI8:2; 4 = CI6:0; 5 = CI8:1;
6 = CI8:0.
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acid) (n = 5). The limit of detection at a signal-to
noise ratio of 3:1 was ca. 2 ng, based on the detecta
bility of 1 ppm of margaric acid (2-pl injection)
(Fig. 1).

The method has been successfully applied to the
determination of the fatty acid contents in an
anionic surfactant and in higher plant tissues, as
shown in Figs. 2 and 3, respectively. Most pesticides
contain surfactants as spreaders, emulsifiers or
compatibility agents [29]. Therefore, exact informa
tion on the composition of a surfactant is important
for pesticide formulations. Fig. 2 shows the exact
compositional profile of the anionic surfactant Lu
nac G-P, which is reported by the manufacturer to
contain mainly oleic acid, revealing that small
amounts of C14:0, C18:2 and C16:0 are present.
Fig. 3 shows that the main plant fatty acids were
detected without interference from other lipoidal
components such as carotenoids. The fatty acid
profile obtained seems not too far from the galacto
lipid fatty acid composition of wheat shoots [30],
although the linolenic acid ratio shown in Fig. 3 was
low probably because of the difference between the
plant tissues analysed.

The method described has several advantages: no
need for derivatization, isocratic elution, good re
producibility, fairly high sensitivity and rapidity.
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ABSTRACT

Reversed-phase high-performance liquid chromatography on a thermostated octadecylsilyl column was used to separate complex
mixtures of mono acylglycerols formed by chemical deacylation of natural oil triacylglycerols. Acetonitrile-water mixtures were used for
elution of the underivatized monoacylglycerols and a differential refractometer was used for their detection. The order of elution of
monoacylglycerols in complex mixtures varies as a function of the chain length, unsaturation, positional isomerism, analysis temper
ature and eluent water concentration. The peak areas were representative of the amounts of monoacylglycerols detected. The method
can be applied to compositional analysis and to the collection of non-contaminated fractions for further stereospecific analysis.

INTRODUCTION

Theoretically the simplest method for studying
the stereospecific distribution of the fatty acids in
triacylglycerol molecules is to determine the fatty
acid profile of the three sn-l-, sn-2- and sn-3-mono
acylglycerol isomers, formed by a deacylation proce
dure. The prerequisite is to use a deacylation
technique which produces "representative" mono
acylglycerols, i.e., whose fatty acid profiles are
exactly those expected from the fatty acid distribu
tion in the triacylglycerol molecules. This means that
the deacylating reagent should not have undesirable
specificities for certain fatty acids or triacylglycerols,
for certain positions in the triacylglycerol molecules,
and should not promote acyl migration from one
position to another, during or after hydrolysis.

Mammalian pancreatic lipase which specifically
catalyses the hydrolysis of primary ester linkages
(sn-I and sn-3) in triacylglycerols [1]has been widely
used in studying the fatty acid distribution at the
sn-2-position of triacylglycerols. However, its spe
cificity predudes the formation of sn-l- and sn-3
monoacylglycerols. In general, enzymatic deacyla
tion procedures do not produce representative

monoacylglycerols for the three positions of the
glycerol moiety.

Chemical deacylation by a Grignard reagent has
been widely used to produce representative di
acyIglycero Is, especially sn-I ,2(2,3)-diacy19lycero Is.
Those were then utilized to study the fatty acid
distribution at the sn-l- and sn-3-positions oftriacyl
glycerols by Brockerhoff's enzymatic method [2-4]
or by physical methods in which the diacylglycerol
isomers were separated by high-performance liquid
chromatography (HPLC) as chiral derivatives [5] or
by HPLC on a chiral column [6-8].

However, the sn-l(3)- and sn-2-monoacylglyce
rols formed by Grignard deacylation could not be
used as their fatty acid composition was not repre
sentative of the original triacylglycerol structure [9].
Extensive isomerization seemed to occur between
sn-I(3)- and sn-2-isomers in both directions.

The possibility of optimizing the reaction condi
tions in order to minimize the extent of isomeriza
tion to an acceptable level cannot be discarded. In
this regard we have examined the possibility of
separating monoacylglycerols by HPLC both in the
reversed-phase mode and in the presence of a chiral
phase. Previously Maruyama and Yonese [10]devel-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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oped reversed-phase HPLC methods for the separa
tion and determination of saturated and unsat
urated simple underivatized monoacylglycerols.
However, these methods were not entirely conve
nient for the simultaneous determination of the
homologous distribution and the ratio of positional
isomers ofmonoacylglycerols. Kondoh and Takano
developed an original detection method for acyl
glycerols which they applicated to the simultaneous
determination ofmono-, di- and triacylglycerols [11]
and then to mixtures of monoacylglycerols [12].
Homologous series and positional isomers of mono
acylglycerols were well separated but the detection
method involves destruction of monoacylglycerols
and does not allow their collection for further
analysis.

To study further the stereospecific distribution of
fatty acids in triacylglycerols, we first developed the
HPLC separation of complex mixtures of mono
acylglycerols according to the nature of the constit
uent fatty acid (chain length and unsaturation) and
to its positioning [sn-l(3)- and sn-2-monoacylglyce
rols]. Analyses were principally carried out on
underivatized monoacylglycerols.

Some experiments were performed on monoacyl
glycerols derivatized with 3,5-dinitrophenyl iso
cyanate. These urethane derivatives are used in
chiral-phase HPLC analyses of monoacylglycerol
stereoisomerism [13].

EXPERIMENTAL

Samples
Optically active sn-3-monopalmitoylglycerol (sn

3-16:0) was obtained from Fluka (Buchs, Switzer
land). rae-l-monopalmitoylglycerol (rae-I-16:0),
rae-l-monostearoylglycerol (rae-I-18:0), rae-l
monooleoylglycerol (rae-I-18:1) and rae-l-mono
linoleoylglycerol (rae-I-18:2) were purchased from
Serdary (London, Ontario, Canada), as were opti
cally inactive sn-2-isomers, namely sn-2-monopal
mitoylglycerol (sn-2-16:0) and sn-2-monooleoylgly
cerol (sn-2-18:1). Thesemonoacylglycerols were
used without prior purification.

Natural source monoacylglycerols were prepared
by Grignard degradation with ethylmagnesium
hrornide [14,15] and by pancreatic lipase hydrolysis
[16,17] of triacylglycerols. Those were isolated from
complex mixtures of peanut oil and cottonseed oil
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triacylglycerols by combined argentation thin-layer
chromatography (TLC)-reversed-phase HPLC [18].
The fractionated triacylglycerols submitted to par
tial deacylation were palmitoyldioleoylglycerol (16:0
18:1 18:1), trioleoylglycerol (18:1 18:1 18:1), pal
mitoyloleoyllinoleoylglycerol (16:0 18:I 18:2), di
oleoyllinoleoylglycerol (18:1 18:1 18:2), oleoyldi
linoleoylglycerol (18:1 18:2 18:2) from peanut oil
and palmitoyloieoyllinoleoylglycerol (16:0 18:I
18:2) from cottonseed oil (no distinction is being
made among the sn-l-, sn-2- and sn-3-positions of
these triacylglycerols). Monoacylglycerols formed
by chemical or enzymatic deacylation of triacyl
glycerols were isolated by TLC on silica gel G
(Merck, Darmstadt, Germany) impregnated with
5% (w/w) boric acid to prevent izomerization [19].

Preparation ofmonoacylglyeerolurethanederivatives
The procedure used to prepare the urethane

derivatives of monoacylglycerols was derived from
that described by Oi and Kitahara [20] for chiral
alcohols and adapted to monoacylglycerols by
Takagi and co-workers [13,21]. A 20-llmol amount
of monoacylglycerol (6-8 mg) was dissolved in
450 III of dry toluene in a 0.5-ml glass vial with a
PTFE-lined screw-cap, then 45 Ilmol (ca. 10 mg) of
3,5-dinitrophenyl isocyanate powder (Sumitomo,
Osaka, Japan) and 45 III of dry pyridine were added.
The mixture was heated at 70°C for 1h in an oven (or
left for 3 h at ambient temperature) with occasional
shaking.

At the end of the reaction, the mixture was cooled,
the solvent was removed under nitrogen and the
resulting urethane derivatives were dissolved in
0.2 ml of chloroform and purified by TLC on a silica
gel 60 F 2 5 4 precoated plate (20 x 20 em, 0.25 mm
thick layer) from Merck. The plates, containing a
fluorescence indicator, were previously activated at
110-120°C for 1 h. They were developed twice with
hexane-ethylene dichloride (or dichloromethane)
ethanol (40:15:3, v/v/v).

Crude urethane derivatives were alternatively
purified by reversed-phase HPLC instead of TLC.
In this instance, at the end of the derivatization
procedure the mixture was decanted. The limpid
upper phase was filtered through hyperfine glass
wool into another vial. The solvent was evaporated
under nitrogen and the urethane derivatives were
dissolved in chloroform fur storage, in acetonitrile
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or in the mixture used as the mobile phase for
reversed-phase HPLC fractionation, i.e., acetoni
trile-water (95:5 or 90:10, v/v). Purification was
carried out isocratically at ambient temperature (ca.
20°e).

Liquid chromatography
HPLC analyses were performed using a Mod

el 6000 A solvent-delivery system (Waters, Milford,
MA, USA) connected either to an R 401 differential
refractometer or to a Model 450 variable-wave
length UV detector (Waters). The column was a
stainless-steel prepacked 250 mm x 4 mm J.D.
Hibar LiChroCART HPLC cartridge, LiChrospher
100 CH-18/II Super (4-,um particles) column pur
chased from Merck. A Guard-Pak precolumn, Li
ChroCART 4-4 filled with LiChrosorb 100 RP-18
(Merck), was attached to the column inlet. The
mobile phase was acetonitrile-water in various
proportions (80:20, 85:15, 90:10 and 95:5, v/v),
depending on the monoacylglycerol mixtures to be
analysed. It was delivered at a constant flow-rate of
1.0 or 1.2 ml min - I. The analysis temperature was
ambient (ca. 20°e) or a constant thermostatically
controlled temperature [22].

Acetonitrile (Hypersolv "far UV") was obtained
from BDH (Poole, UK). Water was doubly distilled.
Solvents were filtered through a Millipore mem
brane (pore size 0.5 ,um) and the HPLC solvent
mixture was vacuum degassed for 2 min before use.

Peak areas were measured by means of an Enica
21 integrator-ealculator (Delsi, Suresnes, France).

Gas chromatography
The fatty acid composition of the underivatized

monoacylglycerols recovered from the hydrolysis
products and that of the HPLC-collected monoacyl
glycerol urethane derivatives was determined by gas
chromatography (GC) of the methyl esters prepared
with methanol-boron trifluoride [23]. The analyses
were carried out on a Becker-Packard Model 4 I7 gas
chromatograph equipped with a laboratory-made
30 m x 0.4 mm 1.D. glass capillary column coated
with Carbowax 20M (Applied Science Labs., State
College, PA, USA) at a constant temperature of
195°C and a nitrogen flow-rate of 3 ml min - I. The
apparatus was equipped with a Ros injector [24]
(Spiral, Dijon, France) and a flame ionization
detector. Peak areas were measured with an Enica 21
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integrator-calculator (Delsi). Calibration factors
were calculated using standard mixtures of fatty
acids (Nu-Chek Prep, Elysian, MN, USA).

Definitions
Monoacylglycerols were characterized by their

partition number (PN), calculated from the equa
tion [I]

PN = CN - 2 DB

where CN is the number of carbon atoms in the acyl
chains and DB the number of double bonds.

Chromatographic separations were characterized
by three parameters: the retention time, generally
corrected from the column void volume (tR); the
separation factor (IX) between two successive peaks I
and 2 (in the elution order), expressed as the ratio
tR)tR

I
[25]; and the resolution factor (Rs) calculated

from the equation [25]

R, = 2 (tR, - tR)/(W2 + WI)

where t R is the retention time and W the peak width at
the baseline, For R, ~ 1 two peaks are reasonably
well separated.

RESULTS AND DISCUSSION

Separation ofmonoacylglycerols as urethane deriva
tives

Reversed-phase HPLC can separate a mixture of
monoacylglycerol isomers into two groups, the
optically inactive sn-2-monoacylglycerols and the
optically active group of the two sn-I- and sn-3
isomers eluted together [12]. Separation of the two
enantiomers in the latter can be achieved by HPLC
in the presence ofa chiral phase as monoacylglycerol
urethane derivatives [13,21].

Chiral-phase HPLC separation of enantiomers
generally cannot be applied directly to sn-2- and
sn-l (3)-isomers resulting from chemical deacylation
of natural triacylglycerols because of their complex
ity. A previous fractionation by reversed-phase
HPLC according to chain length and unsaturation
should be carried out.

To simplify this double-step analysis and to
minimize the isomerization of underivatized mono
acylglycerols, we first checked the possibility of
fractionating by reversed-phase HPLC the natural
complex mixture of monoacylglycerols in the obliga-
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3.4.5.6

2

Fig. I. HPLC separation of a mixture of standard isomeric
monoacylglycerols(2 = rae-I-18:2;3 = sn-2-18:1;4 = sn-2-16:0;
5 = rae-I-18:1; 6 = rae-I-16:0; 7 = rae-I-18:0) as 3,5-dinitro
phenyl isocyanate derivatives on an RP-18 column. The num
bering of the different monoacylglycerols separated is done with
respect of the elution order after reversed-phase HPLC separa
tion of the total monoacylglycerol isomers analysed in this work
as derivatives, i.e., I = sn-2-monolinoleoylglycerol (sn-2-18:2);
2 = sn-I(3)- or rae-I-monolinoleoylglycerol [sn-I(3)- or rae-I
18:2];3 = sn-2-monooleoylglycerol (sn-2-18:1);4 = sn-2-mono
palmitoylglycerol (sn-2-16:0); 5 = sn-I(3)- or rae-I-monooleoyl
glycerol [sn-I(3)- or rae-I-18:1]; 6 = sn-I(3)- or rae-I-mono
palmitoylglycerol [sn-I(3)- or rae-I-16:0]; 7 = sn-I(3)- or rae-I
monostearoylglycerol [sn-I(3)- or rae-I-18:0]. Analytical condi
tions: stainless-steel column (250 mm x 4 mm I.D.) packed with
4-J1m octadecylsilyl (C , S) reversed-phase material; eluent, aceto
nitrile-water (95:5, v/v) at 1.2 ml min- 1

; isocratic analysis at
ambient temperature ea. 21°C; refractive index detection.

tory form of urethane derivatives prior to further
separation of the enantiomers by chiral-phase
HPLC. Six groups of urethane derivatives were
studied. They were first injected separately on to the
RP-18 column and then together.

Fig. 1 shows the results obtained with the syn
thetic mixture of the six groups of isomers. The
resolution factors calculated from the corrected

B. G. SEMPORE, J. A. BEZARD

retention times of the monoacylglycerols injected
individually indicated that for monopalmitoylgly
cerols the two groups of isomers [(sn-2 and sn-I(3)]
were poorly separated, the calculated resolution
factor R, being only 0.56. For monooleoylglycerols,
separation was just achieved (R, = 1.00).Moreover,
for the same group of isomers [sn-2 or sn-1(3)] the
separation of monooleoyl- and monopalmitoylgly
cerol was very poor, because for the sn-2-isomers the
retention time were 9.4 and 9.5 min, respectively,
and hardly more different for the sn-1(3)-isomers,
9.7 and 10 min, respectively. On the other hand, in
the chromatogram in Fig. 1 the four isomers [sn-2
and sn-1(3)-16:0, sn-2- and sn-1(3)-18:1] eluted al
most together in the second peak (marked 3, 4, 5, 6).

Modifications of the analytical conditions (tem
perature, nature and flow-rate of the eluent) did not
really improve the separations. This is the reason
why previous fractionation of monoacylglycerol
complex mitures was carried out by reversed-phase
HPLC as underivatized monoacylglycerols.

Separation of underivatized monoacylglycerols
In preliminary experiments, various analytical

conditions were checked: pure acetonitrile, pure
propionitrile, mixtures of acetonitrile with different
proportions of acetone, propionitrile and water were
tested as mobile phases; and pure acetone, aceto
nitrile, chloroform and mixtures of these three
solvents in different proportions were checked for
dissolution of the monoacylglycerols samples.

The results showed that the best separations were
obtained with a mixture of acetonitrile and water as
the mobile phase and when the sample was dissolved
in pure acetonitrile. These optimum conditions were
similar to those observed previously [10,12].

Elution order. Fig. 2 shows the separation ob
tained in analysing a mixture of the three isomers
sn-l-, sn-2- and sn-3- of monopalmitoylglycerol
by reversed-phase HPLC at ambient temperature.
Under all conditions only two peaks appeared on
the chromatograms. Separate injections of commerc
ial rac-l- and sn-2-monopalmitoylglycerols showed
that the sn-2-isomer was first eluted and that the two
sn-l- and sn-3-isomers were later eluted together.
This elution pattern was also verified with mono
oleoylglycerols (Fig. 3) and monolinoleoylglycerols
(Fig. 5).

Effect of solvent. The effect of increasing the
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Fig. 2. HPLC separations of two standard mixtures (A-C, mixture I; D, mixture 2) ofsn-2- and rae-I-monopalmitoylglycerols (peaks 4
and 6, respectively) on an RP-18 column with different mixtures of acetonitrile-water [(A) 95:5, (B) 90:10,(C) 85:15,(D) 80:20, v/v] as the
mobile phases. Analysis at ambient temperature (ca. 19-20°C); flow-rate, 1.2 m! min-i; other conditions as in Fig. 1.
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'0 '5 30 min

Fig. 3. RP-18 HPLC separation of a mixture of standard underivatized monoacylglycerols at ambient temperature (ca. 19°C). (2) =
rae-I-18:2; (3, 4) = sn-2-18: I and sn-2-l6:0; (5) = rae-I-18: I; (6) = rae-I-16:0; (7) = rae-I-18:0. Mobile phase, acetonitrile-water (85:15,
v/v); flow-rate, 1.2 ml min -'; refractive index detection.
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proportion of water (5, 10, 15 and 20%) in the
mobile phase on the separation of the two groups of
isomers [sn-2-16:0 and sn-l (3)-16:0] is illustrated in
Fig. 2.

An increase in the proportion of water greatly
increased the retention times of both groups of
isomers and in the same proportion. The effect was
more pronounced at higher proportions of water
(almost a 50% increase in retention time when the
water content was increased from 15 to 20%,
whereas the retention time increase was only ea.
30% when the water content was increased from 5 to
10%).

The separation factor between the two peaks was
hardly affected (1.16 to 1.18) by varying the solvent
polarity, indicating that the retention times of the
two peaks were similarly affected. In contrast, the
resolution factor between the two peaks increased
considerably (from 1.65 to 3.00) with an increase
from 5 to 10% of water in the mobile phase. The
resolution factor then slightly decreased (2.39 at
15% of water and 2.77 at 20%), showing that the
peak widths increased more rapidly than retention
times above 10% of water. At this water concentra
tion the resolution was sufficiently improved for
pure fractions of monoacylglycerol isomers to be
collected for further stereospecific analysis.

Fig. 3 illustrates the separation obtained in the
HPLC analysis of a more complex mixture of
monoacylglycerol isomers. The synthetic mixture
contained rae-l-monolinoleoylglycerol (rae-I-18:2),
rae-l-monooleoylglycerol (rae-I-18: I), rae-I-mono
palmitoylglycerol (rae-I-16:0), rae-l-monostearoyl
glycerol (rae-I-18:0), sn-2-monooleoylglycerol (sn
2-18:1)and sn-2-monopalmitoylglycerol (sn-2-l6:0).
The mixture was analysed at ambient temperature
and with acetonitrile-water (85:15, v/v) as the
mobile phase.

Separate injection of the different isomers present
in the synthetic mixture showed that the first-eluted
peak corresponded to a mixture of sn-l- and
sn-3-18:2, which were not separated. The second
peak contained the two sn-2-isomers of mono palmi
toyl- and monooleoylglycerols, which were not
separated. They form a critical pair (similar parti
tion number). The two components of rae-I-16:0
and -18:1, also constituting a critical pair, were
partially separated (resolution factor 0.86). The
rae-I-18:0was eluted very late in 29 min, but the two
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sn-l- and sn-3-isomerswere not separated. This very
long retention time implies that with monoacylgly
cerols of longer chain length (20:0, 22:0, 24:0) such
as those encountered in peanut oil triacylglycerols
after partial deacylation, the solvent polarity should
be decreased and/or the analysis temperature should
be increased to reduce the retention times. Even
under these conditions, the resolution factors
between homologous monoacylglycerol isomers
would be acceptable, when considering the resolu
tion observed between the last two peaks in the
chromatogram.

In addition to the impossibility of separating the
sn-l- and sn-3-isomers of monoacylglycerols, the
only problem encountered in the mixture analysis
was the separation of the two critical pairs of
monopalmitoyl- and monooleoylglycerols in both
series of sn-2- and sn-l(3)-isomers. The resolution
was studied by modifying the analysis temperature.

Effeet of temperature. A mixture of the two series
of monopalmitoyl- and monooleoylglycerols was
analysed at increasing temperature from 7.5 to 40°C
with acetonitrile-water (85:15, v/v) as the mobile
phase, by using the thermostating device described
previously [22]. Fig. 4 shows that at 12°C the two
critical pairs in both isomer series were completely
separated within the reasonable time of 18min. The
observed elution order was sn-2-l8:l, sn-2-l6:0,
sn-l(3)-18:1, sn-l(3)-16:0. This elution order was
different from that obtained by Takano and Kon
doh [12] on an octylsilyl column (Cs) with an
acetonitrile-water mobile phase, viz., sn-2-l6:0,
sn-l(3)-16:0, sn-2-l8:l, sn-l(3)-18:1. The resolution
between peaks was also better under our analytical
conditions.

Fig. 4 (top) also shows that when the analysis
temperature was increased the retention of mono
palmitoylglycerols decreased more rapidly than that
of monooleoylglycerols in both series of isomers. At
30°C the same isomers of the two monoacylglycerols
were eluted together. At higher temperature (40°C)
the elution order of the two monoacylglycerols was
the reverse of that observed at 12°C, and resolution
was poorer. The separation can be greatly improved
by combining an increase in solvent polarity and an
increase in analysis temperature, as illustrated in
Fig. 4 (bottom). With acetonitrile-water (80:20, v/v)
the separation between the same isomers of the two
different monoacylglycerols increased with increas-
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ing temperature and at 40°C the four isomers were
better separated with a more polar mobile phase
with a similar sequence of elution (peaks 4, 3, 6, 5).

As shown qualitatively in Fig. 4, the calculated
resolution factors indicated that the resolution be
tween the two sn-2- (peaks 3 and 4) and the two
sn-l(3)-18:1 and -16:0 isomers (peaks 5 and 6)
decreased when the analysis temperature was in
creased whereas the reverse was true for sn-2-16:0
(peak 4) and sn-l(3)-18:1 (peak 5).

With the second more polar acetonitrile-water
mixture (80:20, v/v), the resolution between isomer
pairs (peaks 3 and 5 and peaks 4 and 6) greatly
increased with increase in temperature.

Considering the overall results, it is clear that two
optimum temperatures exist for the separation of
critical pairs of monoacylglycerols (at least for 16:0
and 18:1) depending on the proportion of water in
the mobile phase: a low temperature (12°C) for the
lower proportion of water, with the elution order
sn-2-18:1, sn-2-16:0, sn-l(3)-18:1, sn-l(3)-16:0 and a
higher temperature (at least 40°C) for the higher
proportion of water with a different elution order,
sn-2-16:0, sn-2-18:1, sn-l(3)-16:0, sn-l(3)-18:1.

In practice, a low analysis temperature can be
recommended for short-chain or unsaturated mono
acylglycerols, which are fairly soluble in the usual
solvents. Conversely, temperatures higher than am
bient are more convenient for long-chain monoacyl
glycerols, especially when they are saturated. How
ever, high analysis temperatures raise the problem of
isomerization. Takano and Kondoh [12] observed
an increased isomerization of sn-2- to sn-l (3)-mono
acylglycerols at temperatures higher than 30°C,
precluding quantitative analyses. The solution could
be to increase the proportion of water in acetonitrile
in order to obtain the same resolution at 30°Cas at
40°C with a less polar mobile phase.

Application to natural monoacylglycerol mixtures
The purpose of this work was to fractionate by

HPLC pure monoacylglycerol isomers for further
stereospecific analysis as urethane derivatives by
chiral-phase HPLC. The mixtures of isomers to be
fractionated would be isolated by TLC from the
chemical deacylation products of natural oil triacyl
glycerols.

For this reason, the analytical conditions studied
above were applied to the following natural mix-
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tures of monoacylglycerols. One mixture (A) was
isolated after deacylation of peanut oil palmitoyldi
oleoylglycerol (16:018:1 18:1).It contained the four
groups of isomers: sn-2- and sn-l(3)-monopalmi
toyl- and -monooleoylglycerols. One mixture (B)
resulted from deacylation of peanut oil palmitoyl
oleoyllinoleoylglycerol (16:0 18:1 18:2).It contained
the six groups of isomers: sn-2- and sn-l(3)-mono
palmitoyl-, -monooleoyl- and -monolinoleoylglyce
rols. Two mixtures (C and D) were obtained from
deacylation of peanut oil dioleoyllinoleoylglycerol
(18:1 18:1 18:2) and oleoyldilinoleoylglycerol (18:1
18:2 18:2), respectively. They contained the same
four groups of isomers: sn-2- and sn-l(3)-mono
oleoyl- and monolinoleoylglycerols, but in different
proportions.

The analyses were carried out at (A) 12SC, (B)
12°C and (C and D) 19°C with acetonitrile-water
(85:15, v/v) as the mobile phase. Fig. 5 illustrates the
separations obtained. Table I reports data which
quantify the separations observed between two
successively eluting peaks for the three analysis
temperatures. The three chromatograms show a
good resolution of the four or the six isomers present
in the mixtures within relatively short retention
times, less than 20 min in all instances.

The separation between two successive peaks was
complete in all instances. The poorest separation
was observed for the critical pair sn-2-18:l and
sn-2-16:0. However, the resolution factor (Table I)
was 1.43 at 12SC (mixture A) and 1.45 at 12°C
(mixture B). These good separations allow the
collection of the separated fractions with minor
cross-contamination for subsequent analysis ofthe
sn-l(3)-isomers by chiral-phase HPLC to separate
the two sn-l- and sn-3-monoacylglycerol enanti
omers.

In the three mixtures, the proportions of the
different isomers could be calculated from peak
areas, assuming the latter is proportional to the mass
of a compound. Such a determination was not made
because the extent of isomerization cannot yet be
determined. However, we can make interesting
qualitative observations.

In mixture A (Fig. 5A), resulting from deacylation
of 16:0 18:1 18:I, the 16:0was rarely esterified at the
sn-2 position (small amount of sn-2-16:0) to the
benefit of 18:1. The peak areas of the monooleoyl
glycerols were roughly twice those of the mono-
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Fig. 5. RP- I8 HPLC separations of mixtures of underivati zed monoacylglycerols obtained after Grignard degradation of natural peanut
oil triacylglycerols: (A) 16:0 18:I 18:I, (B) 16:0 18:1 18:2, (C) 18:1 18:I 18:2 and (D) 18:I 18:2 18:2. (A) Mixture of 3 = sn-2-18: I; 4 =

sn-2-16:0; 5 = sn-I(3)-18:1; 6 = sn-l(3)-16:0. (B) Mixtures of I = sn-2-18:2; 2 = sn-I(3)-18:2; 3 = sn-2-18:1; 4 = sn-2-16:0; 5 =
sn-I(3)-18:1; 6 = sn-I(3)-16:0. (C and D) Mixtures of I = sn-2-18:2;2 = sn-I(3)-18:2; 3 = sn-2-18:1; 5 = sn-I(3)-18:1. Mobile phase,
acetonitrile-water (85:15, vjv); flow-rate, 1.2 ml min-I; analysis-temperatures, (A) 12.5°C, (B) I2°C and (C and D) 19°C (ambient).
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TABLE I

SEPARATION OF NATURAL MIXTURES OF MONOACYLGLYCEROL ISOMERS BY REVERSED-PHASE HPLC

Triacylglycerol" 16:0, 18:1, 18:1 16:0, 18:1, 18:2 18:1, 18:1, 18:2

Monoacylglycerol" sn-2- sn-2- sn-I(3)- sn-I(3)- sn-2- sn-I(3)- sn-2- sn-2- sn-I (3)- sn-I (3)- sn-2- sn-I(3)- sn-2- sn-I(3)-
18:1 16:0 18:1 16:0 18:2 18:2 18:1 16:0 18:1 16:0 18:2 18:2 18:1 18:1

Temperature' 12SC 12°C 19°C

Retention time (min)" 13.4 14.4 15.5 17.1 7.6 8.6 13.3 14.3 15.3 17.0 7.3 8.2 12.0 13.7
Separation factor" 1.07 1.08 1.10 1.14 1.54 1.08 1.07 1.11 1.12 1.47 1.14
Resolution factor! 1.43 1.54 1.79 1.87 6.76 1.45 1.36 2.00 2.43 9.11 3.17

a Triacylglycerols isolated from peanut oil by combined argentation TLC-reversed-phase HPLC.
b Monoacylglycerol isomers formed by chemical deacylation of the isolated triacylglycerols.
c Analysis at thermostated (12 and 12SC) and ambient (19°C) temperatures.
d Retention times corrected for the column void volume.
e Ratio of the corrected retention times of two successives peaks 1 and 2 (tR,ItR).
J Calculated from the equation R, = 2 (tR2 - IR,)/(W2 + wd,where tR is the retention time and wthe peak width at the baseline of two

successive peaks I and 2.

palmitoylglycerol, i.e., in proportion to the two
acids in the original triacylglycerol.

The same remarks can be made for the localiza
tion of 16:0 in the triacylglycerol 16:0 18:1 18:2
(mixture B) and the roughly similar proportions of
the three monoacylglycerols and the three fatty acids
in the triacyIglycerol (1:1:1).

As for mixture C, despite the affinity of 18:2 for
the sn-2 position in triacylglycerols of vegetable
origin, the proportion of s,,·2-18:2 is lower than that

of sn-2-18:1.The reason is that two molecules of 18:1
were in competition with one molecule of 18:2 for
this position. The observed specificities of 16:0, 18:1
and 18:2 for the sn-2 position of peanut oil triacyl
glycerols confirm those generally observed for vege
table triacylglycerols [1].

Quantitative analysis
In stereospecific analyses of triacylglycerols by

means of the monoacylglycerols formed by chemical

TABLE II

COMPOSITION OF NATURAL sn-2-MONOACYLGLYCEROL MIXTURES BY GC ANALYSIS OF FATTY ACIDS AND
HPLC ANALYSIS OF MONOACYLGLYCEROLS

Fatty Triacylglycerol"
acid"

16:0 18:1 18:1 16:0 18:1 18:2 18:1 18:1 18:2 18:1 18:2 18:2 16:0 18:1 18:2

GC' HPLC' GC' HPLC' GC' HPLC' GC' HPLC' GC' HPLC'

16:0 4.1 4.0 1.7 1.8 0.6 0.8 3.1 3.2
18:1 95.6 96.0 19.8 20.2 43.4 43.7 11.8 11.7 38.9 37.3
18:2 78.1 78.0 55.7 56.3 87.1 88.3 57.7 59.5

a Triacylglycerols isolated by combined argentation TLC-reversed-phase HPLC from peanut oil (first four triacylglycerols) and from
cottonseed uil (last triacylglycerol).

b Traces of 16:I «0.1 %) and 18:0 ( < U.4%) wem also found by GC analysis of fatty acids. Results are expressed as fatty acid mol%.
c sn-2-Monoacylglycerols formed by chemical deacylation of the triacylglycerols were isolated by TLC, analysed by HPLC and their

fatty acids analysed by Gc.
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deacylation, one should know the exact relative
proportions of the sn-2- and sn-l(3)-isomers sepa
rated by reversed-phase HPLC before analysing the
sn-l (3)-isomers by chiral-phase HPLC for enanti
orner composition. The easiest way to determine the
relative proportions of the sn-2- and sn-l (3)-isomers
is from peak areas, provided that the latter are
proportional to mass.

To examine the possibility of using peak areas to
calculate isomer composition, the following experi
ment was performed. Four triacylglycerols isolated
from peanut oil (16:0 18:1 18:1,16:018:1 18:2,18:1
18:1 18:2 and 18:1 18:218:2) and one isolated from
cottonseed oil (16:0 18:1 18:2) were submitted to
chemical deacylation. The sn-2-monoacylglycerol
fraction was isolated by borate-impregnated silica
TLC [19]. An aliquot was analysed for fatty acid
composition by GC as methyl esters. Another
aliquot was analysed by HPLC and the composition
was determined from peak areas.

The results reported in Table II show that the two
series of figures are very similar, the variations not
exceeding 4%.

As the GC analysis of fatty acids can be consid
ered to be very accurate, the results reported here
demonstrate that the same is true when the mono
acylglycerol composition is calculated from peak
areas.

CONCLUSIONS

This work has shown that monoacylglycerols can
be completely separated by reversed-phase HPLC
according to chain length and unsaturation and
partially according to positional isomerism, as the
sn-2-isomers were separated from the sn-l(3)-iso
mers. Peak areas are representative of the amount
of compounds detected by their refractive indices
(within the range tested). The sn-l (3)-isomers can be
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collected with minor contamination to be analysed
further for sn-l- and sn-3-isomer composition by
chiral-phase HPLC.
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ABSTRACT

Triacylglycerol monohydroperoxides (TG-mHPO) were selectively detected at the picomole levels after post-column reaction with
diphenyl-l-pyrenylphosphine (DPPP). TG-mHPO were separated on two types of reserved-phase columns, an ODS column and a
phenylated silica gel column, which were useful for determining TG-mHPO at their molecular species levels and their class levels,
respectively. After the separation, DPPP solution was mixed with the eluent followed by reaction in a stainless-steel coil 20 m x 0.5 mm
I.D. at 80·C, then the fluorescence intensity of DPPP oxide was measured (Aox. 352 nm, A,m. 380nrn). Using these systems, TG-mHPO
were determined in the range 2-1000 pmol. The relative standard deviations were 2.3-2.8%.

INTRODUCTION

Recently, lipid peroxidation has attracted much
attention as one of the factors causing certain dis
eases and ageing [1--4], In lipid peroxidation, hydro
peroxides are produced both enzymatically and
non-enzymatically. Several methods have been pro
posed for determining small amounts ·of hydroper
oxides in foods and biological materials [5-8].
These methods, however, have some problems with
reard to sensitivity, selectivity, complexity or inter
ference from other components.

Recently, luminol and isoluminol chemilumines
cence method have been reported as highly sensitive
and selective high-performance liquid chromato
graphic HPLC post-column detection methods for
lipid hydroperoxides [9,10]. An electrochemical de
tection system has also been used for this purpose
[11]. These methods, however, have the drawback
of unsuitability of organic solvents for HPLC sep
aration.

Recently, we reported that a series of arylphos-'

phines, prepared by replacing one phenyl group of
triphenylphosphine with an aromatic fluorophore,
have no fluorescence but their oxides possess strong
fluorescence [12], diphenyl-l-pyrenylphosphine
(DPPP) oxide giving the strongest fluorescence in
tensity. This reagent made it possible to determine
lipid hydroperoxides selectively with high sensitiv
ity. Some applications of the reagent to the determi
nation of lipid hydroperoxides have been reported
[13-15]. In this paper, we describe the application of
the reagent to the HPLC post-column determina
tion of triacylglycerol hydroperoxides.

EXPERIMENTAL

Chemicals
Diphenyl-l-pyrenylphosphine was synthesized as

described previously [12]. Other reagents used were
of special or super-special pure grade (Wako, Osa
ka, Japan). Trilinolein, trilinolenin and triolein
were purchased from Sigma (St. Louis, MO, USA).
Methylene blue, triphenylphosphine and solvents

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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such as methanol, l-butanol, acetone and chloro
form were purchased from Wako and tert.-butyl
hydroxytoluene (BHT) from Tokyo Kasei Kogyo
(Tokyo, Japan). The solvents for dissolving or ex
tracting the samples contained 0.03% of BHT as an
antioxidant.

Margarine, butter and mayonnaise products and
salad oils were purchased locally. Vegetable oils
were purchased from Nacalai Tesque (Kyoto, Ja
pan).

Preparation of hydroperoxides and hydroxides
Trilinolein, trilinolenin and vegetable oils were

autoxidized at room temperature in the dark for
12-72 h. Triolein was photooxidized in the presence
of 0.1-0.3 mM methylene blue in ethanol. They
were used after purification to triacylglycerol (TG)
monohydroperoxides (mHPO) using silica gel col
umn chromatography [16]. Their hydroperoxide
contents were determined by spectrofluorimetry
[13]. They were stored in a refrigerator at - 2YC as
a solution in chloroform-methanol (1:1).

Trilinolein hydroxides were prepared by reducing
the hydroperoxides with triphenylphosphine in
chloroform-methanol (1:1) at O'C for more than 1 h
and used without purification.

Separation and detection of hydroperoxides
Two systems were used to separate TG hydroper

oxides. In the first system (system A), the analytical
column used was TSK-gel ODS 80Tm (5 .urn) (150
mm x 4.6 mm J.D.) (Tosoh, Tokyo, Japan; eluted
with l-butanol-methanol (10:90, v/v). In the other
system (system B), a Develosil Ph-5 (5 .urn)column
(150 mm x 4.6 mm J.D.) (Nomur~Chemical, Ai
chi, Japan) and methanol-water (95:5, v/v) eluent
were used. The flow-rate of the eluent was 0.6 ml/
min in both systems.

The post-column derivatization and the detection
conditions were same in both systems. The HPLC
eluent was monitored by UV detection at 210 or 235
nm prior to the post-column reaction with DPPP.
The eluent was mixed with DPPP reagent [3 mg in
400 ml of acetone-methanol (1:3, v/v)], which was
kept in an ice-bath in the dark. The flow-rate of the
reagent solution was 0.3 ml/min and the mixture
was passed through a 20 m x 0.5 mm J.D. reaction
coil (stainless steel) at 80°C followed by another coil
(0.5 m) in a water-bath at 20°C. Detection was per-
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formed by monitoring the fluorescence intensities at
380 nm with excitation at 352 nm. The mobile phase
and the reagent solution were degassed by ultrason
ic treatment under reduced pressure before use.

Sample preparation
Edible oils (200---400 mg) were diluted to 20 ml

with chloroform and aliquots were used as samples.
Commercially' available mayonnaise, butter and
margarine extracts were prepared in the following
manner. To 0.3-1 g of the sample, 0.5 ml of water
was added. Lipids were extracted from the mixture
with two 1.5-ml portions of chloroform-methanol
(2:1) followed by dilution to 5 ml with chloroform.
Aliquots of 10 .ul were injected into the HPLC sys
tem. The sample size could be minimized to less
than 1 mg by reducing the scale of the procedure.

Equipment
The HPLC pump used was a CCPM multi-pump

(Tosoh), which pumped both the mobile phase and
the reagent solution with a single system. The reac
tion oven was an RE-8000 reactor. The detectors
used were a UV-8000 spectrophotometer and an
FS-8000 spectrofluorimeter (Tosoh). The data
processor used was an SC-801O (Tosoh) or a Chro
matocoder 12 (System Instrument, Tokyo, Japan).

RESULTS AND DISCUSSION

The mechanism of the reaction of hydroperox
ides with DPPP was described previously [12,13].
Hydroperoxides oxidized DPPP quantitatively to a
strongly fluorescent oxide. The reaction proceeded
in many organic solvents, such as methanol, etha
nol, acetonitrile, ethyl acetate, chloroform, benzene
and hexane, suggesting that all these solvents can be
used as the mobile phase in HPLC. It was also pos
sible to add water to the mobile phase up to 10%.
The addition of larger amounts of water made
DPPP insoluble in the reaction mixture. DPPP was
less reactive to dialkyl peroxides, and not reactive to
un oxidized fatty acids, hydroxy acids and their es
ters [13]. Therefore, they do not interfere in the de
termination of hydroperoxides.

Fig. 1 shows the chromatograms of a mixture of
trilinolein and its monohydroperoxides (a,b) and a
mixture of trilinolein and its hydroxide (c). Both
unoxidized and hydroxylated trilinoleins gave
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Fig. I. HPLC of trilinolein and its hydroperoxy and hydroxy
derivatives with system A. Sample: (a) and (b) trilinolein (TL,
50.0 nmol) + hydroperoxides (TL-OOH, 214 pmol); (c) TL (50.0
nmol) + hydroxide (TL-OH; 214 pmol).

peaks with UV monitoring, but no peak with spec
trofluorimetry (7). On the other hand, the trilin
olein-mHPO gave peaks with both UV and spectro
fluorimetric detection. These results demonstrate
that spectrofluorimetric detection is specific to hy
droperoxides. The inclusion of a UV detector prior
to the post-column reaction may be not essential for
this system.

Fig. 2 shows the effect of the flow-rate of DPPP
solution on the peak height of trilinolein-mHPO.
The peak was higher at lower flow-rates, but the
peak height variations was largest at 0.2 ml/min be
cause it was difficult to maintain a constant flow
rate. This effectwas clearer in system B than A. Fig.
3 and Table I show the effects of reaction temper
ature and reaction coil length on the peak height,
respectively. The peaks became higher with increase
in the reaction temperature and with the use of a

em

Fig. 3. Effect of reaction temperature on the peak height of tri
linolein-mHPO (107 pmol) in (A) system A and (e) system B.

longer coil without raising the baseline noise levels.
The peaks were about 25% higher in a stainless
steel coil than in a PTFE coil. This may be attribut
ed to the difference in their thermal conductivities.
Therefore, the reaction was conducted in a 20-m
stainless-steel coil at 800e in our systems.

Table II shows the effect of the concentration of
the reagent solution. The peaks became higher with
increase in the reagent concentration. However, the
signal-to-noise ratio was not improved with in
crease in concentration because of the increase in
the baseline noise level. We selected the 3 mg per
400 mlsolution as the reagent solution. Although
the peak height decreased on addition of acetone to
the reagent solution, acetone-methanol (1:3) was
used as the solvent in our systems because of the
improvement in the stability against oxidation of
DPPP by the oxidant in the solution. Methanol
would be less useful as a solvent for the reagent
solution because the baseline noise level was dou
bled after keeping the reagent solution for 1 day at
- 25°e. Therefore, it was neccesary to prepare the

TABLE I

EFFECT OF REACTION COIL LENGTH ON THE PEAK
HEIGHT OF TRILINOLEIN-mHPO (107 pmol)

4
Coil Length (m) Peak height (em)

(x 0.5 mm I.D.)

Fig. 2. Effect of flow-rate of the reagent solution on the peak
height oftrilinolein-mHPO (107 pmol) in (A) system A and (e)
system B.

02 03 0.4 0.5 .
ml/mm

PTFE

Stainless steel

10

4
10
20

System A System B

5.40 3.90

3.75 2.08
6.47 5.20

11.39 10.40
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TABLE II

EFFECT OF CONCENTRATION OF THE REAGENT SO
LUTION ON THE PEAK HEIGHT OF TRILINOLEIN
mHPO (107 pmol)

2.0
if

,31.8

System Parameter Concentration of DPPP
(mg per 400 ml)

1.6
1.5 3.0 6.0

A Peak height (em) 5.41 11.20 19.36
Relative noise level 1.0 1.4 2.0

B Peak height (em) 5.43 10.48 14.50
Relative noise level 1.0 1.2 1.6

1.4

36 40 44 48 PN

Fig. 4. HPLC of TG-mHPO in vegetable oils with system A.
Sample: (a) TG-mHPO in linseed oil (296 pmol); (b) TG-mHPO
in olive oil (106 pmol),

solution just before use when methanol was used as
the solvent. With the use of methanol, the peak was
20-35% higher than with acetone-methanol (1:3).
The fluorescence intensity of DPPP oxide was only
5% stronger in methanol than in acetone-methanol
(1:9). The decrease in the peak height in acetone
methanol was partly attributed to this effect, but the
main reason is the lower reactivity of DPPP with
hydroperoxides in the solvent system.

In system A, the ODS column, one of the most
popular reversed-phase columns, was used for the
separation of TG-mHPO. As shown in Fig. 1, trili
nolein-mHPO were detected as a single peak by
spectrofluorimetry and determined in the range 2.1
1000 pmol (r = 0.999). The relative standard devia
tion of the peak area was 2.3% (107 pmol, n = 6).

Trilinolein-mHPO were not composed of a single
molecular species but a mixture of some positional
isomers which had a hydroperoxy group at different
positions. However, these isomers were hardly sep-

Fig. 5. Relationship between partition number of TG-mHPO
and log tR • The HPLC conditions used were the same as in sys
tem A except for the reaction coil length (10 m). Sample: trilin
olenin-mHPO (PN = 36,0), trilinolein-mHPO (PN = 42, 0),
triolein-mHPO (PN = 48, x) and TG-mHPO (PN = 42,44 and
46, D) prepared from TG after separation at each PN on an
ODS column.

arated by this system. On the other hand, as shown
in Fig. 4, several peaks were observed in a mixture
ofTG-mHPO which were prepared by autoxidation
of vegetable oils and subsequently purified by silica
gel column chromatography. The peaks between 14
and 35 min should be the TG-mHPO composed of
various fatty acids with different partition numbers
(PN) (Partition numbers are defined by the equa
tion PN = TC - 2DB, where TC and DB are the
numbers of total carbon atoms and double bonds of
fatty acids of which the TG is composed, respec
tively; for TG, there is a linear relationship between
PN and log tR, where tR is the retention time). As
shown in Fig. 5, six model TG-mHPO showed line
ar relationships between PN and log tR as for TG
[17]. This means that the TG~mHPO species could
be roughly predicted from their retention times and
the fatty acid compositions in the same way as for
TG.

In system B, a phenylated silica gel column was
used as an analytical column. The separation pat
terns of TG-mHPO with this column were different
from those with the ODS column. The difference
would be due to the different characteristics of
phenyl and alkyl groups. Fig. 6 shows typical chro
matograms of TG-mHPO. The peaks of TG
l1lHPO in vegetable oils were broader and, in some
instances, showed a small difference (less than 1

40.
min

20

b
fl

20
O'"j-.-....,..,...,~....,...,..~,..,...,.,"""

o 40 0

mV a
40 fl

20
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Fig. 6. HPLC of TG-mHPO with system B. Sample:(a) trilino
lein-mHPO (45.5 pmol), (b) trilinolenin-mHPO (55.0 pmol), (c)
TG-mHPO in linseed oil (100 pmol), (d) TG-mHPO in olive oil
(82.8 pmol).

Fig. 7. HPLC <if hydroperoxides in a salad oil (a, TH = 153
pmol) and a margarine extract (b, TH = 69.0 pmol) with system
B.

10 20mino

b
TG'mHPO fl

40

20

a
mv flb fl

d

'---

a
c

'---

10 20 0 10 20
min

20

mV fl
40

min) between their retention times. This suggests
that TG-mHPO which had different PN did not
have exactly the same retention time, but almost. In
practice, TG-mHPO gave a single peak regardless
of their fatty acid compositions. This allowed us to
determine TG-mHPO at the class level. Table III
shows the peak-area ratio of trilinolein and vegeta
ble oil-mHPO. Although there was a ca. 10% varia
tion between them, it was almost possible to use the
calibration graph of trilinolein-mHPO for TG
mHPO in. vegetable oils. The ratio for triolein
mHPO was smaller than the others, which could be
attributed to the lower reactivity of triolein-mHPO
with DPPP.

Using the proposed method, TG-mHPO was de
termined in the range 2-300 pmol. The relative

TABLE III

RELATIVE PEAK AREA OF TG-mHPO WITH SYSTEM B

standard deviation of the peak area of trilinolein
mHPO was 2.8% (45.5 pmol, n = 6).

Fig. 7 shows the chromatograms of a salad oil
and an extract from a food sample. Before TG
mHPO several peaks were detected. Judging from
their retention times, they were probably the bis- or
trishydroperoxides of TG or lower molecular
weight hydroperoxides such as hydroperoxides of
free fatty acids, mono- or diacylglycerols and degra
dation products of TG-mHPO. Total hydroperox
ides (TH) were determined from the total peak area
using the calibration graph of trilinolein-mHPO.
They agreed with the results obtained by the batch
method (r = 0.997, n = 10) [18]. Recoveries of add
ed TG-HPO from the vegetable oils and the foods
were 95-102% (n = 6). Although the composition
of the injection solvent seemed unsuitable for a re
versed-phase system, there was no problem with in
jections of up to 10 ,ul.

CONCLUSIONS

Lipid hydroperoxide

Trilinolein-mHPO
Trilinolenin-mHPO
Triolein-mHPO

Safflower oil-mHPO
Corn oil-mHPO
Cottonseed oil-mHPO
Soybean oil-mHPO
Linseed oil-mHPO
Olive oil-mHPO
Peanut oil-mHPO
Rapeseed oil-mHPO
Sesame oil-mHPO

Relative peak area

1.00
1.00
0.71

1.10
1.l0
1.04
0.94
l.01
0.94
0.88
1.04
1.07

Lipid hydroperoxides were detected at picomole
levels with high selectivity using the proposed post
column derivatization system. The use of the phen
ylated column made it possible to determine TG
mHPO at their class levels and the total hydroper
oxides in vegetable oils and some food extracts. The
method should be useful for studying the initial
stage of lipid peroxidation and for checking food
quality based on its high sensitivity, selectivity and
peak separation patterns. Moreover, the method
should be useful for determining TG hydroperoxide
in biological materials.
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ABSTRACT

The gene of serine hydroxymethyltransferase (SHMT) of a thermophilic bacterium Bacillus stearothermophilus was expressed iIi
Escherichia coli, and SHMT was successfully purified from the crude extract of E. coli in two steps while maintaining the enzymatic
activity. The purification steps involved ammonium sulphate precipitation followed by high-performance liquid chromatographic
separation using the anion-exchange column Fractogel EMD DEAE-650(S). In addition to the DEAE column, three other types of
anion- and cation-exchange columns were also studied for their ability to separate SHMT, and the performances of the four columns
were compared.

INTRODUCTION

L-Serine is a key starting material. for the enzy
matic synthesis of a series of industrially important
amino acids such as L-tryptophan, L-tyrosine and
L-cysteine, and for the synthesis of manu pharma
ceuticals [1-4]. Accordingly, the production of L
serine at low cost is indispensable for successful ap
plications of the synthetic methods. Amino acids
are generally synthesized by a chemical, fermenta
tion or enzymatic method. The enzymatic method

has the advantage that optically pure amino acids
can be specifically produced in a short time. Fur
thermore, the fact that some of the key enzymes
responsible for the amino acid synthesis are made
available in fairly large amounts using recombinant
DNA technology has made the enzymatic method
more attractive.

Serine hydroxymethyltransferase (SHMT) (Ee
2.1.2.1) catalyses the interconversion of glycine and
L-serine (reaction, Fig. 1) [5,6]. The physiological
role of SHMT is to transfer the p-carbon of L-serine

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. I. Interconversion of glycine and L-serine catalysed by serine hydroxymethyltransferase (SHMT) (reaction I).

to tetrahydrofolate, thereby providing the biosyn
thesis of amino acids and nucleic acids in cells with
one-carbon units. However, reaction 1 catalysed by
SHMT is reversible, and glycine can be stereospecif
ically converted to t-serine using the backward re
action of reactin 1. A multicopy plasmid carrying
the Escherichia coli glyA gene encoding SHMT has
been placed in a Klebsiella aeronenes strain and
SHMT obtained from the strain has been used to
produce t-serine [7,8]. Recently, the SHMT gene of
a thermophilic bacterium Bacillus stearothermophi
Ius has been cloned and expressed in E. coli [9]. The
use of thermostable SHMT has the potential to
make it possible to operate bioreactors for the pro
duction of L-serine at elevated temperatures, there
by avoiding possible contamination by sundry bac
teria. However, the purification procedure for ther
mostable SHMT which is necessary for preliminary
characterization of the enzyme before its applica
tion to the bioreactors has not been established.

In this paper, we report the application of high
performance liquid chromatography (HPLC) to the
purification of SHMT of B. stearothermophilus
from the crude extract of E. coli harbouring a plas
mid encoding the SHMT gene. The enzyme can be
purified to near homogeneity in two steps from the
crude extract while maintaining the activity.

EXPERIMENTAL

Expression of SHMT gene in E. coli cells
Construction of an SHMT expression vector

(pMS046) in which the SHMT gene of B. stearo
thermophilus was inserted in the SmaI site of pUC18
will be published elsewhere [9]. A host JMI0l was
transformed with pMS046 following the method of
Sambrook et al. [10]. Transformed cells were grown
in an LB medium containing ampicillin (50 .ug/ml)
with shaking at 37°C for 21 h. Cells were collected
by centrifugation at 2400 g for 15 min. To confirm
the expression of the SHMT gene in the transfor
mant, proteins were analysed by sodium dodecyl

sulphate -polyacrylamide gel electrophoresis (SDS
PAGE) as follows: harvested cells (~ 1 mg) were
resuspended in GTE buffer (50 .ul) containing glu
cose (9 g/l), Tris (25 mM) and EDTA (10 mM) and
disrupted by 0.2 M NaOH-l % SDS (50 .ul). After
centrifugation at 22 000 g for 20 min, the super
natant (50 .ul) was analysed by SDS-PAGE.

For SDS-PAGE, samples were denatured by
brief heating at 100°C in the presence of SDS and
2-mercaptoethanol and subjected to electrophoresis
on a 12.5% stacking polyacrylamide gel. Electro
phoresis was performed at a constant voltage (2 V/
em). Gels were stained by Coomassie brilliant blue,
destained and photographed.

Purification
Preparation of crude enzyme. Cells were grown

and harvested as described above and resuspended
in five volumes of a 1% glycine solution. The har
vested cells were disrupted by sonication with an
Astrason Model XL2020 ultrasonic processor
(Heat Systems, Farmingdale, NY, USA) (output
475 W, 12 x 10 s with 20-s interval) at O'C. Cell
debris was removed by centrifugation at 16000 g
for 12 min and the supernatant recovered (fraction
I).

Ammonium sulphate precipitation. Solid ammoni
um sulphate was added stepwise to fraction I (typ
ically 50 ml) and precipitates recovered by centrifu
gation at 30, 50, 60 and 70% saturation, respec
tively. Each protein fraction obtained by the ammo
nium sulphate precipitation was dissolved in a 1%
glycine solution (2 ml). The resulted solutions were
assayed for activity and analysed by SDS-PAGE
(see Expression of SHMT gene in E. coli cells). The
fractions (30-60% saturation) containing SHMT
were combined (fraction II).

Ion-exchange HPLC. Fraction II was purified by
ion-exchange HPLe. Four types of Fractogel EMD
ion-exchange columns (150 x 10 mm I.D., particle
size 25-40 .um) (Merck, Darmstadt, Germany), in
cluding TMAE-650(S) (strong anion exchange),
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DEAE-650(S) (weak anion exchange), S0 3- -650(S)
(strong cation exchange) and COO- -650(S) (weak
cation exchange)were tested for their ability to sep
arate SHMT. HPLC separation was performed us
ing a liquid chromatograph consisting of a Model
L-6000pump (Hitachi, Tokyo, Japan) and a Model
L-3000 photodiode-array three-dimensional detec
tor (Hitachi, Tokyo, Japan). Gradient elution was
carried out at a flow-rate of I ml/min using 20 mM
phosphate buffer (pH 7.5) (eluent A) and 20 mM
phosphate buffer (pH 7.5) containing I M NaCI
(eluent B). The gradient profiles used are shown in
the figures by broken lines. All HPLC operations
wereperformed at room temperature. SHMT puri
fied by HPLC is designated as fraction II (for detail,
see under results and discussion).

Determination oj activity
SHMT catalyses not only the interconversion of

glycine and L-serine (reaction I but also the con
version of p-phenylserine to benzaldehyde (reac
tion, Fig. 2) [II] . As benzaldehyde has a distinctive
absorption band at 250nm (s = IS 000), reaction 2,
catalysed by SHMT, can be easily followed by mea
suring the increase in absorbance at 250 nm. In a
typical assay, the reaction mixture (2 ml) for the
determination of the enzymatic activity contained
an appropriately diluted enzyme solution (100 Ill),
p-phenylserine (0.5 mM), pyridoxal phosphate
(PLP, 50 11M) and phosphate buffer (125 mM, pH
7.5). Incubation was performed at 2YC for 15min.
UV spectra were taken using the same assay mix
ture as a reference except that the enzyme solution
was omitted in the reference misture. One unit is
defined as an activity that produces I Ilmol of ben
zaldehyde per min under these conditions.

The protein concentration was determinedby the
method of Lowry et al. [12]. UV spectra were mea
sured on a DU-68 spectrometer (Beckman, Palo Al
to, CA, USA) with a 50-Ill microcell.

205

RESULTS AN D DISCUSSION

SDS-PAGE analysis of proteins produced in E.
coli cells was first performed to confirm the over
production of SHMT. For JM 101 transformedwith
pMS046 carrying the SHMT gene, a distinctively
intense band was observed (Fig. 3, lane 4), but it
was not present for JM 101 without transformation
or JM 101 transformed with a control plasmid
pUCI9 carrying no insert (Fig. 3, lanes 2 and 3).
The calculated molecular weight based on the mi
gration distance was45 000 (Fig. 4), which was very
close to that reported for a subunit of E. coli SHMT
(molecular weight 46 500 [13], 45265 [14]), whose
active form is a dimer consisting of two identical
subunits. These results strongly suggest that the
SHMT gene was expressed in the E. coli cellstrans
formed with pMS046.

A crude extract (fraction I) was prepared from
JM IOI /pMS046 and the enzymatic activity of frac
tion I was determined as described under Experi
mental. The amount of benzaldehyde fromed by
SHMT increased linearly with time up to IS min
(data not shown). The specificactivity of fraction I
was 0.010 Ujrng. Fraction I was treated with am
monium sulphate and precipitates were analysed by
SDS-PAGE. SHMT was precipitated in the frac
tions with ammonium sulphate concentrations be
tween 30 and 60% saturation. The precipitated
crude SHMT in these fractions was dissolved in a
I% glycine solution and the fractions were com
bined (fraction II). The specific activity of fraction
II was 0.012 Ujrng,

For analytical purposes, fraction II was diluted
ten-fold and 100 III of the sample (0.114 mg as pro
tein) were separated by HPLC equipped with a
weak anion-exchange Fractogel EMD DEAE
650(S) column. Fig. 5 shows a typical chromato
graph obtained. To analyse the major peaks 1--4 in
the chromatogram, fraction II was applied to

SHM T
H

+ I
H,N-C\ ""'H +

COO'

(2)

Fig. 2. Conversion of p-phenylserine to benzaldehyd cata lysed by SHMT (reaction 2).
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Fig. 5. HPLC analysis of crude SHMT. Fraction II obtained by
ammonium sulfate precipitation was diluted ten-fold and 100 1'1
of the sample (0.114 mg as protein) were injected. Column, Frac
togel EMD DEAE-650(S) (150 x 10 mm 1.0 .); eluent A, 20 mM
phosphate buffere (pH 7.5);eluent B, 20 mM phosphate buffer
(pH 7.5) containing I M NaCI; gradient, 0% B ({}- IO min), {}
100% B (1{}-70 min), 100% B (7{}-80 min); flow-rate I mlrmin.

HPLC system without dilution (100 fll, 1.14 mg as
protein) and peaks 1-4 werecollected. There was no
significant change in an elution profile arising from
the increase in the load of the sample (data not
shown). When the activity of each peak was as
sayed, only peak 4 showed any activity. According
to the colour development by Lowry's method,
peaks 1-3 contained small amounts of proteins
compared with peak 4 containing SHMT. For more
efficient separtion of SHMT, fraction II was con
centrated by ultrafiltration and 100 fllof the sample
(4.3 mg as protein) were separated by HPLC using a
slightly modifiedgradient (Fig. 6a). Eluted fractions
werecollectedevery minute and assayed for protein
concentration and enzymatic activity. By compari
son of the .elutionpeaks of SHMT (peak 4 in Fig. 5
and the peak indicated by SHMT in Fig. 6a), it can
be seen that the separation of the last half of peak 4
in Fig. 5 was improved with the modified gradient
in Fig. 6a. It is also clear that the major contaminat
ing species eluted between 5 and 20 min had strong
UV absorption at 280 nm, but contained very small
amounts of proteins (Fig. 6b). These results indicate
that the OEAE column can efficiently remove con
taminating components other than protein which
are not detectable in SOS-PAGE analysis. The elut
ed fractions containing SHMT were pooled (frac
tion III). The specific acticity of fraction III was
0.031 Ujmg.

When the UV spectrum of fraction III was mea
sured, a weak absorption band was observed
around 425 nm (Fig. 7). By comparison with the
spectrum of authentic PLP, the absorption was as-
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Fig. 3. SDS·PAGE analysis of proteins produced in E. coli cells.
Lane 1, molecular weight marker [1 , bovine serum albumin (mo
lecular weight 66000); 2, ovalbumin (45000); 3, trypsinogen
(24 000)]; lane 2, JMIOI; lane 3, JM 101 transformed with a con
trol plasmid pUCI9; lane 4, JM IOI transformed with PMS046
bearing the SHMT gene.

~ 4.7

Cl.3 4.6

Migration distance (em)

Fig. 4. Molecular weight determination of SHMT of B. stea
rothermophilus. The molecular weight of SHMT (open circle)
was determined by SDS·PAGE on a 12.5% slab gel with refer
ence proteins of known molecular weights (I, bovineserum albu
min; 2, ovalbumin; 3, trypsinogen). Data points weretaken from
Fig. 3.
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signed to PLP bound to SHMT. It has been report
ed that SHMT pur ified from eukaryotic and proka
ryotic cells contains PLP as a co-factor. The ratio of
the adso rptions at 425 nm (PLP) and 280 nm (pro 
tein) determined for fraction III was 0.04, which
was considerabl y smaller than tho se (0.11-0.23) re
ported for SHMT purified from vario us origins [15
18]. This implied that PLP was released from the
SHM T holoen zyme during HPLC separat ion, and
that purified SHMT in fractio n III was present in
par t in the form of an apo pro tein. Th us the appar
ent recovery of the SHMT activity after the HPLC
separation was as low as 21% (Table I). To explore
the possibility of reconstitu ting the enzymatic activ
ity, fractions II and III were incubated with PLP
(0.5mM) at 42°C for 2 h, and the enzymatic activity
was assayed . Fo r fract ion II obtai ned by the ammo
nium precipitation, no increa se in the specific activ
ity was obser ved after incubation (Table I). In con
trast, the specific activity of fraction III obtai ned by
the HPLC separation increased approximately five
fold, and the total activit y of fraction III after re
constit ution was virtually the same as that of the
loaded samp le. These results clearly indicate that
the partial release of PLP from SHMT occurred
during the HP LC separ ation; however, full enzy
mat ic activity could be reconstituted by the post
reaction incubation with PLP. The interaction be
tween the negatively charged pho sphate group of
PLP and the anion-exchange matrix in the DEAE
column must be respon sible for the release of PLP
from the enzyme.

It has been also confirmed by SDS-PAGE analy
sis of fractio ns I-III that the HPL C purification
with the DEAE column is a very effective step for
the purification of SHMT (Fig . 8). Although a few
minor band s were still not iceable in the SDS-PAGE
anal ysis of fraction III , SHMT was purified to near
homogeneity after the HP LC purification.

When SHM T was prepared by this method, the
increase in the specific activity was at most fifteen
fold: the specific activities of fractions I, II and III
were 0.010, 0.012 and 0.147 (after reconstit ution),
respectively. This is because the specific activity of
the crude extract (fraction I) was already high due
to the overproduction of SHMT in E. coli cells
bearing plasmid pMS046. However, the majo r con
taminating components other than protein, as wei
as proteins, were able to be efficiently removed by
this method, as shown in Fig. 4.

600. 00

Wavelength (nm)

Fig. 7. UV spectrum of purified SHMT. SHMTpurified with the
DEAE column (fraction III) was concentrated by ultracentrifu
gation and the UV spectrum was measured .
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Fig. 6. HP LC elution profiles of crude SHMT monitored by (a)
absorption at 280 nm and (b) prote in concentration. Fraction II
was concentr ated by ultrafiltration and 1001'1 of the sample (4.3
mg as prote in) were injected. (b) Eluted fractions were collected
every minute and assayed for prote in concentration by the meth
od of Lowry et al. [12]. Column , Fractogel EMD DEAE-6S0(S)
(ISO x 10 mm I.D .); eluent A, 20 mM phosphate buffer (pH
7.5); eluent B, 10 mM phosphate buffer (pH 7.S) contai ning I M
NaCl; gradient 0-2S% B (0-10 min), 2S- S0% B (Io-SO min),
so-iooss B (So-6Omin), 100% B (60-70 min), l~% B (70- 80
min); flow-rate I ml/min.
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TABLE I

PURIFICATION OF SHMT WITH FRACTOGEL EMO-OEAE-650(S) COLUMN

Fracti on II concentrated by ultrafiltr ation (100 Ill, 4.3 mg as protein) was separated on the OEAE column and the enzymatic acitvity
was assayed as described under Experimental.

Sample Fraction Tot al activity Recovery of Specific activity
(U) activity (%) (Uj rng)

Before HPLC II 0.052 100 0.012
purification 11 + PLP" 0.048 92 0.011
After HPLC III 0.01I 21 0.031
purification III + PLP" 0.051 98 0.147

• Fraction II or III incubated with PLP to reconstitut e SHMT holoenzyme.

Fig. 8. SOS-PAGE analysis offractions I-III . Lane I, molecular
weight marker (see Fig. I for number s); lane 2, crude extract of
JMlOl /pMS046 prepared by the alkaline SOS method (see un
der Experimental); lane 3, fraction I (crude extract) ; lane 4, frac
tion II (ammonium sulfate precipitate) ; lane 5, fract ion III
(HPU" purified fraction) .

In addition to the weak anion-exchange column
(described above), three other types of ion-ex
change columns, including Fractogel EMD
TMAE-650(S) (strong anion-exchange), S03 ·
650(S) (strong cation exchange) and COO·-650(S)
(weakcation exchange) weretested for their ability
to separate SHMT using fraction II (4.3 mg as pro
tein). Elution peaks containing SHMT wereidenti
fied by independentinjections of marker SHMT pu
rified by the DEAE column (fraction III). The elu-

2

3

2 3 4 5

'-'SHMT

tion profile for the strong anion-exchange column
(TMAE) was similar to that for weak anion ex
change column (DEAE) shown in Fig. 4, so that
majorcontaminatingspecied wereeluted in an early
region of the gradient (retention time 7-15 min).
Based on this result, it is concluded that the strong
anion-exchange column (TMAE) can essentially
separate SHMT as well as the weakanion-exchange
column (DEAE). In contrast, the weak and strong
cation-exchange columns did not separate SHMT
as well as the anion-exchange columns. A typical
elution profile obtained with the weak cation-ex
change column [COO- -650(S)] is shown in Fig. 9,
and a similar profile was obtained for the strong
cation-exchange column [S03· -650(S)] . Most of
thecomponentspresent in the injected samples were
eluted in the front regions of the gradient for both
the cation-exchange columns. SHMT was found to
beelutedin the firstmajor peak (marked by an aste
risk in Fig. 9) under these conditions. As the in
tegrated areas of the first peaks containing SHMT
were too large to account for SHMT alone, it is

1.6lbl
J ..~ / / / /- Ul ~
~ 1

0
0

:;iO:::;::::;::::;::::::;:~:::;:::::;:::::;::::60:;:':::;::::;==;80
Retenllon lime (min)

Fig. 9. Separation of crude SHMT by a weak cation-exchange
column. Sample, concentrated fraction II (100 Ill, 4.3 mg as pro
tein); column , Fract ogel EMO COO'-650(S) (150 x 10 mm
1.0 .). Other HPLC conditions were as in Fig. 5. SHMT was
eluted in the peak marked by an asterisk.
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evident that contaminating components were co
eluted with SHMT with these columns.

In summary, the SHMT gene of B. stearother
mophilus has been expressed in E. coli, and the en
zyme has been efficiently purified from the crude
extract by HPLC with a weak anion-exchange col
umn [Fractogel EMD DEAE-650(S)]. Release of
PLP bound to the SHMT holoenzyme as a co-fac
tor occurred during the HPLC separation, but a full
enzymatic activity was reconstituted by post-reac
tion incubation with PLP. With respect to the sep
arating ability of SHMT, the performance of a
strong anion-exchange TMAE column was compa
rable with the DEAE column, whereas those of
cation-exchange S03 - and COO - columns were
not so satisfactory. In conventional methods, it
takes many steps to purify SHMT from various ori
gins [11,18-20]. The application of this method us
ing HPLC coupled with the anion-exchange col
umns to the purification of SHMT should facilitate
the purification process.
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ABSTRACT

A method is presented for the determination of the three tetracyclines oxytetracycline, tetracycline and chlortetracyline in muscle,
spiked at 100 ng/g, using high-performance liquid chromatography (HPLC). The concentration and extraction steps are carried out
using Waters Environmental Sep-Pak cartridges. The principal steps involve homogenizing the sample in EDTA-McIlvaine buffer
followed by centrifugation and precipitation of the supernatant using trichloroacetic acid. After further filtration and concentration on
a Sep-Pak cartridge, the sample is eluted and analysed by HPLC with UV detection and confirmation by diode-array. The column used
is a Nova-Pak CIS (4 /lm) cartridge (10 cm x 8 mm I.D.). A phosphate-citrate-acetonitrile buffer, utilizing ion suppression, is the
mobile phase. The analytes are detectable at levels down to 10 ng/g. The analyte identity can be confirmed at 20 ng/g by the use of
diode-array detection and spectral library comparison.

INTRODUCTION

In Australia, oxytetracycline (OTC) and chlortet
racycline (CTC), together with various members of
the sulphonamide group, are the most widely used
antibacterials in the meat-production industry. A
monitor of the use of these antibiotics and their sub
sequent residues in food is of serious concern to
consumers in the export and domestic markets. A
reliable, robust and reproducible method was re
quired .for the determination of tetracyclines in
muscle. The method would form part of a panel of
analyses that could be used throughout Australia to
monitor both domestic and export meat for the
presence of a range of antibacterial residues. To this
end, all equipment, chemicals and products had to
be available and supported in Australia.

The maximum residue limits (MRL) in Australia
are 250 ngjg for OTC and 50 ngjg for CTC. The aim
of this study was to produce a method for the deter
mination of tetracyclines that would produce con
sistent peak areas in tissues spiked at the 100 ngjg

level. At the same time, a reasonable laboratory
throughput had to be maintained. This method
should permit a very favourable signal-to-noise ra
tio at around the MRL, such that it would be easy
to quantify concentrations of analytes in muscle sig
nificantly below the stated MRLs.

Many methods have been published for the deter
mination of tetracyclines in a number of matrices
[1-8] that can be reproduced with varying degrees
of success. These methods utilize a number of puri
fication techniques: partitioning [3], ultrafiltration
[7],solid-phase dispersion (SPD) [8]and solid-phase
extraction (SPE) involving ion exchange [5], ad
sorption [4] or reversed phases (C 1 S) [1,2,6,7]. The
last group can be subdivided into external, or pre
concentration of the sample on a cartridge [1,6],
and on-column, where the sample is directly con
centrated on the analytical column [2,7]. In most of
these reports, samples were spiked at 1000 ngjg, and
the sensitivity was extrapolated to much lower con
centrations. There are only two reports [6,7] of sam
ples spiked at 20-100 ngjg. We believe that the re-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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coveries are not constant throughout the ranges,
and it is necessary to spike samples in the required
range of analysis. Other published methods appear
to have a less favourable signal-to-noise ratio at
these MRL levels. The method of Oka et al. [1] was
adopted and modified by techniques that allow
much higher sample loads in a smaller final sample
volume. The chromatographic conditions were
modified to permit the use of diode-array detection
and to minimize analyte losses in the analytical col
umn.

EXPERIMENTAL

Chemicals and materials
Environmental Sep-Pak cartridges (0.85 g, 55

105-Jim C 1 S; end-capped silica; 12% carbon load
ing) (Watersj.water purified in a Milli-Q apparatus,
methanol and acetonitrile (Millipore, Milford, MA,
USA). Trichloroacetic acid, ethylenediaminetetra
acetic-acid (EDTA), sodium salt, citric acid, disodi
urn monohydrogenorthophosphate dihydrate, po-

I tassium dihydrogenorthophosphate, hydrochloric
acid (HCl) and tetramethylammonium chloride
were of analytical-reagent grade.

EDTA-McIlvaine buffer (pH 4) was prepared by
dissolving 15 g of disodium monohydrogenortho
phosphate dihydrate, 13 g of citric acid and 3.72 g
of EDTA in water and diluting to I 1.

Antibiotics
Oxytetracycline (OTC), tetracycline (TC) and

chlortetracycline (CTC) (Sigma, St. Louis, MO,
USA) were each dissolved in 0.01 M HCI at 0.1
mg/ml. The working solution was a mixture, pre
pared by dilution of I ml of each stock-solution
100-fold with 0.1 M potassium dihydrogenortho
phosphate solution, containing 0.01 M EDTA to
produce a 1000 ng/ml standard. All solutions were
stored in the dark at 4°C.

Apparatus
The following equipment was used: Janke &

Kunkel homogenizer using the 18N probe; Sorvall
refrigerated centrifuge; 50-ml (nominal) Sorvall
centrifuge tubes; 400-ml tall-form beakers; 250-, 25
and lfl-ml measuring cylinders; 75-mm glass fun
nels; Whatman l1-cm No. 541 biter-papers; large
ice-bath; magnetic stirrer; stirring bars; 50-ml
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polypropylene plastic syringe barrels (reservoirs);
lO-ml gas-tight syringes; water vacuum pump and a
simple manifold for multiple vacuum outlets.

The chromatograph used was a Varian Star sys
tem, equipped with a ternary pump (Model 9010), a
diode-array UV detector (Model 9065), an auto
sampler (Model 9095) and a computer for control
and data handling (Varian Star Software).

Method
A 35-40-g amount of trimmed meat (muscle) was

homogenized with 5 ml/g of EDTA-McIlvaine buf
fer (4°C) using a Janke & Kunkel homogenizer
(18N probe). The weight (w.) and volume (Vl) used
were recorded. The homogenate was centrifuged at
2700 g for 15 min at 4OC. The supernatant was col
lected and its volume (V2) recorded.

A volume (V3) of trichloroacetic acid solution (1
g/ml), equal to 10% of the supernatant volume, was
slowly added to the supernatant with constant stir
ring. The mixture was stirred for a further 1 min,
then placed in a bed of ice for 15 min. The mixture
was filtered through a No. 541 Whatman filter into
a 250-ml measuring cylinder and the volume (V4)
recorded.

At this point, the weight of muscle (W2) to be
loaded on to the Environmental Sep-Pak cartridge
can be calculated using the equation

W2 = Wl[V2/(V2 + V3)][V4/(Wl + Vl)]

The assumption is made that the muscle is virtually
all water, i.e., Wl g contributes Wl ml, and that it all
contributes to the dilution of Vl.

The Sep-Pak cartridge, conditioned with 5 ml
each of methanol and then EDTA-McIlvaine buf
fer, is attached to a reservoir, made from the barrel
of a 50-ml polypropylene syringe, supported by a
clamp. The outlet of the Sep-Pak cartridge is con
nected to a water pump, and the sample is aspirated
through at no more than 10 ml/min. When the sam
ple has been passed through, the Sep-Pak cartridge
is disconnected, flushed with 5 ml of EDTA-McIl
vaine buffer and the surplus liquid blown out.

The technique of minimum volume elution is
used. Into a 10-ml gas-tight syringe exactly 2 ml of a
50:50 mixture of acetonitrile and EDTA-McIlvaine
buffer are aspirated. The syringe is attached to the
Sep-Pak cartridge and about 0.6 ml of this eluent,
or enough for one drop of liquid of eluate to appear
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at the outlet, is injected. After waiting 30 s for equil
ibration, the remainder of the eluent is injected and
the eluate is collected in a lO-mlmeasuring cylinder.
The syringe is removed, refilled with air and recon
nected to the Sep-Pak cartridge, and the remaining
eluate is expelled into the measuring cylinder. The
volume (vs) (ml) in the measuring cylinder is mea
sured. A 150-,u1 volume is injected into the liquid
c~omatograph. The equivalent weight of muscle
injected is calculated as 0.15 wslv« g.

High-performance liquid chromatography (HPLC)
Solution A was 0.01 M citric acid-O.OI M dipo

tassiumorthophosphate and solution B was aceto
nitrile. The mobile phase was A-B (72:28), contain
ing 0.005 M tetramethylammonium chloride and
0.1 gil of EDTA.

The column used was a Nova-Pak CIS (4-,um;
end-capped) cartridge (10 cm x 8 rnmLl'i.) with a
,uBondapak CIS guard column (Waters). The flow
rate was 2.4 ml/rnin. The concentrations of the ana
lytes were quantified using the data from the 365
nm channel.

RESULTS

Muscle from a calf, known not to contain tetra
cycline residues, was used for the study. A blank
and five replicates spiked at 100 ng/g were
processed according to the preceding method.

The peaks observed were confirmed by compari-

TABLE I

ANALYSIS OF SPIKED MEAT SAMPLES
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son with the retention times of known standards
and with the spectra in a spectral library of tetra
cyclines. As seen in Table I, the recoveries were
70% [relative standard deviation (R.S.D.) = 8%]
for GTC, 58% (R.S.D. = 8%) for TC and 50%
(R.S.D. = 10%) for CTC. Although the recovery
of CTC is much lower than that of the other tetra
cyclines, it is easier to detect and confirm because it
appears in a part of the chromatogram relatively
free from other peaks. Results of spiking studies in
routine laboratory analyses have been included in
Table I to show the inter-assay variability.

The chromatograms for the standards, a repre
sentative spiked sample and the blank sample (neg
ative) are shown in Fig. 1. Figs. 2 and 3 show the
spectra for GTC and CTC from a representative
spiked sample, together with their software-selected
overlays from the library.

Two pigs were injected with therapeutic doses of
either GTC or CTC. The animals were killed 24 h
later and their muscle tissue was collected, in small
samples, and frozen at - 20°C. Samples from these
pigs were later thawed and tested using the same
procedure as for the spiked samples. This experi
ment was used to demonstrate the applicability of
the method using genuine incurred residues. The
chromatograms and spectra with the overlaid li
brary matches from these tests are shown in Figs.
4-7. In fig: 5, there is a peak that corresponds to
TC. It has been observed in this laboratory that in
samples containing a very high concentration of

A 40-g amount of each sample was processed according to the preceding method. The extracts were chromatographed isocratically
[A-B (72:28)] at a flow-rate of 2.4 ml/rnin and quantified at 365 nm.

Parameter Oxytetracycline Tetracycline Chlortetracycline

Spike level (rig/g) 100 120 100
Intra-assay (n =5)

Average recovery (ng/g) 70 70 50
Average recovery (%) 70 58 50
S.D. (ng/g) 10 10 0
R.S.D. (%) 8 7 10

Inter-assay (n =5)
Average recovery (%) 61 60 47 .
S.D. (ng/g) 12 6 10
R.S.D. (%) 19 10 21



ere

J. R. WALSH, L. V. WALKER, J. J. WEBBER

N

•
r
m

•
I

N
o
r
m

•
I 6
1
z
•
d

Fig. 3. (.) Diode-array spectra of spiked chlortetracycline sam
ple and (e) chlortetracycline spectrum from the Iibrary . For
experimental conditions, see Fig. 1.

Fig. 2. (.) Diode-array spectra of spiked oxytetracycline sample
and (e) oxytetracycline spectrum from the library. For experi
mental conditions, see Fig. I.
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Fig. 1. (a) Chromatogram of three tetracycline standards (ISO
ng). (b) Chromatogram of blank meat sample spiked with three
tetracyclines at 100 ngjg (ISO Ill). (c) Chromatogram of blank
meat-sample (150 Ill). HPLC conditions: Nova-Pak CIS column
(10 em x 8 mm l.D.); mobile phase, A-B (72:28); flow-rate, 2.4
mljmin; detection at 365 nm.
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CTC in muscle or urine, some TC is also observed
at varying concentrations. TC is not used in animals
in Australia and its source has not been investigat
ed.
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Fig. 4. Chromatogram of incurred oxytetracycline residue sam
ple. For experimental conditions, see Fig. 1.



HPLC OF TETRACYCLINES 215

TC

Fig. 7. (.) Diode-array spectra of incurred chlortetracycline re
sidue and (e) chlortetracyline spectrum from the library. For
experimental conditions, see Fig. l.

Measuring the volume at each step was employed
for a faster throughput. This enables supernatants
to be poured off, not aspirated and re-washed a
number of times. The same applies to filtrates. The
time per analysis would be doubled or tripled if ex
haustive extraction was used. Analyses must be car
ried out on the same day, as the analytes deteriorate
overnight, even if frozen. The R.S.D. of inter-assay
spikes (Table I) was double that of the intra-assay
spikes. The larger scatter was associated with a low
er mean recovery. This has been shown to be due to
individual samples not being analysed within the
ideal time-frame used when the method was devel
oped. When a large number of samples (8-20) are
batched, i.e., the whole group goes through each
step together, some samples spend a longer time in
each step than is desirable. The spiked sample used
in each batch was always placed last in the queue,
which caused any delays to affect the spiked sample
the most. Results have indicated that samples
should be analysed in batches of five or less to maxi
mize recoveries.

Elution of the analytes from the Sep-Pak car
tridge in the smallest possible volume is critical to
the production of useful peak areas at low concen
trations of TCs.

Originally, oxalic acid [I] and methanol [2] were
used in the aqueous phases, but were discarded in
favour of the present mixtures in order to make
diode-array library matches possible at these levels.
The use of oxalic acid in the mobile phase inhibits
losses of the TCs in the analytical column and con
necting tubing, possibly by scavenging divalent
ions. EDTA [9] was substituted when oxalic acid in

3.'

CTC

2
Time [Mini

7.

rnA
10.

Fig. 6. Diode-array spectra of incurred oxytetracycline residue
and oxytetracycline spectrum from the library. For experimental
conditions, see Fig. I.

DISCUSSION

The method of Oka et al. [I] was adapted to suit
our requirements, as follows: (a) a larger sample
size (40 g), with connective tissue and fat carefully
trimmed off; (b) larger capacity SPE cartridges (En
vironmental Sep-Pak); (c) removal of most extrane
ous compounds (proteins) that otherwise would sat
urate the Sep-Pak cartridge and the chromatogram
and, ultimately, block the column irreversibly, no
matter what house-keeping techniques are used [7];
(d) buffers that have minimum UV absorbance
above 220 nm; (e) high-resolution liquid chromato
graphic columns [Nova-Pak C 1 8 (10 cm x 8 mm
LD.)] and (f) application of the concept of mini
mum volume elution.

Fig. 5. Chromatogram of incurred chlortetracycline residue sam
ple. The retention-times of aTC and TC are marked. Note the
TC peak. For experimental conditions, see Fig. I.

A
b
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the mobile phase proved unsuitable for diode-array
use. Tetramethylammonium chloride was used to
improve the peak shapes via the mechanism of ion
suppression [2].

At low wavelengths, the contribution of the buf
fer and residual matrix to the UV spectrum distorts
the subject spectrum. This is very apparent below
240 nm. It can seen by the comparison of Figs. 2
and 6 for O'TC and Figs. 3 and 7 for C'I'C that the
library matches for the compounds deteriorates as
the level of analyte decreases. This is a function of
the greater contribution of the background to the
whole spectrum relative to the analyte. The contri
bution of the buffer and residual matrix to the spec
trum is very large compared with that of the analyte
and is not constant throughout the chromatogram.
It is for this reason that the library of spectra con
tains a number of spectra of each species created
using different levels of spiking in samples. The re
tention time of the analyte is still the primary means
of identification, with the diode-array system im
portant in supplying a further source of confirma
tion. Tetracycline (TC) was originally included in
the study to test its usefulness as an internal stan
dard as it is not used in the meat-production indus-
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try. Its appearance with high concentrations of
C'l'C has precluded its use.

In conclusion, this method has proved to be re
liable and robust, and possesses the required sensi
tivity to detect the improper use of O'TC and C'I'C
in the meat-production industry in Australia, and it
has been used for surveillance (compliance) and
monitoring of tetracycline residues in over 300 ani
mals.
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ABSTRACT

A method was developed and validated for the direct determination in pharmaceutical dosage formulations of alendronate, a
non-chromophoric compound. It is based on the use of single-column ion chromatography with conductivity detection that obviates
the need for the tedious chemical derivatization procedures that are required for UV and fluorescence detection. Diluted samples of 0.05
mg/ml were chromatographed directly on a Waters IC-Pak HR anion-exchange column or a Dionex OmniPac PAX-IOO,column with
dilute nitric acid as the mobile phase followed by conductivity detection. The method was validated and shown to be precise, accurate
and specific for the assay of alendronate in intravenous (i.v.) solution and tablet formulations. The ruggedness of the assay was studied
by generating data from four different instruments. Also established was the equivalence between this method and a previously reported
high-performance liquid chromatographic method with 9-fluorenylmethyl chloroformate derivatization and UV detection. Application
of the method to the determination of alendronate in i.v. and tablet formulations is presented and the performances of the Waters
IC-Pak HR and Dionex OmniPac columns are discussed.

INTRODUCTION

Alendronate (Fig. 1) is the monosodium trihy
drate salt of 4-amino-l-hydroxybutane-l,l-bis
phosphonic acid and belongs to the bisphosphonate
class of drugs. The drug has important therapeutic
indications in the treatment of a variety of bone
diseases such as hypercalcemia of malignancy, Pa
get's disease and osteoporosis [1,2].Development of
an assay for this class of compounds is challenging
owing to the lack of a chromophore for convention
al UV or fluorescence detection. The method de
scribed here is capable of the direct measurement of
alendronate in pharmaceutical dosage forms based
on the use of single-column (non-suppressed) ion
chromatography with conductivity detection (IC
CON method). The method obviates the need for

« Presented at the 5th Annual American Association of Phar
maceutical Scientists Meeting, Las Vegas, NV, Nov. 1990.

the chemical derivatization procedures that are re
quired when UV or fluorescence detection is ap
plied.

Three reversed-phase high-performance liquid
chromatographic (HPLC) methods involving
chemical derivatization have been described for the
determination of alendronate. An HPLC method
utilizing precolumn derivatization of the primary
amine with 9-fluorenylmethyl chloroformate

Fig. I. Structure of alendronate.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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(FMOC) for UV detection has been reported previ
ously from our laboratory [3]. Kwong et al. [4] em
ployed ion-pair chromatography and postcolumn
derivatization with o-phthalaldehyde (OPA) for flu
orescence detection. Both methods were developed
for the assay of alendronate in pharmaceutical for
mulations. Another HPLC procedure was publish
ed by Kline et al. [5] for the determination of alen
dronate in urine by automated precolumn derivati
zation with 2,3-naphthalenedicarboxyaldehyde
(NDA) for fluorescence detection [5]. Several
HPLC methods dealing with compounds analogous
to alendronate have also been reported. For exam
pie, Flesch and Hauffe [6] used precolumn deriv
atizationwith fluorescamine for fluorescence detec
tion for the determination of Pamidronate disodi
urn (a propyl analogue of alendronate); Daley
Yates et al. [7] described the use of ion chromatog
raphy, postcolumn oxidation to orthophosphate
followed by conversion to a phosphomolybdate
complex for the determination of the propyl ana
logue and several related compounds. All these pro
cedures require either precolumn derivatization
techniques that usually require extensive and te
dious sample preparation or by postcolumn reac
tions where complicated and specialized equipment
is generally necessary.

Our objective was to simplify the assay procedure
by eliminating the derivatization procedure for this
non-chromophoric compound. Few chromato
graphic methods with direct detection for bisphos
phonates or related compounds have been publish
ed. Chester et al. [8] reported an ion-exchange chro
matographic method with on-line flame photomet
ric detection for dichloromethylene diphosphonate
and Forbes et al. [9] described the use of an induc
tively coupled plasma (ICP) detector for specific
phosphorus detection for Etidronate (l-hydrox
yethane-Ll-bisphosphonate) disodium. These de
tection devices are generally not available in phar
maceutical analysis laboratories. Den Hartigh et al.
[10] presented results obtained using ion-exchange
HPLC with conductivity detection for the determi
nation of phosphonates in pharmaceutical prepara
tions.

This paper reports the development, validation
and application of the IC-CON method for the di
rect determination of alendronate in intravenous
(i.v.) and tablet formulations. Typical validation
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studies were carried out, including injection preci
sion, linearity, specificity, recovery and method pre
cision. Assay ruggedness was additionally ad
dressed by generating data from four commonly
used chromatographic systems. Also established
was the equivalence of the IC-CON and FMOC
methods by direct comparison of the analytical re
sults. The performances of two different columns
used in this work, namely Waters IC-Pak HR and
Dionex OmniPac, are also discussed.

EXPERIMENTAL

Chemicals and reagents
Alendronate (MK-0217, C4H12N07P2Na

3H20; mol. wt, 325.1) of pharmaceutical grade
manufactured within Merck Sharp & Dohme Re
search Labs. (Rahway, NJ, USA) was used as an
analytical standard. All solvents and reagents were
used as received. Nitric acid (OPTIMA grade), ace
tonitrile (HPLC grade) sodium citrate, citric acid
and sodium chloride (analytical-reagent grade)
were purchased from Fisher Scientific (Philadel
phia, PA, USA). Deionized water of at least 18MQ
purified with a Milli-Q system (Millipore, Bedford,
MA, USA) was used for mobile phase, sample and
standard preparations.

Equipment
Most of the development and validation work

was performed on a Dionex (Sunnyvale, CA, USA)
Model 4500i inert chromatographic system
equipped with a Dionex pulsed electrochemical de
tector (conductivity mode) and a Spectra-Physics
(San Jose, CA, USA) Model 8880 autosampler.
Stainless-steel systems such as a Hewlett-Packard
(Avondale, PA, USA) Model 1090 system connect
ed with a Milton Roy (Riviera Beach, FL, USA)
conductivity detector, Perkin-Elmer (Norwalk, CT,
USA) Series 4 with Milton Roy detector and Spec
tra-Physics Model 8800 with Milton Roy detector
were also investigated in order to establish the rug
gedness of the method. A Waters (Milford, MA,
USA)IC-Pak HR anion-exchange column (6 flm
particle size, 75 mm x 4.6 mm J.D.) and a Dionex
OmniPac PAX-IOO column (8 flmparticle size, 250
mm x 4 mm J.D.) w~re used. Mobile phases of 1.6
mM nitric acid and 1.76mM nitric acid + 20% ace
tonitrile were delivered at a flow-rate of 0.5 ml/min
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for the IC-Pak HR and OmniPac columns, respec
tively. Analyses were carried out at ambient tem
perature with 25-pl injections of 0.05 mg/ml alen
dronate. Detection by conductivity was set at nega
tive polarity with an output range of 50 pS for the
Dionex detector and 1 pS for the Milton Roy detec
tor.

Standard solution preparation
For the assay of i.v. solutions, a standard solu

tion was prepared by dissolving 32 mg of alendro
nate (equivalent to 25 mg of free acid) in 500 ml of a
placebo-equivalent diluent (205.8 mg of sodium ci
trate + 57.6 mg of citric acid + 98.2 mg of sodium
chloride dissolved in 1000 ml of water) in order to
maintain an identical ionic strength between the
standard and i.v. sample solutions. For the tablet
assay, water was used as a diluent for preparing the
standard. The standard concentration was 0.05 mg/
ml in both instances.

Sample solution preparation
The i.v. solution (2.5 mg/ml) was diluted appro

priately with water to yield a concentration of 0.05
mg/ml and transferred to an HPLC vial for analy
sis. A tablet (2.5 mg) was dispersed and sonicated in
an appropriate volume of water for 5 min and dilut
ed to 0.05 mg/ml, The resulting solution was filtered
through a Millipore 0.22-pm filter unit and trans
ferred to an HPLC vial for analysis.
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anion exchanger and eluent for alendronate, the
separation column can be directly coupled to a con
ductivity detector for direct detection. Under the
IC-CON conditions described under Experimental,
alendronate is eluted and directly detected by the
use of an eluent of 1.6 mM nitric acid (pH ca. 2.5) as
shown in Fig. 2a for the Waters IC-Pak HR col
umn. The selection of dilute nitric acid as a mobile
phase was appropriate for pH maintenance to pro
duce predominantly monovalent (-I) charge state
of alendronate so that a reasonably short retention
(or ion-exchange process) was achieved. It is gener
ally true that the greater the charge state of the sam
ple, the later it elutes owing to its higher affinity for
the anion-exchange resin. Because of the high back
ground conductance of the nitric acid mobile phase
(mainly because of H+), the solute (alendronate)
produces a decreasing or negative signal (indirect
chromatographic signal, see Fig. 2) owing to its up
take of H+. Similar results have been described by

(a)

_ System (Solvent) Peak

_ Alendronate

Assay procedure
Generally, the system was first equilibrated with

the mobile phase by injecting a standard solution
until reproducible results were observed (about
three injections) prior to the i.v. or tablet assay.
Standard and sample solutions were injected direct
ly.

RESULTS AND DISCUSSION

(b)

o
1 1 ,

5 10 15
Minutes

... System (Solvent) Peak

- Alendronate

Fig. 2. Typical chromatograms of 0.05 mg/rnl alendronate stan
dard solution in water obtained with the IC-CON method on (a)
the IC-Pak HR column and (b) the OmniPac column.

Chromatography
The concept of ion chromatography with con

ductivity detection has allowed the determination
of ionic and non-chromophoric compounds such as
alendronate with minimum sample preparation.
The single-column ion chromatographic method
for anion determination was introduced by Gjerde
and co-workers [11,12). By carefully choosing the

o
, ,
5 10
Minutes

15
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Gjerde and co-workers [13,14]. The greater negative
deflection observed prior to the alendronate peak, a
system peak, was produced from the sample water
diluent [15]. This deflection is typically noted in
non-suppressed ion chromatography [16] and was
attenuated by the concentration of the cation pres
ent in the sample, i.e., a higher cation concentration
yielded a lower system peak. The use of a cation
suppressor (Dionex) to reduce the H+ concentra
tion of the eluent and hence the background con
ductance for this method was attempted. This at
tempt was not successful owing to the simultaneous
suppression of the alendronate signal, possibly re
lated to the reduction of the H+ concentration
which was considered critical for the generation of
the alendronate signal.

Fig. 2a was generated using a Waters IC-Pak HR
anion-exchange column packed with trimethylam
monium-functionalized polymethacrylate resin. As
indicated, this column produced a relatively broad
alendronate peak. Recently, a series of multi-phase
columns capable of performing both reversed-phase
and ion-exchange HPLC were introduced by Dio
nex. Experiments demonstrated that an OmniPac
PAX-lOOcolumn (a highly cross-linked styrene-di
vinylbenzene polymeric microporous substrate with
the surface functionalized by a quaternary ammoni
um base) with 20% of acetonitrile as an organic
modifier yielded a typical chromatogram for alen
dronate as shown in Fig. 2b. This column has the
advantage of yielding a shorter retention with a bet
ter peak shape for alendronate than the IC-PAK
HR column. The performances of these two col
umns were preliminarily validated in terms of in
jection precision, linearity and method specificity
for practical applications.

Validation
Injection precision for ten replicate injections of a

0.05 mgjrnl standard solution (dissolved in an i.v.
placebo-equivalent diluent for i.v. assay or dis
solved in water for tablet assay) was satisfactory
[relative standard deviation (R.S.D.) < 1% by peak
height] for both the IC-Pak HR and OmniPac col
umns. The peak-area measurements showed higher
R.S.D. values (ca. 2%), probably owing to the vari
ation of area integrations with such a high back
ground conductance. Peak-height measurements
were therefore adopted to determine alendronate in
this method.
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The detector responses to a range of 40-160% of
the assay concentration (in both i.v. and water
media) was determined to be linear with R2 > 0.999
for both columns. In some instances, a non-zero
intercept was observed in the linearity plot, espe
cially when peak-area measurements were used.
This non-zero intercept was attributed to the back
ground conductance drift during the experimental
runs. It was less pronounced when peak-height
measurements were used and had an inconsequen
tial effect on accuracy at the assay concentration.

Method specificity utilizing the OmniPac column
was demonstrated by the separation of alendronate
from its aminohydroxypropyl analogue (relative re
tention time, tR , = 1.16)and its thermal decomposi
tion products obtained by melting alendronate at
260°C by differential scanning calorimetry (DSC)
(two late-eluting peaks at tR = 1.23 and 1.59). The
degradation products induced by DSC melting were
generated under unrealistic high temperature condi
tions for the purpose of illustrating method specific
ity only. Identification of these thermal decomposi
tion products was not pursued. The method was
also specificagainst components of the i.v. and tab
let placebo formulations (see below). No bias was
evident in each instance under the described chro
matographic conditions. The validation was ex
tended to the recovery and method precision for 2.5
mg/ml i.v. and 2.5 mg tablet formulations.

Analysis offormulations
Intravenous solution. Fig. 3 illustrates typical

chromatograms obtained with the IC-CON meth
od using the IC-Pak HR column for (a) and i.v.
placebo containing citrate buffer in saline solution
and (b) alendronate in an i.v. formulation. It is ap
parent that alendronate could be resolved from
components in the i.v. placebo without any interfer
ence. The OmniPac column could not be utilized for
this sample because of an interfering i.v. back
ground, probably due to column overload owing to
the amount of citrate present in the formulation. It
is important to note that there was a slight differ
ence (ca. 0.1 min) in the retention times (and hence
peak heights) between the standard dissolved in wa
ter and the i.v. sample solution. This difference re
sulted in an experimental error of 2-3% when i.v.
samples were analyzed against-the standard solu
tion in water. This error could be circumvented by
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Fig. 3. Chromatograms of (a) diluted i.v. pacebo and (b) diluted
i.v. sample solution obtained with the IC-Pak HR column.

by appropriate dilution. The results were satisfacto
ry with a mean recovery of 100.2% and R.S.D. =

1.4% (n = 10).
The method precision was determined by analyz

ing ten replicate samples. Table I summarizes the
mean assay results for ten samples generated by two
individual analysts. For comparison purposes, the
results calculated against standard in water and
standard in placebo-equivalent solution are also
presented in Table I. Excellent precisions were at
tained with R.S.D. < 1% in all instances. It is obvi
ous that data calculated with respect to the matched
standard solution yield relatively more accurate re
sults. This observation confirms the significance
and necessity for the selection of a matched stan
dard solution for i.v. sample analysis. Also listed in
Table I are the data obtained by our previously
published FMOC method for establishing equiva
lence (see below for discussion).

Tablet formulation. For the tablet formulation,
both columns demonstrated satisfactory specificity,
as shown in Fig. 4, where alendronate could be sep
arated from the placebo excipients. It is pertinent to
note that the assay for tablets provides more time
saving than the i.v. assay. The later is complicated
by the late-eluting ionic species of citrate and chlo
ride present in the formulation. The OmniPac col
umn yields a better peak shape and shorter reten
tion time than the IC-Pak HR column and is there
fore more suitable for the assay of tablet forms. The
validation and analytical data for 2.5 mg tablets
were collected on both columns for comparison.

Recovery experiments for the tablets were per
formed using similar experimental conditions to
those described for the i.v. solution. Results of these
experiments for duplicate samples prepared at 80%,

35

Chloride

+

Chloride

+

302520

Minutes

15105o

matching the standard with an i.v. placebo-equiv
alent diluent (see Experimental) so that identical re
sponses were observed for i.v. smaple and the
"modified" standard solutions owing to their equiv
alent ionic strength. More accurate results could
therefore be obtained. The validation data for i.v.
solutions were therefore generated based on the se
lection of a matched standard solution.

Recovery studies were performed by spiking ali
quots of a stock solution (0.1 mg/ml) of alendronate
into an i.v. placebo in duplicate at 80%, 90%,
100%, 110% and 120% levels of potency followed

(a)lU \L--"Citrat_e_

TABLE I

METHOD PRECISION DATA AND COMPARISON BETWEEN IC-CON AND FMOC METHODS

IC-CON" FMOC method"

Standard in placebo Standard in H2o

Analyst I Analyst II Analyst I Analyst II Analyst I Analyst II

2.52 mg/rnl, 100.8% 2.52 mg/ml, 100.7% 2.42 mg/rnl, 96.8%
(R.S.D. 0.87%) (R.S.D.0.42%) (R.S.D. 1.06%)

2.44 mg/rnl, 97.5%
(R.S.D. 0.35%)

2.54 mg/ml, 101.5% 2.54 mg/rnl, 101.6%
(R.S.D.O.IO%) (R.S.D. 1.04%)

a Data are given as mg/ml found with % of label claim for 2.5 mg/ml i.v. solutions, with R.S.D. (n = 10) in parentheses.
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IC-eON method" FMOC method"

TABLE II

CONTENT UNIFORMITY DATA FOR 2.5 mg TABLETS
ASSAYED BY THE IC-CON AND FMOC METHODS

2.45 mg, 97.8%
(R.S.D. 0.69%)

2.47 mg, 98.7%
(R.S.D. 1.80%)

OmniPac column IC-Pak HR column

2.47 mg, 98.9%
(R.S.D.0.75%)

SamplePlacebo
(a)

, , I I , , I ,
0 5 10 15 0 5 10 15

Minutes Minutes

(b)
Placebo Sample

L lJ-
, I , J I ,

o 5 10 0 5 10
Minutes Minutes

Fig. 4. IC-eON analysis of alendronate tablet formulations in
cluding placebo and sample performed on (a) the IC-Pak HR
column and (b) the OmniPac column.

a Data are given as mg found with % of label claim, with R.S.D.
(n = 10) in parentheses.

that the IC-CON method is precise, accurate, spe
cificand suitable for the assay of alendronate in the
two formulations. The limit of quantification
(LOQ) was also determined in order to evaluate the
possible application for the measurement of drug
dissolution rates. An LOQ of 0.005 mg/ml was
found to be achievable with an R.S.D. of 2.9% (the
limit of detection was 0.002 mg/ml with signal-to
noise ratio = 4). Although the method demon
strates an advantage in ease of sample preparation,
further evaluation of the method ruggedness and
method equivalence between the IC-CON and
FMOC methods was conducted as discussed below.

90%, 100%, 110% and 120% levels of potency
were satisfactory with a mean recovery of 99.8%
(R.S.D. 0.95%) and 100.1 % (R.S.D. 0.76%) for the
OmniPac and IC-Pak HR columns, respectively.
All the data were calculated using a standard solu
tion in water. Unlike the i.v. solution, the tablet
formulation does not contain ionic components
such as chloride and citrate anions. Hence, the
choice of water as the the standard diluent for sim
plicity can be justified without affecting the accu
racy of the assay.

Table II summarizes the uniformity in composi
tion of ten tablets assayed using both columns for
establishing the method precision. Satisfactory ana
lytical results and precision (R.S.D. < 2%) were
obtained by the IC-CON method and were consis
tent with those of the FMOC method. The R.S.D.
(n = 10) reported for the tablet formulation repre
sents the sum of the variations from the assay and
the manufacture of the dosage form.

Based on the above validation and analytical re
sults for i.v. and tablet dosage forms, il is concluded

Method ruggedness and equivalence testing
Ruggedness testing was primarily demonstrat

ed via data (Table I) showing that the IC-CON
method could be reproduced by two individual
analysts, indicating that the method is operator in
dependent. The assay ruggedness was more inten
sively addressed by performing similar experiments
on three chromatographic systems equipped with
stainless-steel tubing (see Experimental), as the
Dionex inert LC system (PEEK-based flow path)
was considered to be a specialized instrument. Ta
ble III summarizes data reproducibility which sub
stantiates the performances of the four LC systems.
These systems could generate a smooth baseline,
comparable injection precision (R.S.D. < 1.5%,
n = 10),good linearity (R 2 > 0.999) and satisfacto
ry assay results for ten i.v. samples. Consequently, it
is reasonable to conclude that the method is rugged
us a specialized instrument is not required. How
ever, it is worth noting that the Spectra-Physics
Model 8800 + Model 8880 autosampler exhibits an
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TABLE III

PERFORMANCES OF DIFFERENT INSTRUMENTS FOR RUGGEDNESS TESTING

HPLC system + autosampler" Baseline Injection Linearity I.v. sample
precision (R.S.D., %)b (R2

) analysis"

Dionex + SP 8880 Smooth 0.85 l.000 100.7% of label
(R.S.D. 0.43%)

SP 8800 + SP 8880 Smooth 0.98 0.999 100.9% of label
(R.S.D. 0.91 %)

HP 1090 Smooth 0.95 l.000 100.7% oflabel
(R.S.D. 0.89%)

PE Smooth 1.38 0.999 Not determined

a Detectors used are specified under Experimental. SP = Spectra-Physics; HP = Hewlett-Packard; PE = Perkin-Elmer.
h n ~ 10.
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erratic baseline and unacceptable analytical results
(about 2~8% error) when the system is switched
from reversed-phase HPLC to ion chromatogra
phy. The problem could be eliminated by bypassing
the mixer (which probably contains unknown con
taminants) and passivating the flow path with 0.05
M nitric acid overnight, and also replacing the Ves
pel rotor seal in the autosampler with a Tefzel rotor
sea!. The exact reason for the erratic ion chroma
tography was not pursued. After these extensive
cleaning and equilibration procedures, the Spectra
Physics system performed equally well, as indicated
in Table III.

The data shown in Tables I (i.v. sample analysis)
and II (tablet sample analysis) obtained with both
the IC-CON and FMOC methods attest to the
equivalence between these two methods. Degraded
i.v. samples (e.g., stressed at 80°C for 16 weeks)
were also analyzed by both methods with consistent
results (94.1% of theory by the IC-CON method
and 93.1% of theory by the FMOC method). These
data additionally support the method equivalence.
In order further to demonstrate the equivalence,
sixteen lots of i.v. samples were assayed by the IC
CON method and the data compared with the
available FMOC results. The data obtained with
the two methods do not show a significant differ
ence and yield similar variabilities from the label
concentration of2.5 mg/ml, The IC-CON mean re
sult was 2.51 mg/ml (R.S.D. = 1.51%) and the
FMOC mean result was 2.52 mg/ml (R.S.D. =
1.62%). The difference of 0.01 mg/ml was not statis
tically significant (z-test, P = 0.33). Hence these re-

suits strongly support the fact that the two methods
are essentially equivalent.

CONCLUSIONS

A novel IC-CON method using a Waters IC-Pak
HR column has been validated and shown to be
precise, accurate, specific and suitable for the assay
of a1endronate in i.v. solution. It is also applicable
to the assay of tablets using an OmniPac or IC-Pak
HR column. The former yields a sharper peak
shape and shorter retention time. The method is
rugged based on evidence that four different instru
mental systems can perform equally well, and that
equivalent results can be achieved independently by
different operators using similar instrumentation.
The IC-CON method has been demonstrated to be
equivalent to the current FMOC method. This new
ly developed method can offer a direct measurement
of alendronate in various dosage forms without the
need for the derivatization procedures that are re
quired with UV-VIS and fluorescence detection
and hence is relatively simple. The ease of sample
preparation has led us to investigate a wide range of
applications of this methodology, especially for
similar compounds without a derivatizable amino
group such as Etidronate, where FMOC derivatiza
tion is not possible. Finally, a similar approach with
indirect UV absorption detection at 230 nm due to
the decrease in nitrate concentration is under in
vestigation.
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ABSTRACT

Reversed-phase high-performance liquid chromatography was used to identify wheat cultivars. A collection of 59 chromatograms of
the gliadin fractions of samples from 18 different cultivars was analysed through multi-dimensional statistical methods. The discrimi
nation quality of the different varieties studied makes possible a classification of the chromatograms obtained. The great variability of
the chromatographic profiles and the correct repeatability of the technique used indicate that multi-dimensional analysis applied to the
treatment of reversed-phase chromatograms is a reliable and relevant method for cultivar identification.

INTRODUCTION

Since Bietz's work [1]showing that cereal storage
proteins can be characterized by reversed-phase
high-performance liquid chromatography (RP
HPLC), many papers on the use of this method for
wheat: identification [2,3], quality prediction [4-6]
and genetic analysis of cereals [7] have been publish
ed. Studies have also been carried out on the com
puter processing of the chromatograms obtained
[8]. More recently, algorithms allowing identifica
tion by comparison of an unknown sample with a
database [9] have been published. Recognition is
achieved by homology of the retention times of
identified peaks. This method originates from work
on the identification of wheat cultivars by electro
phoresis [10,11].

Statistical methods and techniques of multi-di
mensional data analysis are frequently used to

study sets of continuous signals, especially in in
frared spectrometry [12]. The application of such
methods to gel permeation HPLC data has proved
relevant for discriminating and identifying varieties
[13]. In this work, multi-dimensional methods were
used to characterize and classify different wheat cul
tivars by RP-HPLC of the gliadin fraction, wich has
been shown to have good potential for varietal
identification [14].

EXPERIMENTAL

Chemicals
Protein sequencing grade trifluoroacetic acid

(TFA) was supplied by Sigma Chimie (France) and
HPLC-grade acetonitrile (ACN) by Carlo Erba
(Milan, Italy). HPLC-grade water was prepared
with a Milli-Qplus water purification system (Milli
pore, Molsheim, France).

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Wheat samples
Different wheat samples were supplied by INRA

Plant Breeding Station (Clermont Ferrand, France)
and consisted of eighteen cultivars of common
wheat: Andain (AN), Arminda (AR), Capitole
(CA), Castan (CS), Courtot (CO), Fanion (FA),
Festival (FE), Florence-Aurore (FL), Gavroche
(GA), Hardi (HA), Lutin (LU), Maitre Pierre (MP),
Pistou (PI), Prinqual (PR), Recital (RE), Rex (RX),
Tarasque (TA) and Thesee (TH).

Sample prepartion
After grinding the grains with a refrigerated Dan

goumeau grinder, gliadins were extracted from
flour with 70% ethanol and then purified by gel per
meation on S300 Sephacryl gel in 0.028 M alumini
um lactate (pH 3.6) to remove glutenin. Gliadin
fractions were then dialysed against 0.1% acetic
acid and freeze-dried.

The different samples corresponding to rx-, fJ-, w
and y-gliadins were obtained by fractionating crude
gliadins by ion-exchange chromatography on SP
Trisacryl M [15] and by hydrophobic interaction
chromatographgy [16]. The fractions were dialysed,
freeze-dried and characterized by polyacrylamide
gel electrophoresis at pH 3.1. For chromatography,
gliadins were weighed, dissolved in water-ACN
(72:28) + 0.088% TFA and filtered through a
0.2-,um Millipore membrane before injection.

HPLC
Chromatography was carried out with an LDC/

Milton Roy Series 4000 system. Chromatographic
data were stored in an IBM-compatible microcom
puter through Labnet software (Spectra-Physics).

A Vydac (Cluzeau, France) C1 8 column (15 em
x 0.46cm J.D.) of 300 Aporosity was used to sep

arate gliadins.
A 100-,u1 protein sample (5 mgjml) was injected

on to the column. The proteins were eluted with a
linear gradient from water-ACN (72:28) + 0.088%
TFA to water-ACN (52.5:47.5 + 0.080% TFA in
60 min. The flow-rate was 1 ml/min and protein
detection was performed at 226 nm.

Two methods were used. Method A: solvent A
ACN -water (15:85) + 0.1% TFA and solvent B
ACN-water (80:20) + 0.06% TFA [1,2], gradient
from 2R% to 47.5% ACN in 60 min. Method B:
solvent A water + 0.1% TPA and solvent B ACN

Ph. COURCOUX et al.

+0.06% TFA, gradient from 28% to 47.5% ACN
in 60 min.

Statistical treatments
Prior to treatment, the chromatographic signals

were truncated in order to retain only the useful
part situated between 13 min and 59.8 min after the
injection peak. The baseline of these chromato
grams was then subtracted and their areas were ad
justed to the same reference. After this reduction
phase, the chromatograms all had the same surface
area.

The chromatograms were then integrated by sec
tions. On the basis of electrophoresis, thirteen sec
tions were retained, corresponding to zones en
riched in one or two gliadin components. Therefore,
each chromatographic profile is described by thir
teen variables corresponding to the areas of the in
tegration zones.

The processed file is made up of 59 observations
(repetitions on the eighteen cultivars) and thirteen
variables (integration areas). An analysis of vari
ance (ANOVA) and a canonical discriminant anal
ysis (DISCRIM) were carried out in order to de
scribe the most discriminant factors, together with a
hierarchical clustering (CLUSTER with Ward's
minimum variance method) allowing a tree diagram
(or dendrogram) of these cultivars to be elaborated.

These treatments were performed with SAS sta
tistical software (SAS Institute, Cary, NC, USA) on
a SUN workstation and with specifically developed
software.

RESULTS AND DISCUSSION

Chromatographic reproducibility assays
Preliminary tests with crude gliadins from the

cultivar Hardi were carried out in order to deter
mine the chromatographic conditions allowing the
best reproducibility. In the first experiments, gliadin
elution was effected according to method A, in
which prediluted solvents were used. For the twelve
major peaks, the average retention times, the stan
dard deviations and the relative standard deviations
were calculated for seven repetitions (Table 1). It is
interesting that as long as the gradient was perform
ed with the same series of solvents A and B, the
calculated standard deviation was near 0.1 min.
However, the use of new solvents A and R, even
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Averages, standard deviations (S.D.) and relative standard deviations (R.S.D.) for the retention times of the twelve major peaks for
seven repetitions on the Hardi eultivar. For methods A and B, see Experimental.

S.D. (min) R.S.D. (%)

Peak
No.

1
2
3
4
5
6
7
8
9

10
11
12

Method A Method B

Average S.D. (min) R.S.D. (%) Average
retention time retention time
(min) (min)

30.59 0.61 1.86 30.37
31.84 0.58 1.72 31.54
33.17 0.58 1.65 32.82
34.10 0.56 1.56 33.71
35.57 0.56 1.48 35.12
36.3.1 0.57 1.50 35.83
37.10 0.58 1.49 36.65
37.78 0.55 1.38 37.41
39.39 0.53 1.29 39.06
42.86 0.53 1.18 42.33
44.38 0.53 1.14 43.93
51.06 0.51 0.95 51.32

0.10
0.12
0.10
0.11
0.11
0.10
0.12
0.11
0.12
0.11
0.13
0.12

0.34
0.38
0.30
0.32
0.31
0.29
0.32
0.28
0.30
0.27
0.29
0.23

prepared under closely controlled conditions, de
creased the reproducibility considerably. This led to
standard deviations up to 0.51 min as indicated in
Table I. This lack of reproducibility has to be relat
ed to variations in the preparation of solvents. In
order to avoid such variations, another method
(method B) in which solvents A and B were used
pure, was applied in a second series of experiments.
The relative standard deviations obtained (Table I)
were six times lower than those obtained with meth
od A. These results are in agreement with previous
reports for RP-HPLC of gliadins [14] with automat
ic analysis.

Variability of chromatographic profiles
The subsequent elution profiles were all obtained

using method B. Depending on the cultivar, about
twenty peaks resulted (Fig. 1). The chromatograms
can be roughly split into four zones corresponding
to the four gliadin groups. Referring to the profiles
of purified gliadins (Fig. 2), the less hydrophobic
«i-gliadins were eluted between 13 and 24 min, the
a- and fJ-gliadins between 24 and 40 min and the
y-gliadins between 40 and 45 min. In that zone, the
y-46 gliadin peak was identified at 43 min and that
of y-44 gliadin at 44 min. Proteins eluted after 45
min were not identified. The retention times and the

acetonitrile percentages (Table II) at which the dif
ferent types of gliadins were eluted are similar to
those obtained by Lookhart and Albers [17].

Some chromatograms exhibited sufficient qual
itative differences to be easily distinguishable. These
differences mainly concerned the w- and a-gliadin
fractions.

Statistical analysis
Peak retention time and peak size are the prime

characteristics in HPLC. For further analysis, each
pattern was normalized. This reduction of the data
minimized the protein content differences between
samples. Thirteen integration sections were defined
(Fig. 3) and their areas were considered as the vari
ables of the analysis of variance. The results of this
analysis carried out on these thirteen variables for
the 59 observations are summarized in Table III.
The sections which best discriminate the different
cultivars are SI, S2, S3 and S8 with highly signif
icant tests. From the localisation of the different
groups of gliadins on a chromatogram, the sections
SI, S2, S3 correspond to w-gliadins, while S8 corre
spond essentially to a-gliadins. These results are in
agreement with the observations of Branlard and
Dardevet [18], who showed that among the four
groups of gliadins, the amounts of the w- and
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Andain

Maitre Pierre

Capitole

Pistou

Courtot
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10 35

elution time (min)
60

Fig. I. RP-HPLC elution profiles of the wheat gliadin fraction of six cultivars (part situated between 13 and 59.8 min). The gradient is
performed according to method B (ACN from 28% to 47.5% in 60 min); flow-rate, 1 mljmin; detection at 226 nm. The baseline has
been subtracted and the surfaces adjusted to the same reference.

a-components were the most variable in 70 culti
vars. Nevertheless, they observed also that the
amount of each group of gliadin was strongly relat
ed to the protein content of the grains, whereas in
our experiment the influence of protein content was
minimized. Moreover, Autran and Bourdet [19],us
ing electrophoretic techniques for varietal determi-

nation, pointed out the discriminating power of
co-gliadins. Nothing has been mentioned previously
about «-gliadins.

Fig. 4 shows the first plane of the discriminant
analysis on cultivars (this plane explains 63.8% of
the total inertia). The projection nearness of profiles
correspoudiug to repetitions of each cultivar con-
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y- gliadins OJ - gliadins

15 24 33 42 51 60

Elution time (min)

Fig. 2. Chromatograms of purified fractions. Elution conditions as in Fig.. 1.

firms the very good repeatability of the chromato
grams. On the other hand, great variability of the
profiles can be seen, confirming visual observations
with particular cultivars (Pistou, Andain) and close
relationships between others (e.g. Maitre Pierre and
Fanion).
. The discrimination of cultivars by DISCRIM

analysis is perfect because, after resubstitution, all
observations are correctly assigned to their original
cultivar. This is the consequence of the good repeat
ability of the chromatographic technique used and
of the great variability of gliadins. These results
confirm the possible use of these statistical methods

for the analysis and identification of French wheats
based on the gliadin chromatographic profile.

Fig. 5 represents the projections of original vari
ables on the plane of the two first canonical factors.
Sections S8 and Sl2 are very correlated with canon
ical factor 1 and SI is very correlated with canonical
factor 2. These results are in agreement with those
obtained previously by analysis of variance .. The
proteins eluted in section Sl2 have not been identi
fied but, in work on the characterization of Hard
Red Spring and Hard Red Winter wheats, Endo et
at. [20] pointed out the discriminating power of the
last-eluted peak. The diagram allows a more precise
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Fig. 3. Separation of the elution profile of Hardi cultivar into
thirteen integration sections. Elution conditions as in Fig. I.

elutiontime (min)

TABLE II

ELUTION CONDITIONS OF THE DIFFERENT GLIADIN
TYPES FOR THE STUDIED CULTIVARS

Operating conditions according to method B (see Experimental).

Peak Retention ACN (%) Gliadin type
No. time (min)

1 15.0 23 t»

2 19.4 34.30 w
3 23.0 35.47 f3
4 24.4 35.93 f3
5 25.5 36.28 f3
6 29.0 37.42 f3
7 30.5 37.9 f3
8 32.5 38.56 IX

9 34.5 39.2 IX

10 39.5 40.8 y-16
II 40.7 41.22 y-44
12 45-48 42.62-43.6 Not identified

10 20 30 40 50 60

interpretation of the canonical plane previously in
troduced. The position of the Andain cultivar on
the first discriminant plane can then be explained by
the wide surfaces of zones SI and S6 and the pos
itioin of the Pistou cultivar by the high contribu
tions of zones S4 and S5.

Clustering of cultivars
The dendrogram resulting from a hierarchical

clustering on the chromatographic profiles of the
different cultivars is shown in Fig. 6. This repre
sentation helps to examine distances between culti
vars and to find natural partitioning in the studied
collection. The horizontal axis of the dendrogram
represents a distance index measuring the similar
ities between cultivars. The more the linkage oc
curred near the leaves of the tree, the more similar
are the chromatograms of the cultivars.

The originality of the Pistou and Andain culti
vars is verified on the hierarchical tree produced by
the CLUSTER procedure and the proximities no
ticed previously are confirmed. Cutting the tree at
the right level allows partitioning of all cultivars in
to five groups the individuals of which have close
profiles:

gl: Pistou;
g2: Andain;
g3: Maitre Pierre, Fanion;
g4: Castan, Arminda, Thesee, Lutin;

g5: Capitole, Recital, Tarasque, Festival, Rex,
Gavroche, Florence, Courtot, Hardi, Prin
qual.

This partitioning shows good agreement with the
positions of the cultivars on the first plane of the
discriminant analysis shown previously. This den
drogram results only from the polymorphism of
gliadin as revealed by RP-HPLC. It will be of in
terest to compare these results with genetic proxim
ities between cultivars.

TABLE III

ANALYSIS OF VARIANCE ON THE 18 CULTIVARS

Influence of the cultivar on the areas of the 13 different sections
of the 58 chromatograms.

Section Mean square F (17,41)"

SI 29.39 414
S2 1.73 234
S3 1.78 203
S4 2.30 25
S5 6.42 113
S6 21.96 142
S7 11.43 102
S8 38.06 240
S9 22.45 44
SJO 9.19 29
SII 10.00 139
SI2 8.92 158
SI3 2.26 5

a F test calculated with 17 and 4i degn"" of freedom (d.f.),
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RP-HPLC data led to coherent conclusions, There
fore, multi-dimensional analysis applied to chro
matograms obtained by RP-HPLC is a method par
ticularly suitable for the discrimination and classifi
cation of wheat cultivars. This confirms the possi
bility of applying statistical methods currently used
for the treatment of other continuous signals, as in
infrared spectrometry [12]. However, well con
trolled chromatographic conditions are necessary
to perform statistical analysis, Nevertheless, this
method needs to be validated taking into account
growing year and location; such studies are in pro
gress.
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Fig. 6. Dendrogram resulting from a cluster analysis (Ward's method) on the thirteen integration sections of the eighteen cultivars.
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ABSTRACT

A sensitive gas chromatographic procedure for the determination of 7-methylbenz[c]acridines (7-methyl-BAcs) is presented. The
7-methyl-BAcs are easily oxidized to 7-formylbenz[c]acridines (7-formyl-BAcs) with periodic acid in dimethyl sulfoxide. The 7-formyl
BAcs are then reacted directly with p-fluoroaniline by way of Schiff base formation. The Schiff bases are analyzed by gas chromatogra
phy using a 25-m HP-5 column with electron-capture detection. The electron-capture response for the Schiff bases is very sensitive and
amounts down to 20 pg are easily detected. Mass spectral data for the Schiff bases obtained under electron inpact conditions are also
presented.

INTRODUCTION

The analytical study of 7-methylbenz[c]acridines
(7-methyl-BAcs) has received considerable interest
as a number of these compounds, such as 7-methyl
benz[c]acridine and 7,1O-dimethylbenz[c]acridine,
are known carcinogens in some experimental ani
mals and are suspected carcinogens or mutagens in
other species [1-5]. 7-Methy1-BAcs have been iden
tified in a wide variety of sources, such as tobacco
smoke [6,7], automobile exhausts [8,9], coal lique
faction products [10,11], petroleum products
[12,13], shale oil [14], creasote oil [15], coal tar
[16,17] and lake [18]and marine sediments [19]. The

determination of 7-methyl-BAcs in these samples
has proved to be difficult because of their low con
centrations and because the widely varying samples
contain a vast number of potentially interfering
compounds. Analytical techniques are required that
are not only extremely sensitive but also highly se
lective.

The determination of 7-methyl-BAcs has been
carried out by different chromatographic tech
niques, including high-performance liquid chroma
tography [6,20-25] and gas chromatography (GC)
[6,9,10,13,16-21,26-28]. With the latter, the best
separations of 7-methyl-BAcs are achieved with
capillary column Gc. Generally, successful GC

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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methods have used flame ionization (FID) or nitro
gen-specific detection (N-FID). Although these
methods are routinely used, they lack the sensitivity
required for many environmental samples.

GC with electron-capture detection (ECD) has
been demonstrated to be a very sensitive tool for the
determination of low concentrations of a variety of
compounds. Compounds with low or no electron
capture response can usually be made electron-cap
ture sensitive by means of derivatization. However,
in order to detect 7-methyl-BAcs by ECD, it is nec
essary to employ a derivatizing agent with the desir
ed detectable functionality.

The purpose of this paper is to demonstrate the
selectivity and highly sensitive detection of 7-meth
yl-BAcs by GC-ECD. It was found that the method
presented here is over 100 times more sensitive than
the N-FID method for the determination of 7
methyl-BAcs. Resolution differences of the Schiff
bases in capillary columns with three different sta
tionary phases are discussed. The mass spectral da
ta for the 7-methylbenz[c]acridine oxide (formyl
type) and Schiff base forms obtained with electron
impact (EI) ionization are also presented.

EXPERIMENTAL

Materials
The following 7-methyl-BAcs were synthesized

according to the literature and purified as described
[20]: 7-methylbenz[c]acridine, 5,7-dimethylbenz[c]
acridine, 7,9-dimethylbenz[c]acridine, 7, Iu-dimeth
ylbenz[c]acridine, 7,II-dimethylbenz[c]acridine,
7,9,IO-trimethylbenz[c]acridine and 7,9,1l-trimeth
ylbenz[c]acridine. Stock standard solutions were
prepared by dissolving each 7-methyl-BAc in di
methyl sulfoxide (DMSO) to give a concentration
of 100 Itg/ml. Working standard solutions were pre
pared by diluting the stock standard solutions with
DMSO.

Periodic acid, DMSO, and p-fluoroaniline were
purchased from Nacalai Tesque (Kyoto, Japan)
and l-chloro-9,IO-diphenylanthracene (used as an
internal standard) from Aldrich (Milwaukee, WI,
USA). The internal standard solution for GC-ECD
was prepared hy dissolving 1.0 Itg of l-chloro-9, 10
diphenylanthracene in I ml of methanol. Solvents
used were of analytical-reagent grade.

K. KAMATA et al.

Derivatization procedure
Periodic acid (30 mg) was added to a 2.0-ml ali

quot of the DMSO solution (0.02-10 Itg of each
7-methyl-BAc) in a 10-ml reaction vial. The reac
tion was allowed to proceed for 50 min at 100°C
and, after cooling, the solution was transferred into
a 200-ml separatoring funnel with 50 ml of water.
To the separating funnel 5 ml of 0.05 M sodium
thiosulfate was added and then the contents were
back-extracted twice with 50-ml portions of diethyl
ether with vigorous shaking for 5 min. The com
bined diethyl ether portion was washed with 25 ml
of water, transferred into a round-bottomed flask
and evaporated to dryness at 40°C under reduced
pressure in a rotary evaporator. After addition of 2
ml of a methanolic solution of p-fluoroanaline (1
mg/rnl), the solvent mixture was evaporated to dry
ness at 40°C. The flask was then heated for 20 min
at 60°C. After cooling, I ml of the internal standard
solution was added to the reaction mixture. The
mixture was then analyzed by GC-ECD under the
described conditions.

Gas chromatography (GC)
GC was carried out on a Varian Model 3600 gas

chromatograph equipped with a 63Ni electron-cap
ture detector and a thermionic specific detector. The
column was a 25 m x 0.2 mm J.D. fused-silica cap
illary coated with HP-5 (Hewlett-Packard) at a film
thickness of 0.33 Itm. The injector temperature was
300°C. A l-ul volume of the reaction mixture was
injected (splitless) at a detector temperature of
350°C and an oven temperature of 280°C. Helium
as carrier gas at a flow-rate of 2.0 ml/min and nitro
gen as make up gas at a flow-rate of 20 ml/min were
used. The GC-thermionic specific detection (TSD)
conditions were the same as the GC-ECD condi
tions except that the make-up gas was helium.

Gas chromatography-mass spectrometry (GC-MS)
EI ionization mass spectra were obtained on an

Automass 50 mass spectrometer (lEOL) interfaced
with a Hewlett-Packard Model 5890 gas chromato
graph. The operating conditions for all GC-EI-MS
experiments were as follows: electron energy, 70 eV;
filament emission current, 0.3 nA; source temper
ature, 140°C; injection port temperature, 280°C;
column, HP-l (25 m x 0.2 mm J.D.), 0.33-ltm film
thickness; initial column temperature, 230°C for 2
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Fig. I. Effect of reaction time and reaction temperature on the
oxidation product after addition of periodic acid to 7,9,II-tri
methylbenz[c]acridine in DMSO. To IO J1.g of 7,9,1I-trimethyl
benz[c]acridine were added 30 mg of periodic acid in 2 ml of
DMSO and the product was analyzed by GC-TSD, (It) at
100°C,(4) at 80°C and (II) at 60"C.
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strength of the periodic acid (between 0.01 and 20
mg) but the increased values became constant in the
range 20-100 mg. From these results, the actual
amount of periodic acid was chosen to be 30 mg.
Fig. 1 shows the effects of the reaction time and
reaction temperature on the yield of 7-formyl-9,11
dimethylbenz[c]acridine (the reaction time was
shortened with increase in reaction temperature).
Therefore, the reaction temperature and time
adopted were 100°C and 50 min, respectively.

The reaction of aldehydes to form 2,4-dinitrophe
nylhydrazones is widely used in carbonyl group
analysis, which can be followed by GC-FID [30]
and GC-ECD [31,32]. The reaction between 2,4
dinitrophenylhydrazine and carbonyl compounds is
extremely specific. Schiff base (2,4-dinitrophenylhy
drazone) formation by aldehydes is very easy but
the resulting solubility of the base is low in many
solvents. In spite of the poor solubility, Schiff bases
give two peaks in GC. The coupling reaction of ani
line with an aldehyde forms a Schiff base in high
yield. Because GC-ECD is much more sensitive to

Buu-Hoi et al. [29] found that selenium dioxide
oxidation was specific for the conversion of a meth
yl group at the meso-position into a formyl group
with excellent yields. For instance, 7-methyl-, 7,9
dimethyl- and 7,9,1O-trimethylbenz[c]acridine read
ily formed 7-formylbenz[c]acridine (64% yield), 7
formyl-9-methylbenz[c]acridine (50% yield) and 7
formyl-9,10-dimethylbenz[c]acridine (45% yield),
respectively. However, these reactions require a
higher yield for analytical techniques. Seven oxida
tion reagents (selenium dioxide, periodic acid, po
tassium dichromate, vanadium pentoxide, potassi
um permanganate, copper oxide and hydrogen per
oxide) were tested for the conversion of 7-methyl
BAcs into 7-formyl-BAcs. Each yield of 7-formyl
BAc using these oxidation reagents was determined
by integrating the GC-TSD area counts. It was
found that the best yield of 7-formyl-BAcs was ob
tained by oxidation with periodic acid, and this re
agent was able to attack only the methyl group on
position 7. The benz[c]acridines without a 7-methyl
group, such as benz[c]acridine, 8-methylbenz[c]
acridine, 9-methylbenz[c]acridine, lO-methyl
benz[c]acridine and Il-methylbenz[c]acridine, are
not oxidized by periodic acid.

Further, eleven organic solvents (DMSO, metha
nol, chloroform, hexane, tetrahydrofuran, acetoni
trile, acetone, N,N-dimethylformamide, carbon te
trachloride, carobn disulfide and 1,4-dioxane) were
tried to determine the differences of the reaction
system in each solvent. The result was that DMSO
proved to be the best solvent in periodic acid ox
idation. The combination of periodic acid and
DMSO to convert 7-methyl-BAcs to 7-formyl-BAcs
gave essentially 100% yields.

The relationship between the amount of periodic
acid in DMSO and yield of 7-formyl-BAcs was ex
amined by changing the concentration from 0.01 to
100mg per 10 Itg of7,9,lI-trimethylbenz[c]acridine.
Of all compounds tested, 7,9,1l-trimethyl
benz[c]acridine proved to be the most difficult to
oxidize in this manner. The yield of7-formyl-9,11
dimethylbenz[c]acridine increased with increasing

RESULTS AND DISCUSSION

min, increased at lOoCjmin to a final temperature of
300°C, held for 20 min; carrier gas, helium at a flow
rate of ca. 1 em3Imin.
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(A)

Fig. 2. EI mass spectra of (A) 7-methylbenz[c)acridine, (B) its
oxidation product (7-formylbenz[c)acridine) and (C) its Schiff
base.

In relation to the reaction mechanism of benzal
dehyde, MacCollum and Meyerson [33] studied its
synthesis with labelled-deuterium and Natalis and
Franklin [34] measured the energetic values. They
both concluded that the direct loss of the aldehyde
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the fluoro compounds than non-fluoro compounds,
the use of fluorinated Schiff bases makes it possible
to determine these compounds with much lower de
tection limits. In this work, p-fluoroaniline was cho
sen as a derivatizing agent to form Schiff bases with
7-formyl-BAcs. The reaction of7-formyl-BAcs with
p-fluoroanaline easily gives a Schiff base.

To improve the reaction efficiency of Schiff base
formation with 7-formyl-BAcs and p-fluoroanaline,
reaction times and temperatures were investigated.
The reaction efficiency could be improved by in
creasing both the reaction time and the reaction
temperature. However, the presence of solvent dur
ing the reaction resulted in a poor yield. Therefore,
the solvent was first evaporated to dryness at 40°C
and then formation of the Schiff base was carried
out at 600C for 20 min. The relationship between
p-fluoroaniline concentration and yield of Schiff
base with 7-formyl-BAcs was examined by varying
the amount of p-fluoroaniline between 0.1 and 5.0
mg for amounts of7-formyl-BAcs corresponding to
10 pg of 7-methyl-BAcs. The yield of Schiff base
increased with increasing amount of p-fluoroaniline
(0.1-1.0 mg), but remained constant in the range
1.0-5.0 mg. Consequently, the amount of p-fluoro
aniline chosen was 2.0 mg.

The use of p-fluoroaniline with the Schiff base of
7-formyl-BAcs led to orders of magnitude greater
sensitivity and selectivity when coupled with ECD.
Whereas nanogram amounts can be determined us
ing GC-TSD, amounts about 100 times lower can
only be determined using GC-ECD.

The Schiff bases were very stable under normal
laboratory conditions and no thermal decomposi
tion products were observed in the GC analysis.

The structure of each Schiff base was confirmed
by GC-MS. The mass spectra of 7-methyl
benz[c]acridine, 7-formylbenz[c]acridine and the
Schiff base are shown in Fig. 2. The mass spectrum
corresponding to the peak obtained by oxidation of
7-methylbenz[c]acridine is shown in Fig. 2B with
ion peaks of m]z 257 (M+) and 229 [M - 28]+. The
parent peak is at m]z 243 for 7-methylbenz[c]acri
dine (see Fig. 2A) and at m]z 257 for 7-formyl
benz[c]acridine. All 7-formyl-BAcs generally pro
duced the same prominent fragmentation pattern
and each mass spectrum was dominated by a single
unique [M - 28]+ fragment ion in the high-melee
ular-weight region.
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substituent with retention of charge on the frag
ment with oxygen occurs only to a small extent, just
like the removal of carbon monoxide (CO) from the
molecular ion to give [C6H6]+ tm]: 78). From their
conclusions, for instance, 7-formylbenz[c]acridine
similarly showed that the [M - 28]+ fragment ion
was formed by removal of one carbon monoxide
function from 7-formylbenz[c]acridine. From the
peak at mjz 229, [M - CO] +, it was concluded that
the product, 7-formylbenz[c]acridine, has a formyl
substituen1.

The mass spectrum corresponding to the peaks of
the Schiff base is shown Fig. 2C. The molecular ion
peak (M +) with postulated m]z 350 and the promi
nent fragment ion peaks, mjz 255, [M -95]+, and
228, [M -122]+, were observed and were useful for
structure assignments. The m]: 255 fragment ion
was assigned as loss of the f1uorobenzene radical,
C6H4F " from the molecular ion. The base peak at
m]z 228, [C I 7HION] ", came from the molecular ion
by dissociation of CHN-C6H4F.

The proposed reaction mechanism for 7-methyl
benz[c]acridine is shown in Fig. 3.

The chromatographic resolution of the Schiff
bases was attempted on capillary columns with
three different stationary phases (DB-l7, HP-5 and
HP-l). The retention times for seven Schiff bases on
the three columns are given in Table I. All the col
umns were found to be suitable for the analysis of
Schiff bases, but the less polar HP-l and HP-5 col
umns were better than the DB-l7 column. The elu
tion order of Schiff bases was the same on all three
columns. The HP-l and HP-5 columns have similar
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CHO

Fig. 3. Oxidation of 7-methylbenz[clacridine by periodic acid
and its Schiff base.

TABLE I

RETENTION TIMES OF SCHIFF BASES OF 7-METHYL
BENZ[clACRIDINES ON THREE CAPILLARY COLUMNS

7-Methylbenz[clacridine Retention time (min)

HP_Ia HP_5b DB-17'

7-Methylbenz[clacridine 24.71 23.66 35.23
5,7-Dimethylbenz[clacridine 31.27 28.79 42.80
7,9-Dimethylbenz[cjacridine 29.07 27.60 39.58
7,10-Dimethylbenz[clacridine 31.90 30.22 42.86
7,II-Dimethylbenz[clacridine 28.52 26.91 37.77
7,9, 10-Trirnethylbenzlcjacridine 41.64 39.22 57.25
7,9,11-Trimethylbenz[clacridine 33.08 30.85 41.49

a 25 m X 0.20 mm I.D.; column temperature 270OC.
b 25 m x 0.20 mm I.D.; column temperature 280OC.
c 30 m x 0.25 mm I.D.; column temperature 280°C.

TABLE II

LINEAR REGRESSION DATA FOR SCHIFF BASES OF 7-METHYLBENZ[clACRIDINES

7-Methylbenz[c]acridine

7-Methylbenz[c]acridine
5,7-Dimethylbenz[clacridine
7,9-Dimethylbenz[clacridine
7, IO-Dirnethylbenzjcjacridine
7, I l-Dimcthylbcnzlcjacridine
7,9, I0-Trimethylbenzjcjacridine
7,9, I I-Trimethylbenz[clacridine

Linear range of calibration
graph (/lg)

0.05-0.50
0.05-0.50
0.05-0.50
0.05-0.50
0.05-0.50
0.05-0.50
0.05-0.50

Linear equation
of regression linea

y = 7.498x - 0.041
y = 8.580x + 0.001
y = 9.063x + 0.006
y = 7.533x + 0.014
y = 5.297x + 0.012
y = 8.643x + 0.181
y = 6.593x - 0.056

Linearity
(r)

0.9970
0.9992
0.9997
0.9998
0.9997
0.9958
0.9973

a y = Peak-area ratio; x = amount of 7-methylbenz[clacridine.
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Fig. 4. GC-ECD of the Schiff bases of 7-methylbenz[c]acridine on the HP-5 column. For GC conditions, see Experimental. Peaks: I =

7-methylbenz[c]acridine; 2 = 7,11-dimethylbenz[c]acridine; 3 = 7,9-dimethylbenz[c]acridine; 4 = 5,7-dimethylbenz[c]acridine; 5 =

7,IO-dimethylbenz[c]acridine; 6 = 7,9,11-trimethylbenz[c]acridine; 7 = 7,9,IO-trimethylbenz[c]acridine; I.S. = 1-chloro-9,10-diphen
ylanthracene (internal standard).

resolving powers, the Schiff bases of 7-formyl-9
methylbenz[c]acridine and 7-formyl-ll-methy]
benz[c]acridine showed better resolution on the
HP-5 than on the HP-l column.

A typical chromatogram of seven Schiff bases is
shown in Fig. 4. Each Schiff base displayed a single,
symmetrical peak.

In order to test the linearity of the calibration
graph, different amounts of 7-methyl-BAcs were
prepared as previously described. A linear relation
ship was confirmed and the reproducibility was
found to be satisfactory (Table II). The detection
limit of 7-methyl-BAcs in this procedure was 20 pg
(signal-to-noise ratio = 2).

CONCLUSION

An improved method for the determination of
7-methyl-BAcs by GC-ECD based on Schiff bases
formed by the reaction of 7-formyl-BAcs with p
Iluoroaniline was established. This method is satis
factory for the sensitive and selective determination
of 7-methyl-BAcs.
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ABSTRACT

Densitometric instruments for the analysis of one-dimensional separations employ almost universally electromechanical scanning
systems. Electronic scanning has been almost universally adopted for two-dimensional work. This permits the incorporation of a
number of important features which an electromechanical system cannot provide. Some of these features are specific for densitometric
equipment and are not needed in other applications, and these features are discussed. Modern image processing theory was applied to
densitometry and densitometry analysis of two-dimensional flat-bed separations with emphasis on electrophoresis. The described
features and techniques were implemented and tested on an experimental system. Only the software aspects of that system are discussed
here.

INTRODUCTION

Two-dimensional (2D) electrophoresis can pro
vide extremely high separating powers and it is
therefore mainly applied to the analysis of multi
component solutions [1]. Techniques for the exam
ination and interpretation of the resulting separa
tions are the focus of the initial part of this paper.
Most of the discussion applies also to 2D thin-layer
chromatography (TLC), although the techniques
are little used in practice.

DENSITOMETRIC ASSESSMENT

Analysis of proteins, nucleotides and other com-

plex biological substances is one of the most signifi
cant applications of 2D electrophoresis. A high
resolution electrophoretic separation may result in
hundreds and even thousands of spots. Evaluation
by visual inspection is then an extremely tedious and
error-prone endeavour. Quantification manually
with any degree ofaccuracy is almost impossible and
computer analysis is required. The main aim of this
paper is to discuss the most important features that
such a system should exhibit and to describe an
experimental system for implementing these features
at reasonable cost.

Optical densitometry is the technique commonly
used to acquire input data for the analysis. The
scanning of2D separations necessitates a number of

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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Fig. 1. (a) Disposition of a CCD area sensor with square sensing
elements. During the exposure each element accumulates an
amount of charge proportional to the intensity and time of
illumination. The accumulated charges are usually transferred
into a storage area and are then sequentially fed out line by line
into an amplifier, where the charge is converted to a voltage
signal. (b)Disposition of a CCD line sensor. At a given instant in
time only one line of scanned image is sensed. When the charge
packages are fed out, the sensor is displaced mechanically to scan
the next line.

proportionally higher. Higher values than those
quoted above are rarely warranted in this field. The
main reason is the inevitable contamination of
the background by small amounts of unwanted
"garbage", which is difficult to distinguish from
small spots of analysed material.

It should be noted that the practical resolution of
a camera set-up is below the spatial distance of the
pixels. The reason is that the modulation transfer
function (MTF), a dynamic parameter, restricts the
usable resolution to about 60% of the nominal
value. A detailed explanation is beyond the scope
here but can be found in the literature [8].

In some special cases, the available resolution can
be increased by dividing the scanned image into
segments which are acquired independently and
then recombined in software. Another approach to
raising the resolution that has proved viable is to
scan the image, then to displace the sensor by half
the distance between two of its neighbouring pixels
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afeatures usually not found in instruments primarily
designed for one-dimensional (lD) work [2]. The
differences are discussed below.

The approach adopted is to regard a 2D separa
tion as a picture and to utilize modern techniques of
image processing [3]. This approach can be extended
also to the analysis of ID separations, but is oflittle
advantage here, mainly because most current ID
densitometers employ "slit scanning" instead of
"point scanning" [4].

The spatial resolution of a scanning system is
determined by the number of measured data points
(pixels) per unit image area. The resolution of most
standard video scanners may not be sufficient for
high-grade work and special designs may have to be
used. Another drawback of most standard devicesis
an unequal resolution between the x- and y-direc
tions. Very important is a linear grey scale of the
sensor, the gamma factor of which should be unity.
Gamma is the ratio of scanner output signal to the
logarithm of light energy per unit area, differentially
(y = L1uoutlzllog E).

.Processing of the acquired input data is inevitably
done on a computer, which mostly is an integral
component of the analysis system. The most cost
effectivesolution is to use a modern microcomputer,
the performance of which rivals that of mainframe
computers of a decade ago at a fraction of the cost.
The processing software has to be tailored to the
machine employed, because programs are rarely
transferrable from one type of machine to another.

IMAGE SENSORS

The most important part of an electronic picture
acquisition system is the video camera and its main
element, the image sensor. Semiconductor area
sensors, mostly charge-coupled devices (CCDs; Fig.
la), are currently the most cost-effective solution
[5,6]. They are available with up to 1300 x 1000
pixels per device [7]. Such area sensors provide a
linear resolution of up to 200 .um on a 200 mm x
200 mm object. When that is still insufficient, CCD
line sensors (Fig. 1b) can be employed. They are
available with more than 5000 elements in a row,
yielding a linear resolution of better than 40 .um on
an object plane of 200 mm x 200 mm (many
suppliers, e.g., Philips, Thomson-Cxl-, Toshiba).
The resolution obtainable on smaller substrates is
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and to scan again. This displacement is usually
performed by a simple piezo transducer which
provides a small shift of half a pixel width with
sufficient accuracy. However, the additional cost of
these options is rarely warranted in systems for
routine work.

When comparing line sensors with area sensors,
cost and reliability are the main issues. Unless
extremely high resolution is required, area sensors
are generally preferable in both respects. The main
advantages of line scanners, apart from their higher
resolution, are simpler interfacing to the processing
computer and a lower demand on its memory space.
These advantages are generally more than out
weighed by a significantly more complex mechanical
and optical system.

MULTISPECTRAL SCANNING

Scanning at different wavelengths is an important
aid for qualitative analysis. When CCD scanners are
employed, the best approach to multi-spectral scan
ning is repeated exposure at different wavelengths of
illumination. Filters or monochromators can be
used to vary the sensed wavelength [2,9]. The
additional time is negligible but the demand on
memory space is considerable and increases the cost
of the system.

The ease and speed with which spectral analysis
can be carried out by electronic scanners promise to
widen the field ofapplications of this technique. The
spectral sensitivity of solid-state sensors ranges far
into the infrared. This spectral range may become a
useful extension of the currently used wavelengths in
analysis.

LASER SCANNING

Still higher resolution than that which line sensors
offer is rarely needed or even desirable. In the rare
cases where still higher values are needed (e.g., in
some research applications), they are best achieved
by laser scanning [10]. Here the scanning beam is
deflected in both the x- and y-directions by mechani
calor optical means. The deflecting mechanism
must be built to very close tolerances, which in
creases the cost of the design. Also, the data
acquisition time is very long. Another drawback is
the fixed wavelength of all less expensive lasers. At

low concentrations it is highly desirable that the
operating wavelength of the densitometer coincides
with the absorbance maximum of the investigated
material. Laser scanners do not provide this option
and are not suitable for spectral analysis.

UV SENSITIVITY

Silicon-based area sensors and line sensors are not
very sensitive to UV radiation. However, sensitivity
in the UV region is advantageous in many applica
tions. Fundamental physical reasons have so far
prevented the extension of the spectral sensitivity of
CCD sensors into the UV region but an indirect
method is possible by coating CCD sensors with a
down-converting phosphor which shifts their range
of sensitivity far into the UV region [11-13]. Un
fortunately, the demand for UV-sensitive CCD
sensors has not yet justified the large-scale produc
tion of phosphor-coated devices, which are therefore
very expensive.

Another approach is the use of an image intensi
fier with -an extended UV response in conjunction
with CCD scanning. The sensitivity of the instru
ment is thereby significantly increased but at the
price of a lower spatial resolution.

In the future, another option might be the use of
pyroelectric sensors [14]. These are effectively heat
sensors and their spectral sensitivity curve easily
covers the whole range of wavelengths which are
employed in the densitometric analysis of flat-bed
separations. However, with the present state of
technology the sensitivity and the spatial resolution
of this type of sensor are inferior when compared
with standard silicon-based CCD sensors.

OTHER HARDWARE CONSIDERATIONS

Most modern densitorneters use a built-in com
puter as an integral part of the hardware. Often the
machine serves for both the data acquisition and the
subsequent analysis. An AT-class computer is most
ly sufficient and leads to significant cost savings
when compared with custom designs.

Many of the operations involved are fairly mem
ory intensive. The machine selected should therefore
have a sufficiently large memory bank and use a
modern operating system that can handle the whole
amount of memory directly. The software employed
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must match the machine and its operating system.
Portability of the software from one type of machine
to another can rarely be assured. This caveat applies
still more to specially designed hardware. Hard disks
with a very large storage capacity (120 Mbyte or
more) or in the extreme optical disks can be used as a
data base, so that the results are available for future
reference. Another quality criterion for large instal
lations is the ability to link the complete system to an
existing network such as an IEEE-488 net or higher
speed links. All these devices are available at moder
ate cost.

PREPROCESSING

The processing operations can be divided into two
functional stages. The first, the "preprocessing"
stage, treats data from individual small areas as
separate entities not related to data from other
areas. Stage two then has the purpose of providing
global information pertaining to the separation in its
entirety. In many less sophisticated applications,
preprocessing yields sufficient information. Only
this stage will be considered here in depth. Final
processing is too much application dependent to be
covered in this paper.

The main operations carried out by the pre
processing stage are the following. The measured
optical signals are made up of two components, one
due to the optical response of the blank medium and
the other to the response increment caused by the
presence of separated material when a spot area is
encountered. Only the latter component is useful,
but its separation from the background is not always
easy, because at larger concentration densities of the
analyte the two components have a non-linear
relationship. However, even when this non-linearity
is small enough to be discounted, there are problems
in isolating the response component due to the
separated substance. However, the background re
sponse generally varies spatially in a random fash
ion, giving rise to what is called "background
noise". For good accuracy and/or high sensitivity it
is then necessary to take this variability into ac
count. If the separated substance has a relatively
narrow absorbance spectrum, two-wavelength (two
A) scanning is probably the b(;st technique for that
purpose [15]. The method is described later. It is not
very useful when the analyte has a broad absorbance
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spectrum, e.g., in silver-stained protein separations.
It may then be necessary to apply special techniques
of signal processing.

Preprocessing can obviously be performed in
many different ways, but the procedure described
below seems to be both simple and efficient. Its
structural organization is fairly typical although
details of implementation may vary. It was adopted
for the experimental system described below and
performed in most respects equally well as and even
better than some much more costly commercial
systems used for comparison.

MEASURING MODES IN DENSITOMETRY

The first step in preprocessing is the segmentation
of the picture into spotted and blank areas. High
frequency noise and other spurious signals have to
be reduced to a minimum for a successful segmenta
tion.

In the described system, a size threshold was
employed to distinguish between contaminant noise
and analyte signal. For partial elimination a two
step filter algorithm was used. It employs first a
wide-band two-dimentional mask, then a narrow
band mask with median weighting. The mask sizes
and the weighting laws were established empirically.

A special technique used fairly extensively in
electrophoresis is autoradiography. Here it is also
common not to examine the original separation but
a photographic replica on transparent film. For
quantitative analysis it is then necessary to take the
gradation characteristics of the film into account.

A relatively new technique is photoacoustic spec
troscopy. This holds some promise for special
applications but has not yet found much acceptance
in densitometry.

A detailed discussion of all these techniques and
their limitations would exceed the scope of this
paper. The interested reader is referred to the
literature, e.g., ref. 16.

DETERMINATION OF SPOTTED AREAS

A spot is defined as a contingent group of pixels
which is spatially larger than an empirically chosen
minimum. In the spot area the light attenuation
exceeds the background attenuation bo(x,y) by at
least a threshold c. The implementation of these
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NOISE REDUCTION MEASURES

Fig. 2. Contours obtained after processing a 2D separation of
cell protei ns. Shown is approxim ately one quarte r of the total
picture area . Dots indicate the computed centre of gravity
positions.
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Low-pass filtering is a universal method and was
consequently incorporated into the test system. Two
stages of filteringare used, both of them employing
two-dimensional masks. The first filter algorithm,
with a fairly broad band pass, is mainly intended to
reduce high frequency electronic noise. The second
mask, with a much narrower band pass, serves for
the partial elimination of hackground noise and
other low-frequency components.

Another important feature of the system is the
ability to scan the same separation repeatedly with
subsequent frame averaging. This can be seen as a
low-pass filter in the time domain and will only

from various uncorrelated sources. Usually the
background noise of the blank medium contributes
most significantly to the total noise and other
sources of noise may then not have to be taken into
account.

The next important noise mechanism iselectronic
noise from the sensor. The finite step size of the
digitizer often presents an ultimate barrier if the
sensor noise is kept to a minimum.

The total noise components in a recording come

NOISE CONSIDERATIONS

In principle, the contour is determined by the
contingent sequence of pixels with response values
which begin to increase from the background value
bo(x,y) by £ or which begin to decrease by £ to
bo(x ,)'):

bs(x,)') ~ boC>;,)') + £ (I )

This simple approach does not lead to a reliable
boundarydetection in practice. Other popular meth
ods involving the Laplace operator or direction
dependent masks are also unreliable. The main
reason for the difficulties is the very shallow bound
ary zone without sharp transitions.

Therefore, another approach has been developed:
the threshold s is set to approximately twice the local
Root Mean Square noise amplitude. Theoretical
work [1 7] predicts that the boundary shape is
approximately elliptical. An ellipse is then comput
ed, meeting two conditions: the area of the ellipse
must be equal to the area of allpixels withanalyte in
that cluster and the number of pixels that do not
belong to the cluster must reach its minimum inside
the ellipse. The synthetic contour is then overlayed
on the screen for visual inspection (Fig. 2). More
precise methods of contour estimation have been
tested but the method described abovehas proven to
be sufficient and the simplest to implement.

Theory also predicts an approximately Gaussian
distribution of the concentration of separated mate
rial within a spot [17]. Provided that the noise floor
and accordinglythe threshold leveleare low, the loss
due to pixels that are below s does not significantly
degrade the quantitative accuracy.

SPOT BOUNDARIES

simple relationships involves the solution of three by
no means trivial tasks.

First it is necessary to find the mean value for
bo(x,y), the attenuation of the blank medium. The
procedure is given later. Pixels with attenuation
values b,(x,y) more than s above the mean value of
bo(x ,y) in the vicinity are judged to contain sepa
rated material if thecriterion for a minimum number
of contingent pixels is met.
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reduce noise components that are uncorrelated in
time and not those which are random in space.

The most effec tivemethod for the nearlycomplete
elimination of background noise is the already
mentioned two-lambda technique. Here the separa
tion is scanned first at the spectral absorbance
maximum of the analyte, then at a wavelength just
outside its absorbance band. A pixel by pixel
subtraction of the data from the two passes yields
the result. The method only works if the blank
medium has a flat absorbance spectrum over the
range of the two wavelengths. The computational
effort is not demanding.

The test system provides still another option for
the reduction of background noise. Although not as
efficient as the two-lambda method, it can be
employed where the latter is not applicable, e.g, in
silver-stained protein separations. The method relics
on the fact that the spatial change of ho(.>; ,y) is
generally small so that for each pixel within the
contour line ho can be approximated by linear
interpolation between the values just outside the
contour on both sides of the spot. For moderate
demands on accuracy, the procedure can be further
simplified by using the averaged value:

(2)

for all pixels on the same scan line within the spot
contour, where i designates the sequential number of
the respective scan line and XI and X, are the
coordinates of the pixel on that line, which border
the contour of the examined spot to the left and
right, respectively.

FEATURE BASIS FOR QUALITATIVE ANALYSIS

Qualitative analysis relies to a large extent on the
geometry of the spot distribution. The proposed
system uses the coordinates of the centre of gravity
of each spot as the characteristic feature. The
determination of these parameters from the mea
sured distribution of concentration c(x,y) is com
putationally easy because very high accuracy is
rarely needed. The quoted theory predicts an ellip
tical shape of the contour with the centre of gravity
at the point where c(x,y) and b,(x,y) reach a
maximum. That maximum is generally flat and
difficult to determine with any dcgJt:e of accuracy.
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The problem can be solved with little error by
replacing the coordinates of the maximum with
those of the geometrical centre of the ellipse. For
visual verification the centre in the experimental
system is indicated on the display by a white spot.
The coordinates of Xm and .I'm together with the
number of pixels enclosed by the contour are then
considered as the characteristic set of data for each
spot and compared with corresponding data from
separations with knowncomposition; X m, .I'mand the
pixel counts for the individual spots are stored in
long-term memory for later reference.

CORRECTION FOR GEOMETRIC DISTORTION

Evaluationof 2D separations reliesverymuch on
comparison of the examined separation with a
standard or a template [18). For this approach to
provide useful results, the compared images must
meet a well defined geometric correspondence.
However, for reasons inherent in the separation
process, the relationship between the coordinate
systemof individual scans can be complicated, e.g.,
in the case of non-uniform shrinkage in the drying
process. Special marker substancesmay be added if
a substance does not contain sufficient prominent
and easily identifiable components from which the
geometric distortion can be computed. Constant
scale differences between coordinate grids require
only three markers; non-linear cases might require
more markers. In the caseof scaleshifts the software
in the test system corrects the position of the spots
after the marker shifts have been identified.

QUANTIFICATION

It has to be considered that the relationship
between optical responseand concentration c(x,y) is
usually highly non-linear. Inherent linearity can
only be assumed at very small values of the absor
bance value IXC(X,y), where IX is the absorbance
(sometimes called the extinction coefficient). Re
gardless of the magnitude of IXC(X,y), a linear rela
tionship between responseand concentration can be
expected for fluorescence measurements and radio
assays, but for the latter only if direct measurement
of the radiation is possible, which is rarely the case.

The total amount of substance in a spot is
obtained by summation of c(x,y) over all pixels
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STREAK REMOVAL AND SEPARATION OF PARTIAL

OVERLAP

STABILIZATION OF THE INTENSITY OF ILLUMINA

TION

inside the contour. It can be seen that for a
non-linear relationship between bs(x,y) and c(x,y),

Streaks can seriously affect machine reading but
are not always avoidable. Destaining or similar
measures can only alleviate the problem. Therefore,

ENHANCEMENT OF DISPLAY FEATURES

Visual inspection of the scan is often the final step
of the analysis. In that case feature enhancement by
image processing can greatly simplify the visual
examination.

A frequently employed technique for that purpose
is edge enhancement. Here this method is not very
useful because the software already creates a synthe
tic contour which is superimposed on the original
contour.

Another very helpful tool is grey level transforma
tion. Gradients in the image are artificially increased

it is necessary to handle the effect of streaks in the
preprocessing stage [20]. The elimination of partial
overlap between spots uses similar software meth
ods. Both tasks are carried out in a two-step
approach outlined below.

The boundary of a cluster of pixels is checked for
symmetry and size. If any asymmetry exceeds a
certain limit or if the cluster is excessively large,
the program assumes an anomaly and activates a
subroutine. The gradient of bs(x,y) in the direction
of the maximum asymmetry is computed. If the
gradient is much smaller than could be expected
from a Gaussian distribution, a streak is anticipated.
Now the already mentioned elliptical contour is
computed, but this time only taking into account
areas of the spot that show normal gradients, thus
excluding the streak direction. The method works
well provided that the streak does not cover too
much of the true spot area.

Overlap is detected by a similar test. An overlap is
anticipated if the sign of the gradient in the direction
of maximum asymmetry reverses and a saddle point
is thus detected. Separation of overlapping spots
was originally carried out by complementing the
contour to both sides of the line ofsign reversal to an
elliptical shape. A different approach has recently
been tested that additionally is capable of handling
the overlap of more than two spots simultaneously.
The technique employed here is erosion with sub
sequent dilation [21]. Erosion is normally performed
independently of direction. However, there are
indications that erosion enhancement in the direc
tion of the asymmetry might be more efficient.
Preliminary results are promising but a definitive
conclusion has not yet been reached.

(3)fbs(x,y) i= fc(x,y)

A

Technically, the intensity of the illumination can
be stabilized in different ways. The range of wave
lengths required in our field is wide and therefore
many densitometers are equipped with multiple light
sources, each requiring an individual method of
stabilization.

The system described here bypasses this difficulty
by compensating for changes in the illumination
intensity in the software. The intensity is measured
by a separate light sensor and the output of that
sensor is used by the software as a corrective scale
factor. However, rapid changes in intensity cannot
be taken care of in the software so that, e.g., the
power supply for the illumination should be a d.c.
low-noise regulated source.

where A denotes the area for integration. It is thus
evident that before summation a transform must be
carried out that results in a linear relationship
between the transformed response signal and the
concentration.

The subject of linearization is extensively covered
in the literature and a number of different transform
rules have been proposed. The transform operations
suggested in ref. 19 were incorporated in the soft
ware of the described test system.

For nearly transparent media such as electro
phoretic gels, measurement of the optical trans
mittance is indicated and a logarithmic transform is
then an adequate linearization operation. With
strongly scattering media such as paper, transmit
tance is not practical and reflectance is used, and the
linearizing operations are then much more involved.
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so that the recognition of structures becomes easier.
Grey levels can also be transformed into colour
information as is known from satellite pictures.
However, the user of such techniques must have a
firm understanding of the effects of image pro
cessing. There is an extensive literature on the topic
of image processing [22-27]. Pattern recognition
principles can also be advantageously applied, al
though they are mostly targeted at applications
other than densitometry [28-32].

FINAL PROCESSING

The so-far discussed preprocessing of the ac
quired densitometric data remains more or less
unchanged regardless of the final purpose of the
analysis. Final processing serves to evaluate the
more global features of the acquired densitometric
picture. Since the variety of tasks is great, only one
of the final evaluation steps will be mentioned here.
This is concerned with the comparison of the global
structure of a scan with that of another one serving
as a template.

The variant adopted here condenses in principle
the information content of a separation into an
ordered list of numerical values. The number of
entries in that list is equal to the number of detected
spots. However, that list can become too long to be
handled efficiently, especially for biological sam
ples. Interpretation can be facilitated by the fact that
each entry consists of three values and thus can be
represented by a vector in three-dimensional space.
Vectorial addition of the individual entries yields a
vector in multi-dimensional space which can be
compared with or subtracted from the correspond
ing vector of a comparison separation by established
mathematical procedures.

Sometimes only a fraction of the separation needs
to be compared. Here the vectorial approach can
also be useful, although a direct spot-by-spot com
parison is then generally preferable.

TEMPLATE SELECTION

Frequently, the available advance information
about the provenance of the examined sample is
insufficient to select the most suitable template. It
may then be necessary to investigate quickly a
sometimes fairly large set of separations from stor-
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age. The vectorial approach can advantageously be
employed. Separations which are to serve as tem
plates are scanned and digitized only once. The
acquired data together with the results of pre
processing are then put into library storage (mostly
on hard magnetic disk) from where they are recalled
when needed. Separations which are not intended to
be used as templates are usually not stored in their
entirely in order to limit the storage space. Storing
the feature vector alone is generally adequate, more
economical and facilitates search operations for
retrieval. It must be considered that magnetic stor
age is subject to fading, and is therefore not suitable
for the preservation of archival material. Optical
disks offer much larger storage capacities and are
not subject to fading [33].

CONCLUSIONS

The features discussed were built into an experi
mental system which was then used in electrophore
tic separations. Emphasis was placed on a cost
effectiveand user-friendly realization. With very few
exceptions the hardware was assembled from com
mercial off-the-shelf equipment around a standard
AT-class computer. Only the illumination system
had to be designed in detail. Therefore, a discussion
of hardware details did not seem appropriate here.
The software is the only aspect that was completely
custom designed, but special attention was given to
the possibility of using in a future version integrated
mathematical packages which are not necessarily
intended for densitometric use.
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ABSTRACT

Enzymophoresis with coupled heterogeneous capillary enzyme reactor-capillary zone electrophoresis was developed and evaluated in
the area of nucleic acids. Ribonuclease T l' hexokinase and adenosine deaminase were successfully immobilized on the inner walls of
short fused-silica capillaries through glutaraldehyde attachment. These open-tubular capillary enzyme reactors were quite stable for a
prolonged period of use under operation conditions normally used in capillary zone electrophoresis. The capillary enzyme reactors
coupled in series with capillary zone electrophoresis served as peak locator on the electropherogram, improved the system selectivity,
and facilitated the quantitative determination of the analytes with good accuracy. Also, they allowed the on-line digestion and mapping
of minute amounts of transfer ribonucleic acids, and the simultaneous synthesis and separation of nanogram quantities of oligonucleo
tides.

INTRODUCTION

Capillary zone electrophoresis (CZE) with its
advanced instrumentation and unique selectivity
has become an important microseparation tech
nique. In CZE, and for a given set of conditions, the
migration of charged species depend primarily on
the sign and magnitude of their net charge and to
some extent on their shape and size. Therefore, when
the analytes possess the same charge-to-mass ratio
and differ slightly in their size and shape, CZE is
rather inadequate for their separation. In addition,
as with other separation techniques, the identifica
tion of a given species in a mixture requires the use of
additional means that can confirm its presence or
absence, especially under coelution conditions or
when no authentic standards are available. En
zymes, with their high stereospecificity in binding
their substrates, are well suited to play this role.

" Presented at the 15th International Symposium on Column
Liquid Chromatography, Basel, June 3-7, 1991, lecture L53.
The majority of the papers presented at this symposium
have been published in J. Chromatogr., Vols. 592 and 593
(1992).

In fact, the combination of enzymes with separa
tion techniques has been a theme of research for
many years. In 1970, Brown [I] pioneered the use of
enzymes in free solution for sample pretreatment
prior to chromatographic separation as a mean of
peak identification, and coined the term enzymic
peak-shift for the technique. On the other hand, the
relative ease with which enzymes can be covalently
attached or immobilized to various types of surfaces
without substantial loss in their catalytic activity [2]
has favored their use in solving many analytical
problems [3]. One of the important applications of
immobilized enzymes has been their use in pre- and
post-column derivatization devices with several
high-performance liquid chromatography (HPLC)
techniques[3-8]. More recently,narrow-bore packed
bed trypsin reactor was introduced for the nanogram
digestion of proteins prior to microcolumn liquid
chromatography and capillary zone electrophoresis
tryptic peptide mapping [9].

This report is concerned with the miniaturization
of immobilized enzyme reactors for use in tandem
with CZE. In this regard, short fused-silica capil
laries with immobilized enzymes on the inner wall

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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were developed for tandem heterogeneous capil
lary enzyme reactor-capillary zone electrophoresis
(HCER-CZE). This tandem format, which is re
ferred to as enzymophoresis, was evaluated in both
the qualitative and quantitative determinations of
different nucleic acids. Various HCER-CZE sys
tems were investigated and characterized over a wide
range of operation conditions including the design
of the capillary enzyme reactor, the contact time of
the substrates with the immobilized enzymes, the
initial concentrations of the substrates, the nature of
the background electrolyte and the pH. In addition,
the effects of buffer additives as well as the immobi
lized enzymes on the magnitude and direction of the
electroosmotic flow were investigated.

EXPERIMENTAL

Instrument
The instrument for capillary electrophoresis was

assembled in-house from commercially available
components, and resemble to previously reported
systems [10,11]. It comprised two high-voltage pow
er supplies of positive and negative polarities Mod
els MJ30P400 and MJ30N400, respectively, from
Glassman High Voltage (Whitehouse Station, NJ,
USA) and a Linear (Reno, NV, USA) Model 200
UV-VIS variable-wavelengthdetectorequipped with
a cell for on-column capillary detection. The detec
tion wavelength was set at 258 nm for sensing the
various nucleic acids. The electropherograms were
recorded with a Shimadzu (Columbia, MD, USA)
computing integrator Model C-R3A equipped with
a floppy disk drive Model FDD-IA and a CRT
monitor.

Capillary columns
Fused-silica capillary columns of 50 11m J.D. and

365 11m 0.0. were obtained from Polymicro Tech
nology (Phoenix, AZ, USA). All capillaries used in
this study were coated in-house with either inter
locked or fuzzy polyether chains according to pre
viously described procedures [10].

Reagents and materials
Ribonuclease T1 (RNase T1) from Aspergillus

oryzae ~EC 3.1.27.3), hexokinase from bakers yeast
(EC 2.7.1.1), adenosine deaminase (ADA) from calf
spleen (EC 3.5.4.4), transfer ribonucleic acid spe-
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cific for phenylalanine (tRNAPhe
) from brewers

yeast, guanylyl-(3'-+5')-adenosine (GpA), guanylyl
(3'-+5')-uridine (Gp U), guanylyl-(3'-+5')-cytidine
(GpC), uridylyl-(3' -+5')-guanosine (UpG), guano
sine-2':3'-cyclicmonophosphate (G>p), guanosine
3'-monophosphate (Gp), adenosine-5' -triphosphate

.(ATP), adenosine-5'-diphosphate (ADP), adenosine
(A), inosine (I), guanosine (G), uridine (U), cytidine
(C), glucose and Trizma base were obtained from
Sigma (St. Louis, MO, USA). L-Histidine (His),
2-[N-morpholino]ethanesulphonic acid (MES),
N,N'-bis[3-aminopropyl]-1 ,4-butanediamine tetra
hydrochloride (spermine) were from Aldrich (Mil
waukee, WI, USA). y-Aminopropyltriethoxysilane
was purchased from Huls of America (Bristol, PA,
USA). Reagent-grade sodium phosphate mono
basic and dibasic, magnesium chloride, ammonium
bifluoride, 1,3-naphthalenedisulphonic acid disodi
urn salt, sodium acetate, phosphoric acid, hydro
chloric acid, sodium hydroxide and HPLC-grade
methanol were obtained from Fisher Scientific
(Pittsburgh, PA, USA). Deionized water was used to
prepare the running electrolyte. All solutions were
filtered with 0.2-JIm UniPrep syringeless filters
(Fisher Scientific) to avoid column plugging.

Enzyme immobilization
Fused-silica capillaries of 15 to 25 cm long were

first etched according to the procedure described by
Onuska et al. [12]. The etched capillaries were then
reacted with 10% (v/v) solution of y-aminopropyl
triethoxysilane in water at 95°C for 30min. This step
was repeated twice. Following, a 1% (v/v) solution
of glutaric dialdehyde in 50 mM phosphate, pH 7.0,
was applied to the capillary and allowed to react at
room temperature for 1 h. Thereafter, a phosphate
solution containing the enzyme of interest was
recycled through the aldehyde activated amino
fused-silica capillaries and allowed to stand over
night. Finally, residual aldehyde reactive functions
were scavenged with 50mMTris-HCl at pH 7.5. All
capillaries were stored in water at 5°C.

Other procedures
In all experiments, the capillary enzyme reactors

of 15 to 25 em long were connected butt-to-butt to
the separation capillaries having a polyether hydro
philic coating ti.e. CZE capillary) of 64 cm total
length and 30 em to the detection point using a



CAPILLARY ENZYMOPHORESIS OF NUCLEIC ACIDS

PTFE tube the inner diameter of which matched the
outer diameters of the two capillary columns. The
enzymic reactions were carried out on-line by al
lowing a thin plug of the substrates to flow through
the tandem capillaries either by electromigration
under the influence of an applied voltage or by
hydrodynamic mode (i.e., gravity flow) by raising
the inlet reservoir to a certain height above the outlet
reservoir. In both cases, the substrates first entered
the capillary enzyme reactor and were converted to
products. They were further separated in the separa
tion capillary downstream the enzyme reactor. The
time required for the substrates to traverse the
enzyme reactor under hydrodynamic conditions (tD
was estimated from the following equation [13]:

8YJLI
t- = ---

I pgr2tJh

where YJ is the medium viscosity, L is the total length
ofthe capillary, I is the distance traversed by the plug
of the substrate, p is the electrolyte density, g is the
gravitational constant, r is the inner radius of the
capillary and Ah is the differential height between
the electrolyte reservoirs. In all cases, the viscosity
and density of the solutions were taken as that of
water since the buffers used were dilute solutions of
electrolytes. The calculations using the above equa
tion agreed with the experimental migration time
estimated from the chromatogram of the substrate
that was allowed to flow by gravity through the
tandem capillary enzyme reactor-eCZf capillary.
Therefore, in all the studies, the above equation gave
satisfactory results in terms of the time required for
the species to reach a certain distance in the capillary
by hydrodynamic flow.

The running electrolyte was renewed after each
run. To ensure reproducible separations the separa
tion capillary was flushed successively with fresh
buffer, water, methanol, water, and again runnning
buffer. The enzyme reactor was also flushed with
fresh buffer solution after each run. Both capillaries
were then equilibrated with the running electrolyte
for 10 min before each injection.

RESULTS AND DISCUSSION

Design of the capillary enzyme reactor
Fig. I is a schematic illustration of the capillary

enzyme reactor. The walls of the fused-silica capil-
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Fig. l. Schematic illustration of immobilized capillary enzyme
reactor. S = Substrate; E = enzyme; P = product.

lary were first roughened using a methanolic solu
tion of ammonium bifluoride; see Experimental.
This etching step is to increase the specific surface
area of the capillary wall in order to achieve higher
enzyme loading of the reactor. This would yield
capillary enzyme reactors with higher catalytic activ
ity, and may increase the maximum velocity, Vmax> of
the enzymic reaction. The surface roughening by
ammonium bifluoride at high temperature has been
recently used in our laboratory for the preparation
of octadecyl capillaries for on-line preconcentration
of dilute samples [14] and proved efficient in in
creasing the concentration of covalently attached
hydrocarbonaceous ligands. Another function of
the etching is to increase the surface wettability
which permits the homogeneous spreading of the
hydrophilic aminopropylsiliyllayer. This layer is to
minimize solute-wall interactions and to provide the
functional groups for the attachment of the enzyme.
The HCERs thus obtained were used in series with
polyether-coated capillaries.

Operational and basic principles of tandem capillary
enzyme reactor-CZE

The capillary consisted ofitwo sections connected
in series via a PTFE tube. The first part is the
capillary enzyme reactor and the second part is the
separation capillary (i.e., CZE). In all cases, the
substrate(s) is first introduced as a thin plug into the
capillary enzyme reactor. The catalyzed reaction
takes place as the substrate(s) migrate through the
enzyme reactor either by hydrodynamic flow or
electromigration. Following, the reaction mixture is
further separated in the CZE capillary at the same or
different applied voltage than in the precolumn
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enzymic derivatization reactor. To satisfy both the
enzymic reaction and the separation, the back
ground electrolyte for the reaction and separation
processes can be either the same or different. Most
importantly, the electrolyte for the enzymic reaction
should minimize microenvironmental effects in the
capillary enzyme reactor. These effects are related to
electrostatic or hydrophobic interactions with the
enzyme and/or the matrix [15].

Open tubular capillary enzyme reactors offer the
convenience of repeated use of the enzyme without
much loss of its activity, and provide enhanced
storage and thermal stability for the enzyme. Fur
thermore, in contrary to packed-bed reactors where
the substrate has to diffuse inside the pores of the
packing to reach the immobilized enzyme, mass
transfer in open tubular columns is of external
nature ii.e., bulk diffusion). This would increase the
effectiveness factor 1'/, defined as the ratio of the
actual reaction rate to that obtained under condi
tions where no diffusional mass transfer limitations
are present (i.e., free solution). External mass trans
fer limitations, albeit small in a capillary tube, may
still increase the apparent Michaelis constant KM'P
[16], which would result in increasing the linear
dynamic range of the immobilized enzyme, and in
turn benefit the analytical applications of capillary
enzyme reactors.

onto the capillary inner surface, we have measured
the magnitude of the electroosmotic flow and ex
amined its direction in the presence and absence of
spermine over the pH range 3.5-7.0 using phenol as
the inert tracer. The results of this study are
summarized in Fig. 2. These studies were performed
on an interlocked polyether-coated capillary using a
running electrolyte of 25 mM His and 25 mM MES,
with or without 5 mM spermine. In the presence of
spermine, the direction of the electroosmotic flow
was inverted from cathodal to anodal as shown in
Fig. 2. The adsorption of spermine, which has a net
positive charge of ca. +4 below pH 7.0, onto the
capillary inner surface changed the , potential of
fused silica from negative to positive. As can be seen
in Fig. 2, the electroosmotic mobility slightly de
creased upon increasing the pH in the range studied.
This can be explained by both the slight decrease in
the net positive charge of spermine and the increase
in the ionization of surface silanols as the pH
increased. Thus, spermine is a useful buffer adjunct
for the analysis of negatively charged species in the
negative polarity mode, since it allows the separated
analytes to migrate in the same direction as that of
the electroosmotic flow which in turn would yield
shorter analysis time.
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Fig. 2. Plots of the electroosmotic mobility in the absence (I) or
presence (2) of spermine in the running electrolyte as a function of
pH. Capillary, interlocked polyether coating, 30 em (to the
detection point), 64 em (total length) x 50 pm J.D.; running
voltage, 2:3 kV; backgiouml electrolyte, 25 mMHiR. 25 mM MES
in the absence (l) or presence (2) of 5 mM spermine. Inert tracer,
phenol.

Effect of spermine on the electroosmotic mobility
The usefulness of the catalytic activities of the

various HCERs was demonstrated in the separa
tion, identification, quantitative determination, and
synthesis of nucleic acid fragments and constituents.
In order to bring about the migration and separation
of the various nucleic acids under investigation with
coated capillaries having moderate cathodal electro
osmotic flow, a means for inverting the direction of
the flow was necessary so that a negative polarity
mode could be utilized. This was achieved by adding
spermine to the running electrolyte at low concen
tration.

Spermine is a biogenic tetraamine that has been
successfully used as a buffer additive in the CZE
analysis of polycitidines [17] with polyacrylamide
coated capillary tubes. In this study, it was thought
that the spermine primary function is to reduce the
net negative charge of the analytes and allow their
migration and separation. To study its adsorption
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As shown in Fig. 3a, a mixture of three dinucleotides
namely GpU, GpA and GpC were not resolved by
CZE alone using a buffer system containing 25 mM
His, 25 mM MES and 5 mM spermine at pH 5.0.
This is because these dinucleotides have approxi
mately the same charge-to-mass ratio. As shown in
Fig. 3b, with the on-line RNase T 1 capillary enzyme
reactor, the dinucleotide mixture was converted to
more readily separated products. Each of the three
dinucleotides GpA, GpU and GpC yielded the
guanosine-2':3'-cyclicmonophosphate and its corre
sponding nucleoside, i.e., adenosine, uridine and
cytidine. Hence, the three dinucleotides that co
eluted as a broad peak with CZE alone were
transformed into four well resolved peaks, i.e.,
Go-p, U, A and C, after a single pass through the
17 em long RNase T 1 capillary enzyme reactor.

Ribonuclease T 1 capillary enzyme reactor
Ribonuclease T 1 is a guanylic acid-specific endo

ribonuclease that cleaves phosphodiester bonds be
tween 3'-guanylic acid residues and the 5'-hydroxyl
groups of adjacent nucleotidyl residues [18]. In
addition, under certain conditions, the enzyme acts
as a ligase catalyzing the esterification of G>p with
the 5'-hydroxyl group of various nucleosides to yield
the corresponding dinucleotides [18,19]. Both cata
lytic functions of RNase T 1 were evaluated in the
tandem RNase T 1 capillary enzyme reactor-CZE
mode using an electrolyte system containing sper
mine as a buffer additive to facilitate the electro
phoresis of negatively charged nucleotides, see
above.

Immobilized ribonuclease T 1 as a hydrolytic en
zyme. As mentioned above, RNase T 1 splits the
internucleotide bonds specifically after guanylyl
residues according to the following reaction schemes
[18]: a b
RNA

RNase T,

-------->
Limited digestion

G>p
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Fig. 3. Typical electropherograms of dinucleotides and their
RNase T 1 digest obtained by CZE alone (a) or by tandem RNase
T 1 capillary enzyme reactor-CZE (b), respectively. Capillary
enzyme reactor, 17 ern x 50 !J.m 1.0.; separation capillary,
interlocked polyether coating, 30 cm (to the detection point),
64 em (total length) x 50 !J.m 1.0.; substrate introduction,
hydrodynamic mode; enzymic reaction was carried out using
gravity-driven flow; separation step, as the plug of the reaction
mixture entered the separation capillary, the enzyme reactor was
disconnected and the voltage was turned on to 25 kV; background
electrolyte, 25 mM His, 25 mM MES, 5 mM spermine, pH 5.0.
GpU = Guanylyl-(3' ->5')-uridine; GpA = guanylyl-(3'->5')
adenosine; GpC = guanylyl-(3'->5')-cytidine; Go-p = guano
sine-2':3'-cyclic monophosphate; Gp = guanosine-3'-phosphate;
U = uridine; A = adenosine; C = cytidine.
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The above catalytic activity of the enzyme was
demonstrated in the identification and quantitative
determination of various dinucleotides using tan
dem RNase T 1 capillary enzyme reactor-CZE. In all
experiments, the substrates were introduced as a thin
plug and allowed to flow hydrodynamically through
the enzyme reactor by raising the inlet reservoir to a
height of 20 em above the outlet reservoir. This
corresponds to a contact time of ca. 16min with the
immobilized enzyme. As the plug of the reaction
mixture entered the separation capillary, the enzyme
reactor was disconnected and the separation capil
lary was inserted into the electrolyte reservoir.
Thereafter, the voltage was turned on to 25 kV to
bring about the separation of the reaction mixture.
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In another electrophoretic run, one of the three
dinucleotides GpC, was replaced by UpG, a dinu
cleotide that is not digested by the enzyme. As
expected, with CZE alone, this mixture exhibited the
same electrophoretic behavior as the one in the
preceding experiment, in the sense that its compo
nents could not be resolved as shown in Fig. 4a.
However, after a single pass through the capillary
enzyme reactor, UpG which is not split by the
immobilized enzyme eluted intact, and was well
resolved from the products of GpA and Gpo. This
feature of the capillary enzyme reactor has many
practical significances. The tandem format can
assess the identity of overlapping peaks and permits
the simultaneous digestion and separation of the
reaction mixture. Briefly, the capillary enzyme reac
tor functions as a peak locator by unmasking the
analyte of interest on the electropherogram, and
enhances the selectivity of the electrophoretic system
by converting the substrates into more readily
separated products.

The dinucleotide GpU, having the lowest relative
rate of splitting by RNase T 1 among the other
dinucleotides analyzed [20],was selected as a model
substrate to evaluate the stability of the RNase T 1

a b

capillary enzyme reactor. The reactor showed steady
behavior even after prolonged storage or repeated
use. Over a period of more than 2 months, the
RNase T 1 capillary enzyme reactor yielded complete
conversion ofGpU with the liberation ofG>p and
U as major peaks, suggesting that the enzymic
reaction occurring at the wall of the HCER is
primarily a limited digestion mechanism (see reac
tion 1).

Another important feature of the capillary en
zyme reactor is its usefulness in the quantitative
determination of the dinucleotides. To demonstrate
this important application of HCER, typical cali
bration curves for Go-p and some of the nucleosides
were established using 1,3-naphthalenedisulphonic
acid disodium salt as the internal standard. As
shown in Fig. 5, these curves were linear in the
concentration range investigated. In such measure
ments, the G>p peak can be used for the quantita
tive determination of the total concentration of the
dinucleotides digested by the enzyme in a given
mixture, while the peak of each nucleoside can be
used to estimate the concentration of its corre
sponding dinucleotide. In the case of only one solute
analyzed, both the G>p and the nucleoside peaks
are equally useful in the quantitative determination
of the analyte, thus increasing the reliability of the

o
o 10 0 10 20

Tlme Imin)

Fig. 4. Typical e1etropherograms of dinucleotides and their
RNase T, digest obtained by CZE alone (a) or by tandem RNase
T, capillary enzyme reactor-CZE (b), respectively. UpO =

UliJylyl-(3'---75')-guancsinc. Othersymbols and conditions as in
Fig. 3.
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Fig. 5. Plots of the ratio of the peak height of the analyte to that of
the internal standard (I.S.) as a function of the analyte concentra
tion. Internal standard, 1,3-naphthalenedisulphonic acid diso
dium salt. Conditions and symbols as in Figs. 2 and 3.
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the RNase T 1 digest was mapped in the separation
capillary using a running electrolyte of 0.1 M His,
0.1 M MES and 5 mM spermine, pH 7.0 (see Fig. 7).
In this experiment, the ionic strength of the running
electrolyte was increased in order to minimize
electrostatic interactions between the oligonucleo
tide fragments and the amino-silica matrix and/or
the enzyme. It can be envisioned that such format
can allow (i) the quick and reproducible mapping of
other native or modified tRNAs available only in
minute quantities, and (ii) the conversion of ribo
nucleic acids to more electrophoretically manage
able oligonucleotide fragments.

Immobilized ribonuclease T1 as ligating enzyme.
Another interesting feature of RNase T 1 is its
ligating property. It can link cyclic G>p to a
nucleoside and produce the corresponding dinucleo
tide. This aspect of the immobilized RNase T 1 has
been previously investigated by El Rassi and Hor
vath [8] using tandem packed-bed enzyme reactor
high-performance displacement chromatography.
To examine the effectiveness of tandem RNase T 1

capillary enzyme reactor-CZE in the synthesis and
separation of ng quantities of dinucleotides, the
following reaction was investigated:

method. For instance, a thin plug of an unknown
solution of GpU was analyzed with the coupled
capillary enzyme reactor-capillary zone electro
phoresis following the same operational schemes
outlined above. The calibration curves revealed on
the average a concentration of 0.90 ,umol/ml for
G>p and 1.00 ,umol/ml for U. By averaging these
two values, the concentration of GpU in the un
known solution was about 0.95 ,umol/ml. This
illustrates the use of the capillary enzyme reactor in
enhancing the reliability of quantitative determina
tion by CZE.

In addition, the RNase T 1 capillary enzyme
reactor-CZE system proved very efficient in the
on-line digestion and mapping of transfer ribonu
cleic acid specific for phenylalanine (tRNAPhC). The
secondary structure of tRNAPhc is represented in
Fig. 6. It comprises 76 nucleotide residues. The
arrows in this figure indicate the 20 locations at
which the enzyme splits the internucleotide bonds
leading to the formation of 15 oligonucleotides and
1 guanosine monophosphate [21]. The digestion of
tRNAPhc was carried out in a 20 em long capillary
enzyme reactor by allowing the substrate to con
tact the immobilized RNase T 1 for approximately
22 min while flowing hydrodynamically. Thereafter,
the capillary enzyme reactor was disconnected and

RNase T,

Go-p + U ::;:::::::=:: GpU (3)

Fig. 6. Schematic representation of the secondary structure of
transfer ribonucleic acid specific for phenylalanine (yeast
tRNAPh

, ) . The arrows in this figure indicate the 20 locations at
which RNase T1 splits the internucleotide bonds.
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Fig. 7. On-line digestion and mapping of tRNAPh
, by tandem

RNase T 1 capillary enzyme reactor-Cz.E. Capillary enzyme
reactor, 20 em x 50 flm I.D.; separation capillary, interlocked
polyether coating, 50 em (to the detection point), 80 em (total
length) x 50 flm I.D.; running voltage, 15 kV; background
electrolyte, 0.1 M His, 0.1 M MES, 5 mM spermine, pH 7.0.
Substrate introduction, enzymic reaction and separation steps as
in Fig. 3.
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f----1
5min

TIME
Fig. 8. Typical electropherograms of the RNase T , synthetic
reaction mixture in the sbsence, i.e., by CZE alone (a) or presence
of RNase T , capillary enzyme reactor (b). Capillary enzyme
reactor, 15 cm x 50 /lm J.D.; separation capillary, interlocked
polyether coating, 30 em (to the detection point), 64 cm (total
length) x 50 /lm J.D.; substrate introduction, hydrodynamic
mode; enzymic reaction was carried out using gravity-driven
flow; separation step, as the plug of the reaction mixture entered
the separation capillary, the enzyme reactor was disconnected
and the voltage was turned on to.h kV; background electrolyte,
25 mM' His, 25 mM MES, 5 mM spermine, pH 5.5. Internal
standard (J.S.), 1,3-naphthalenedisulphonic acid disodium salt.
Initial concentration, [G>p] = 0.02 M, [U] = 0.10 M.
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rig. 9. Plot of the % yield ofGpU as a function of the pH of the
enzymic reaction. Conditions as in Fig. 8 except enzymic reaction
was carried out with buffers of same composition as the running
electrolyte but at various pH. See text for more details.

substrates to contact simultaneously the immobi
lized enzyme by gravity-driven flow. In such mode
of bisubstrate enzymic reactions, where both sub
strates have different electrophoretic mobilities, the
enzymic reaction was best achieved using hydro
dynamic flow. In fact, under electromigration condi
tions, the negatively charged Go-p would migrate
downstream the enzyme reactor while uridine being
neutral would migrate behind at a slower rate, and
therefore both substrates are unable to get concur
rently to the enzyme active sites.

The RNase T 1 catalyzed synthesis of GpU does
not go to completion as manifested by the excess
substrate peaks detected after the enzymic reaction
(see Fig. 8b). It was then interesting to study the
effect of various operational parameters on the yield
of GpU. In that regard, a calibration curve was
established for GpU using 1,3-naphthalenedisul
phonic acid disodium salt as an internal standard.
The plot of the peak height ratio of GpU to that of
I.S. vs. the concentration of GpU showed a linear
behavior up to a concentration of 0.7 mg/ml of the
analyte. This calibration curve was then used to
estimate the amount ofGpU produced. The yield of
GpU expressed in mol% of Go-p converted into
GpU was determined at various pH, initial substrate
concentration and contact time using a thin plug of
the substrate and a single pass reactor.

The effect of the electrolyte pH on the yield of
GpU was determined over the pH range 4.0 to 7.0 in
an increment of 0.5 pH unit. The results obtained are
illustrated in Fig. 9 by a plot of the yield ofGpU vs.
pH. In this study, the enzymic reaction was carried
out using gravity-driven flow and buffers of same
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In contrary to the digestion reaction which occurs
mostly in the forward direction, the ligation process
requires the use of an excess of one of the reactants
to drive the equilibrium towards the formation of
the dinucleotide. Studies in free solution reveal that
under appropriate conditions and 24 h incubation
time, only 40% of G>p is transformed into GpU
[22]. Fig. 8a and b illustrates typical electrophero
grams of the reaction mixture obtained in the
absence or presence of the RNase T 1 capillary
enzyme reactor, respectively. Both the enzymic and
separation processes were carried out in a buffer
system of 25 mM His, 25 mM MES and 5 mM
spermine, pH 5.5. The concentration of U was 5
times that of G>p and the condensation reaction
was brought about by allowing a thin plug of both
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composition as the running electrolyte but at vari
ous pH. This means that both the capillary enzyme
reactor and the separation capillary were first filled
with the running electrolyte, pH 5.5 (i.e., the separa
tion pH). As the thin plug was introduced in the
enzyme reactor, it was pushed through the immobi
lized capillary enzyme reactor with a buffer of the
appropriate pH. When the reaction plug entered the
separation capillary, the enzyme reactor was dis
connected and the separation capillary was dipped
into the separation buffer and the voltage was
turned on to start the separation of the reaction
mixture. Fig. 9 shows that the yield of GpU
increased by a factor of 8 upon increasing the pH
from 4.0 to 5.5. The optimum pH for the ligation
reaction lies in the range 5.5 to 6.0 as opposed to 7.2
for the free enzyme [23]. This shift in the optimum
activity of the immobilized enzyme toward more
acidic pH values may be due to microenvironment
effects and is in agreement with previous findings
[24].

The effect of the initial substrate concentrations
on the yield of GpU was investigated at pH 5.5. The
initial concentrations of Go-p and U were varied
while keeping the molar concentration ratio of U to
that of G>p equal to 5.0. These results are reported
in Fig. 10. Upon increasing the concentration of
G>p from 0.001 to 0.01 M, the yield of GpU
increased from 1.2 to 4.7. However, at Go-p concen
trations greater than 0.01 M the yield of the
synthesized GpU decreased monotonically. This
may be explained by substrate inhibition due to
system overloading. Experimental considerations
such as peak overlapping limited the highest G>p
concentration investigated to 0.04 M.
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As mentioned above, the synthesis of GpU is a
kinetically controlled process. Assuming Michaelis
Menten kinetics and under conditions of partial
conversion, the integrated rate law can be written as
[5]:

[P] = 1 _ e-vm" t/K M

[S;]

where [P] is the product concentration at the outlet
of the reactor, [Si] is the initial substrate concentra
tion, Vmax is the maximum velocity of the enzymic
reaction, t is the residence time of the substrate and
KM is the Michaelis constant. According to this
equation, the yield of the product should increase
with increasing both Vmax and t or decreasing K M •

Vmax has already been improved through the etching
process that increases the catalytic activity of the
wall. A lower KM value will decrease the linear
dynamic range of the enzyme reactor and thus limits
its analytical applications. In addition, KM cannot be
controlled systematically. Thus, the simplest alter
native to enhance the product yield is to increase the
contact time of the substrate with the immobilized
enzyme. This can be accomplished by either using
longer enzyme reactor or decreasing the flow-rate
for a given length of enzyme reactor. In this study,
the differential height between the two electrolyte
reservoirs was varied in order to obtain different
gravity-driven flow-rates and consequently various
contact times. Fig. 11 shows the yield of Gp U versus
the contact time of the substrates with the RNase T 1

capillary enzyme reactor. These results are in agree
ment with kinetic considerations. In fact, by in
creasing the contact time from 14to 30 min, the yield
ofGpU increased by a factor of 1.5 in almost alinear
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Fig. 10. Plot of the % yield of GpU as a function of the initial
G>p concentration. Conditions as in Fig. 8.
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where HK is hexokinase.
To evaluate the immobilized hexokinase capillary

enzyme reactor, ATP was introduced as a thin plug
into the tandem capillaries (i.e., capillary enzyme
reactor-CZE), which were equilibrated with a buffer
of 25 mM His, 25 mM MES and 5 mM spermine,
pH 7.0, containing both glucose and Mgz+ so that
the immobilized enzyme is in continuous contact

with the enzyme prior to the chromatographic
separation [I]. This enzymatic reaction occurs via a
random bi-bi mechanism in which the enzyme forms
a ternary complex with glucose and MgZ +-ATP
before the start of the reaction [26]. Besides its
orienting effect, the MgZ + ions are thought to
electrostatically shield the negative charges of the
phosphate groups that would otherwise hinder the
nucleophilic attack of the C(6)-OH group of glucose
on the y-phosphate of the MgZ +-ATP complex.
Thus, the overall net reaction is the transfer of a
phosphoryl group from ATP to glucose to form
glucose-6-phosphate and ADP as follows [25]:

fashion and then levelled-off at higher contact times.
Besides the increase in the analysis time, a major

concern of lower hydrodynamic flow velocity is its
effect on the band width of the separated analytes. In
open tubular systems, where longitudinal diffusion
is the main source of bandspreading, longer resi
dence time of the solute molecules leads to increased
bandspreading. The number of theoretical plates of
the GpU peak was measured at each contact time.
These results are reported in Fig. 12 by a plot of the
plate height as a function of the residence time in the
enzyme reactor. As expected, the system efficiency
decreased with increasing the contact time. How
ever, increasing the contact time by a factor of 4
produced a decrease in the separation efficiency by a
factor of 2 only.

It should be noted that under optimized condi
tions, approximately 10 ng ofGpU can be produced
from a single pass through the enzyme reactor. Such
format employing simple CZE instrumentation can
be easily automated and may prove useful in the
micropreparative scale of important biochemicals,
such as the synthesis of specific long oligonucleo
tides that are produced at low level by chemical
synthesis methods. Such oligonucleotides are impor
tant in the study of mechanisms involving protein
synthesis.

glucose + ATP
HK

----> glucose-6-phosphate +
Mg 2 +

ADP (4)

5040302010
0.00 L-_.l--_--'--_-l.-_---"-_----'----'

o

0.80

a:-...s
a.
c 0.60s
0
;::
«
a: 0.40...
:I:
o
iii
:I:

0.20

'"«w
a.

CONCENTRATION OF GLUCOSE OR Mg2• (mM)

Fig. 13. Plot of the peak height ratio of ADP/ATP in arbitrary
units as a function of the concentration of glucose or Mg2 + in the
running electrolyte. Capillary enzyme reactor, 15 em x 50 11m
J.D.; separation capillary, interlocked polyether coating, 30 ern
(to the detection point), 64 cm (total length) x 50 11m J.D.;
substrate introduction, electromigration mode; tandem enzymic
reaction-Cz.E was cauicd out at the same voltage, 25 kV;
background electrolyte, 25 mM His, 25 mM MES, 5 mM
spermine, pH 7.0 at different concentration of glucose and Mg2 +.

80

7

Hexokinase capillary enzyme reactor
Hexokinase is a relatively non-specific enzyme

that catalyzes the phosphorylation of a wide variety
of hexoses [25]. Its catalytic property was exploited
in the HPLC separation and verification of the peak
identities of ATP and ADP by treating the sample
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Fig. 12. Plot of the plate height of the synthesized GpU peak as a
function of the contact time with the immobilized RNase T 1

enzyme. Conditions as in Fig. 8.
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with one of the substrate (i.e., glucose) and the metal
ions required for the reaction. This allowed the
reaction and separation to be carried out simulta
neously at 25 kV. Under these conditions, the
presence of spermine in the running electrolyte
yielded an anodal electroosmotic flow and its effect
on the magnitude and direction of the flow out
weighed the influence of the immobilized enzyme on
the wall of the capillary reactor. In the absence of
spermine, one would expect that the electroosmotic
flow to be affected primarily by the ionization of the

. immobilized enzyme (see below). Fig. 13illustrates a
plot of the peak height ratio of ADP /ATP in
arbitrary units as a function of the concentration of
glucose or Mg2 + in the running electrolyte. As
expected, the magnitude ofthe conversion of ATP to
ADP was a function of glucose and Mg2+ concen
trations in the running electrolyte. As shown in
Fig. 13, the peak height ratio of ADP/ATP increased
by a factor of 16 upon increasing the concentrations
of both glucose and Mg2+ by a factor of 10 (i.e.,
from 5 to 50 mM). However, due to the increase in
the viscosity of the buffer system at high glucose
concentrations, the electrophoretic system suffered

f----<

5 min
Fig. 14. Typical electropherograms of ATP (I) and ADP (2) at
various contact time with the hexokinase capillary enzyme
reactor. Capillary enzyme reactor, 15 em x 50 /lm J.D.;
separation capillary, fuzzy polyether coating, 30 cm (to the
detection point), 64 em (total length) x 50 lim I.D.; substrate
introduction, hydrodynamic mode; enzymic reaction was carried
out using gravity-driven flow; separation step, as the plug of the
reaction mixture entered the separation capillary, the enzyme
reactor was disconnected and the voltage was turned on to 20 kV;
background electrolyte, 0.1 M acetate containing 20 mM glucose
and 10mMMg2

+ , pH 5.0. Contact times of the substrate with the
immobilized enzyme: left, 0 min (CZE only); middle, 10 min;
right, 52 min.
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from prolonged analysis time which resulted in poor
efficiency.

In another set of experiments, ATP was allowed
to migrate through the capillary enzyme reactor by a
gravity-driven flow. This was aimed at studying the
effect of contact time with the immobilized enzyme
on the substrate conversion at constant tempera
ture, a parameter that cannot be easily controlled
when electromigration is used to vary the contact
time of the substrates with the immobilized enzyme.
Fig. 14 illustrates typical electropherograms of the
products of the enzymic reaction at various contact
time. They were carried out on a fuzzy 2000 poly
ether-coated capillary using 0.1 M acetate con
taining 20 mM glucose and 10mM Mg2 + , pH 5.0, as
the running electrolyte. Under these conditions, the
electroosmotic flow was cathodal and its magnitude
was relatively low. This is because the fuzzy poly
ether capillaries are characterized by relatively low
electroosmotic flow [10], and the presence of heavy
metal ions further reduced the flow [27]. This
permitted the migration of the negatively charged
nucleotides in the negative polarity mode without
the inclusion of spermine in the background electro
lyte. The electrophoretic velocity of the solutes was
much greater than, and in opposite direction to, the
electroosmotic flow. As can be noticed, at relatively
low glucose concentration, the peak-height ratio of
ADP/ATP increased almost 3 times by increasing
the contact time of the substrate with the immobi
lized enzyme from 10 to 52 min. As in the case of
RNase T 1 capillary enzyme reactor, the increase in
the residence time of ATP in the enzyme reactor
from 10 to 52 min, led to a drop in the separation
efficiency by a factor of 2.4 and 1.8 for ATP and
ADP, respectively. The tandem format hexokinase
capillary enzyme reactor-CZE can be used to locate
theATP peak through its partial conversion to ADP
and therefore can serve to confirm the presence or
absence of ATP in a complex biological. matrix.

Adenosine deaminase capillary enzyme reactor
Adenosine deaminase is a highly specific enzyme

that catalyzes the deamination of adenosine to
inosine with the liberation of NH 3 as follows [28]:

ADA

adenosine + H 20 --~ inosine + NH3 (5)

It was successfully immobilized on the inner walls
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the inosine solute in Fig. 15b is simply the result of
the extra length of the capillary enzyme reactor that
the solute has to migrate. As can be seen in Fig. 15,
for a short contact time of ca. 10 min, complete
conversion of adenosine to inosine was obtained
from a single pass through the reactor as manifested
by the disappearance of the adenosine peak and a
proportional increase in the peak height of inosine.

Since the enzymic reaction and separation were
carried out simultaneously using tandem ADA
capillary enzyme reactor-CZE, it was necessary to
determine the effects of coupling a capillary enzyme
reactor to a separation capillary both having differ
ent magnitude and sign of zeta potentials. Unlike in
the case ofHK capillary enzyme reactor-CZE where
the direction and magnitude of the flow was mostly
determined by spermine, in the case of ADA capil
lary enzyme reactor-CZE, the buffer did not contain
any additive that would almost exclusively control
the magnitude and direction of the flow. When
operating the tandem capillary enzyme reactor
CZE under electromigration mode, the net electro
osmotic flow of the tandem system was a function of
the isoelectric point of the immobilized enzyme. In
fact, as shown in Table I, at pH 6.5, i.e., at pH higher
than the isoelectric point of ADA (pI = 4.50-5.05),
no significant change in the magnitude of the
electroosmotic flow was observed upon connecting
the capillary enzyme reactor to the separation
capillary in series. However, as the pH of the run
ning electrolyte approached the isoelectric point of
the immobilized protein, a continuous drop in the
electroosmotic flow was detected. The electro-

20
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Fig. 15. Typical electropherograms of an equimolar mixture of
adenosine and inosine obtained by CZE alone (a) or by tandem
ADA capillary enzyme reactor-CZE (b). Capillary enzyme
reactor, 15 em x 50 Jim J.D.; separation capillary, interlocked
polyether coating, 30 em (to the detection point), 64 em (total
length) x 50 Jim I.D.; substrate introduction, eletromigration
mode; tandem enzymic reaction-CZE was carried out at the same
field strength, 190 V/cm; background electrolyte, 0.1 M phos
phate, pH 6.5.

of a 15 em long fused-silica capillaries as described
under Experimental. The enzymic reaction was
examined with a thin plug of an equimolar mixture
of adenosine and inosine using 0.1 M phosphate,
pH 6.5, as the background electrolyte. Fig. 15a and b
illustrates the electropherograms of this mixture
obtained on an interlocked polyether ~apillary in the
absence or presence of the ADA capillary enzyme
reactor, respectively. The enzymic reaction and the
separation were carried out simultaneously at a field
strength of 190 Vjcm without disconnecting the
enzyme reactor. Thus, the higher retention time of

TABLE I

VALUES OF THE ELECTROOSMOTIC FLOW-RATE, EOF, AND PLATE HEIGHT, H, MEASURED FROM PHENOL PEAK

The measurements were performed on interlocked polyether capillaries, 1-200, and tandem ADA capillary enzyme reactor-interlocked
polyether capillary, ADA-I-200, at various pH values of the running electrolyte. ADA capillary enzyme reactor; 15 cm total length x
50 Jim J.D., cennected to an interlocked polyether capillary of 64 ern (total length) and 30 cm to the detection point; 1-200 capillary, two
connected interlocked polyether capillaries of 15 and 64 em in length, respectively; electrolytes, 0.1 M phosphate at different pH; field
strength, 190 V/cm.

Capillary
type

1-200
ADA-I-200

pH 6.50 pH 5.50 pH 5.00 pH 4.50

EOF H EOF H EOF H EOF H
(nl/rnin) (11m) (nl/min) (Jim) (nl/min) (Jim) (nl/min) (Jim)

37.5 8.47 29.9 10.1 17.7 12.8 8.0 19.0
36.3 8.18 30.4 10.3 12.6 18.6
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Time (min)

Fig. 16. Typical electropherograms of a mixture of cytidine,
adenosine and inosine obtained by CZE alone (a) or by tandem
ADA capillary enzyme reactor-CZE (b). Conditions as in Fig. [5.

CONCLUSIONS

In summary, the coupling of immobilized capillary
enzyme reactors to capillary zone electrophoresis
has proved suitable in the area of nucleic acids. The
coupled format, which we refer to as enzymophoresis
can be regarded as separation-based sensors with
superimposed selectivities. While the enzyme pro
vides the selectiveconversion of the substrates, CZE
with its unique selectivity separates and detects
the products. The various concepts developed and
tested in this report can be transposed to electro
phoretic systems involving other types of species of
relevance to many areas of the life sciences and
biotechnology. The enzymophoresis systems in min
iature have provided the following: (i) repeated use
and long term stability of enzymes, (ii) conversion of
unseparable analytes to well resolved products (iii)
peak identification of the analyte of interest, (iv)
simultaneous synthesis and separation ofng quanti
ties of biological species, (v) improved the reliability
of CZE in the quantitative determination of ana
lytes, and (vi) on-line digestion and mapping of
biopolymers. The fact that enzymophoresis in
volving coupled HCER-CZE lends itself to automa
tion will add another dimension to the capability of
CZE in many areas of the life sciences.

playing the role of peak locator, the ADA capillary
enzyme reactor can facilitate the quantitative deter
mination of the analyte of interest. For instance, in
situations similar to Fig. 16, the cytidine solute can
be determined with good accuracy, since the previ
ously overlapping peak of adenosine has been
completely converted to inosine. In addition, the
increase in the peak height of inosine can be used for
the quantitative determination of adenosine.

It should be noted that the conversion of adeno
sine to inosine was complete even when the ADA
capillary enzyme reactor was shortened to 3 em,
which correspond to a contact time of ca. 2 min with
the enzyme reactor. From this finding, and provided
that the enzymic reactions are kinetically favored,
various short capillary enzyme reactors having
different immobilized enzymes can be connected in
series at the inlet of a separation capillary and may
prove useful in the specific analysis of different
solutes in a complex biological mixture.

302010

b
0·016

a
0.016

osmotic flow was reduced by 30% at pH 5.0 and at
pH 4.5 there was practically no flow. This can be
attributed in part to the fact that the net charge of
the immobilized protein becomes positive at a pH
lower than its isoelectric point. It should be noted
that the unreacted amino groups of the amino
propylsilyl coating could also contribute to the
reduction of the flow and inverting its direction at
pH 4.5. As can be seen in Table I, the plate height
measured from the peak of phenol increased from
12.8 to 18.6 J1m when going from the 1-200 to the
ADA-I-200 capillary at pH 5.0. This is because the
solute stayed longer in the ADA-I-200 capillary.
This study revealed interesting fundamental points
concerning the operation of capillary with immobil
ized enzymes on the inner walls in tandem with CZE.
Since the flow was unaffected at the pH of maximurn
enzyme activity (i.e., pH 6.5), such an arrangement
can be exploited without any adverse effects on
separation.

The ADA capillary enzyme reactor converted its
substrate to a product that is more readily separated
from other nucleosides. Fig. 16a depicts the electro
pherogram of a mixture of 3 nucleosides, namely
cytidine, adenosine and inosine. Under these condi
tions both cytidine and adenosine practically co
eluted but were resolved from inosine. However,
after passing the mixture through the ADA capillary
enzyme reactor, two well resolved peaks for cytidine
and inosine were obtained (see Fig. l6b). Besides
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ABSTRACT

The limiting ionic mobilities and thermodynamic acid dissociation constants were calculated from isotachophoretic experiments for
the local anaesthetics procaine, tetracaine, lidocaine, trimecaine, bupivacaine, cinchocaine, diperodone, diocaine, cocaine, psicaine-neu,
tropacocaine, amylocaine, p-eucaine and leucinocaine. The pH values at which the local anaesthetics with very similar limiting ionic
mobilities can be isotachophoretically separated were determined from simulated mobility curves. The measuring apparatus employed a
high-frequency contactless conductivity detector. .

INTRODUCTION

Capillary isotachophoresis has already been used
to separate local anaesthetics (LAs), e.g, in the con
trol of the composition of various pharmaceuticals
[1-3], the determination of trimecaine in plasma [4]
and separations of model mixtures [5,6] (the LAs
were characterized in terms of the relative zone
heights at pH 4,75,5.4 and 6,2). Hence the determi
nation of the mobilities and dissociation constants
of these compounds would be useful not only for
isotachophoresis but also for other electromigra
tion methods, The utility of isotachophoresis as a
technique for the measurement of these physico
chemical constants has already been reported [7
13]. It is based on the measurement of the observed
RE values (RE = Rs/RL , where Rs is the resistance of

the sample zone and RL is the resistance of the lead
ing electrolyte) with different leading electrolyte
pH L values,

This work was aimed at the determination of the
above characteristics for' fourteen LAs as the limit
ing ionic mobilities are not available in the litera
ture and only a few pK values, some of them ap
proximate, are known, On the basis of these values,
experimental conditions can be found for isotacho
phoretic separation of the LAs, including those
with very similar ionic mobilities.

EXPERIMENTAL

The isotachophoretic measurements were carried
out on an apparatus with a PTFE separating capil
lary tube and a high-frequency contactless conduc-

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

PHYSICO-CHEMICAL CONSTANTS USED AS INPUT
DATA IN CALCULATION (25'C)

UO = Limiting ionic mobility (10- 9 m? V-I S-I); pK
A

= ther
modynamic acid dissociation constant; HAc = acetic acid; MES
= 2-morpholinoethanesulphonic acid; MOPS = 2-morpholino
propanesulphonic acid; Gly-Gly = glycylglycine; His = L-histi
dine; Ala = ot-o-alanine, EA = ethanolamine.

tivity detector [14---16]. The sensing electrodes of the
detector are not in galvanic contact with the electro
lyte inside the capillary tube, hence electrode
processes which may occur on the electrodes of di
rect-contact conductivity detectors, especially at
high pH, are prevented. The measuring cell and the
part of capillary tube inside the cell were thermo
stated at 2Ye.

It follows from the structures of the LAs that
they are mostly basic, forming stable crystalline
salts with acids which are readily soluble in water.
The LAs used were obtained from the Faculty of
Medicine, Palacky University, Olomouc, Czechos
lovakia, in the form of the hydrochlorides, except
for leucinocaine, which was in the form of the
methanesulphate. In isotachophoretic experiments,
it is often difficult to find a suitably slow terminat
ing ion, and therefore measured LAs were used in
stead of samples as the terminating electrolytes, at a
concentration of 0.005 M. The leading ion was Na +

in all the measurement, its concentration in the
leading electrolyte being 0.01 M and its limiting ion
ic mobility assumed to be 51.9.10- 9 m2 V- 1 S-l.

Acetic acid, DL-a-alanine (both of analytical-re
agent grade from Lachema, Brno, Czechoslovakia),
2-morpholinoethanesulphonic acid (Fiuka, Buchs,

a Values taken from ref. II.
b Value obtained Isotachophoretically.
c Values taken from ref. 17.
d Value taken from ref. 13.
e Values taken from ref. 12.

Compound

Cl
HAc
MES
MOPS
Gly-Gly
His
Ala
EA

-79.1"
-42.4"
- 28.0"
- 26.9b

- 31.5d

- 28.3e

- 32.2e

44.3"

-2"
4.756"
6.095"
7.2'
8.2'
9.33 e

9.857e

9.498"

Switzerland), 2-morpholinopropanesulphonic acid
(Sigma, St. Louis, MO, USA), glycylglycine (Nutri
tional Biochemicals, Cleveland, OH, USA) and L
histidine (Merck, Darmstadt, Germany) were used
one after another as the buffering anionic counter
compounds in the leading electrolyte.

The same approach for the determination of the
mobilities and pK values as described previously
[7,8] was used, i.e., measured RE values were ana
lysed by the computational program which itera
tively fits the experimental data by a simulated
curve using the least-squares method. Limiting ion
ic mobilities and pKA values of all compounds used
as input data in the calculations are listed in Table I.

The limiting anionic mobility of 2-morpholino
propanesulphonic acid has not been published pre
viously, so it was determined isotachophoretically
using system 0.01 M CI- plus ethanolamine as lead
ing electrolyte. Ethanolamine (Sigma) was freshly
distilled before measurement.

RESULTS AND DISCUSSION

The results of the measurements, i.e., RExPtl val
ues, together with the experimental conditions are
listed in Table II. The Rkh eor values, effective mobil
ities (Uefr) and pHs values in the sample zones cal
culated on the basis of a least-squares fit are also
given. The determination of the limiting ionic mo
bilities (UO) and pKA values was performed accord
ing to the isotachophoretic steady-state model and
the values obtained are given in Table III. The dis
sociation constants found in the literature [18,19]
are also given for comparison.

When the pH L value of the leading electrolyte is
low and thus the pHs values in the zones are also
low, then the weak bases are virtually completely
dissociated; the LAs are in the cationic form and the
ionic mobilities equal the effective mobility (Uefr) ..
The mobility curves iU,« vas pHs; Fig. la-d) were
calculated for four groups of LAs according to the
limiting mobilities.

It is apparent from the mobility curves that dipe
rodone differs from the other LAs and can be sep
arated from them in systems with a pH L of the lead
ing electrolyte from 6 to 7. The effective mobility of
the other LAs is efficiently influenced in systems
with pH ca. 7-'6. However, LA separations at high
er pH values show certain limitations. The concen-
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TABLE II

OBSERVED AND CALCULATED PHYSICO-CHEMICAL VALUES FOR LOCAL ANAESTHETICS (25'C)

pH L = Experimentally measured pH of the leading electrolyte; buffer = compound used as buffer in the leading electrolyte (abbrevia-
tions as in Table I); R~xPtl = experimentally measured RE value; R~h'O'= theoretically calculated RE value; V'ff theoretically calculated
effective mobility corrected for ionic strength (10- 9 m' V-I S-I); pHs = theoreticaly calculated pH in the sample zone.

LA pH L Buffer Rexptl Rtheor v.. pHsE E

Cinchocaine 4.42 HAc 2.81 2.77 17.33 4.11
4.72 HAc 2.80 2.78 17.30 4.43
5.62 MES 2.79 2.81 17.13 5.41
6.25 MES 2.80 2.81 17.09 6.04
6.60 MES 2.80 2.82 17.14 6.38
6.87 MES 2.81 2.83 17.04 6.63
7.11 MOPS 2.87 2.87 16.75 6.89
7.46 MOPS 2.96 2.95 16.27 7.24

Diperodone 4.42 HAc 2.79 2.74 17.54 4.12
4.72 HAc 2.80 2.75 17.46 4.43
5.62 MES 2.82 2.86 16.80 5.40
5.95 MES 2.87 2.95 16.34 5.70
6.30 MES 3.04 3.13 15.41 5.98
6.60 MES 3.32 3.32 14.49 6.17
6.87 MES 3.60 3.50 13.79 6.28

Diocaine 4.42 HAc 2.70 2.70 17.83 4.13
4.72 HAc 2.72 2.70 17.79 4.44
6.25 MES 2.74 2.73 17.62 6.05
6.60 MES 2.70 2.72 17.70 6.40
6.87 MES 2.71 2.73 17.67 6.66
7.11 MOPS 2.76 2.75 17.47 6.91

Bupivacaine 4.42 HAc 2.57 2.56 18.77 4.15
4.72 HAc 2.57 2.57 18.73 4.46
5.62 MES 2.58 2.59 18.56 5.43
6.25 MES 2.58 2.60 18.47 6.06
6.60 MES 2.59 2.61 18.46 6.39
6.87 MES 2.65 2.64 18.28 6.63
7.11 MOPS 2.72 2.70 17.80 6.90
7.46 MOPS 2.85 2.83 16.96 7.23
7.72 Gly-Gly 2.99 2.98 16.21 7.45
7.90 Gly-Gly 3.11 3.13 15.39 7.59

Leucinocaine 5.03 HAc 2.53 2.51 19.13 4.78
6.25 MES 2.53 2.53 18.99 6.07
7.00 MOPS 2.54 2.54 18.93 6.82
7.53 MOPS 2.55 2.57 18.73 7.36
7.90 Gly-Gly 2.58 2.58 18.67 7.69
8.12 Gly-Gly 2.63 2.62 18.38 7.90

Psicaine-neu 4.42 HAc 2.46 2.47 19.43 4.14
5.03 HAc 2.48 2.48 19.36 4.79
5.62 MES 2.48 2.50 19.23 5.44
6.25 MES 2.53 2.51 19.19 6.07
7.00 MOPS 2.56 2.54 18.92 6.82
7.53 MOPS 2.63 2.64 18.23 7.33

Trimecaine 4.42 HAc 2.44 2.42 19.86 4.17
5.62 MES 2.45 2.45 19.65 5.45
6.25 MES 2.46 2.47 19.47 6.07
6.87 MES 2.52 2.53 19.05 6.61
7.11 MOPS 2.63 2.63 18.29 6.89
7.46 MOPS 2.85 2.83 17.01 7.20
7.72 Gly-Gly 3.02 3.06 15.77 7.42
7.90 Gly-Gly 3.21 3.28 14.69 7.55·
8.24 Gly-Gly 3.81 3.81 12.65 7.76
8.39 Gly-Gly 4.14 4.07 11.85 7.83

(Continued on p. 268)
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TABLE II (continued)

LA pHL Buffer Rcxptl Rtheor v.. pHsE E

f3-Eucaine 5.03 HAc 2.36 2.34 20.54 4.80
6.25 MES 2.37 2.35 20.42 6.09
7.53 MOPS 2.39 2.37 20.24 7.38
8.12 Gly-Gly 2.39 2.40 20.10 7.93
8.67 Gly-Gly 2.48 2.51 19.11 8.41
9.06 His 2.70 2.76 17.44 8.80
9.33 His 3.03 2.98 16.18 8.99
9.55 His 3.21 3.20 15.02 9.12
9.83 His 3.48 3.48 13.81 9.24

10.12 Ala 4.28 4.28 11.23 9.48
Tetracaine 4.42 HAc 2.35 2.31 20.77 4.19

5.62 MES 2.36 2.33 20.59 5.46
6.60 MES 2.38 2.35 20.50 6.42
7.00 MOPS 2.41 2.40 20.01 6.82
7.46 MOPS 2.50 2.52 19.04 7.26
7.72 Gly-Gly 2.59 2.63 18.28 7.48
7.90 Gly-Gly 2.72 2.77 17.44 7.63
8.14 Gly-Gly 2.96 2.99 16.14 7.80
8.39 Gly-Gly 3.27 3.26 14.78 7.95
8.64 Gly-Gly 3.60 3.55 13.61 8.07

Lidocaine 5.03 HAc 2.34 2.29 20.97 4.81
6.25 MES 2.33 2.34 20.57 6.08
6.71 MOPS 2.38 2.40 20.02 6.53
7.11 MOPS 2.50 2.52 19.05 6.89
7.53 MOPS 2.75 2.80 17.18 7.24
7.86 Gly-Gly 3.17 3.21 15.03 7.51
8.05 Gly-Gly 3.50 3.51 13.71 7.63
8.28 Gly-Gly 3.96 3.90 12.36 7.75

Cocaine 5.03 HAc 2.28 2.25 21.37 4.82
6.25 MES 2.28 2.27 21.21 6.09
7.11 MOPS 2.29 2.30 20.92 6.95
7.53 MOPS 2.33 2.36 20.39 7.36
7.82 Gly-Gly 2.41 2.43 19.83 7.65
8.28 Gly-Gly 2.62 2.65 18.22 7.99
8.69 Gly-Gly 2.96 2.94 16.34 8.23
8.81 His 3.43 3.38 14.23 8.45
9.06 His 3.83 3.91 10.79 8.61
9.33 His 4.49 4.45 10.81 8.74

Amylocaine 5.03 HAc 2.13 2.10 22.78 4.84
6.25 MES 2.15 2.14 22.42 6.10
7.00 MOPS 2.23 2.25 21.33 6.83
7.53 MOPS 2.46 2.50 19.22 7.28
7.86 Gly-Gly 2.77 2.83 17.06 7.55
8.05 Gly-Gly 3.03 3.07 15.66 7.68
8.28 Gly-Gly 3.43 3.40 14.21 7.80
8.45 Gly-Gly 3.69 3.64 13.20 7.89

Procaine 4.72 HAc 2.13 2.09 22.98 4.53
6.60 MES 2.10 2.10 22.94 6.46
7.53 MOPS 2.17 2.15 22.36 7.39
8.14 Gly-Gly 2.23 2.25 21.43 7.94
8.39 Gly-Gly 2.34 2.34 20.58 8.15
R,72 His 2.62 2.62 18.41 8.47
9.01 His 2.88 2.Y4 16.38 8.68
9.19 His 3.19 3.19 15.11 8.79
9.33 IIis 3.42 3.40 14.19 8.86
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TABLE II (continued)

LA pH L Buffer Rcxptl Rtheor v: pHsE E

Tropacocaine 5.03 HAc 2.12 2.07 23.22 4.85
6.25 MES 2.10 2.08 23.10 6.12
7.53 MOPS 2.13 2.10 22.85 7.40
8.12 Gly-Gly 2.14 2.14 22.50 7.95
8.69 Gly-Gly 2.27 2.29 21.03 8.42
9.06 His 2.55 2.57 18.69 8.80
9.33 His 2.83 2.82 17.09 8.97
9.55 His 3.02 3.05 15.75 9.09
9.83 His 3.34 3.33 14.42 9.20

10.12 Ala 4.23 4.22 11.38 9.43

tration of the non-ionized free base in the zone in
creases with increasing pH L . The non-ionized form
of some bases is poorly soluble in water and may
precipitate in the zone at a certain pH. With a com
mon concentration of the leading electrolyte of 0.0 I
M, diperodone precipitates at about pH L 7.0, dio
caine at pH L 7.4, cinchocaine at pH L 7.7, psicaine-

neu at pH L 7.8, bupivacaine at pH L 8.1 and leucino
caine at pH L 8.3. The pH L values at which the sam
ple precipitates can be increased by decreasing the
leading electrolyte concentration; therefore, at
higher pH L of the leading electrolyte, analysis
should be performed with a lower concentration of
the leading electrolyte.

30
Ueff b

20

10

~11 6 11

30
Ueff d

20

10

~ 6

10

20

30r--~~~~~~~~~---'

Ueff C

10

~ 6

20~~==__

30r-~~~~~~~~~~--,

Ueff a

Fig. 1. Mobility curves for the local anaesthetics. V,rr = effective mobility (10- 9 m2 y- 1 s-1), pHs = pH of the sample zone. (a) 1 =
Cinchocaine; 2 = diperodone; 3 = diocaine; (b) 4 = bupivacainc: " = k-ucinocninc: (i = psicaine-neu; 7 = trimecaine; (c) 8 = f3-eu
caine; 9 = tetracaine; 10 = lidocaine; 11 = cocaine; (d) 12 = amylocaine; 13 = procaine: 14 = tropacocaine. The Vd r and pK
values are not corrected for the ionic strength.
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TABLE III

CALCULATED LIMITING IONIC MOBILITIES, UO, AND
THERMODYNAMIC ACID DISSOCIATION CON
STANTS, pKA (25T)

Va in 10- 9 m' y-I S-I; pKw = dissociation constant from
literature; (J = standard deviation of a single measurement.

Compound Va (J pKA
(J pKHt

Cinchocaine 19.7 0.1 8.47 0.08 8.31a

Diperodone 19.9 0.3 6.79 0.Q7 8.44a

Diocaine 20.2 0.1 8.88 0.34
Bupivacaine 21.2 0.1 8.19 0.02
Leucinocaine 21.7 0.1 9.21 0.05 9.4b

Psicaine-neu 21.9 0.1 8.54 0.09
Trimecaine 22.4 0.2 7.95 0.02 7.96 a

fJ-Eucaine 23.2 0.1 9.50 0.02 9.35a

Tetracaine 23.3 0.2 8.29 0.02 8.5b

Lidocaine 23.6 0.2 7.85 0.02 7.84 a

Cocaine 24.0 0.2 8.69 0.02 8.4b

Amylocaine 25.5 0.2 7.96 0.02 8.09a

Procaine 25.7 0.2 9.01 0.02 8.98a

Tropacocaine 26.0 0.2 9.36 0.01 9.9b

a From ref. 19.
b From ref. 18.
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ABSTRACT

Phenylboronic acid can react with the dial group to form a cyclic boronate. This reagent forms stable bora nates with ecdysteroids
possessing a 20,22-diol group in quantitative yield. The stability of these boronates enables the presence of a 20,22-diol group in
ecdysteroids to be detected on the basis of their changed chromatographic properties. On the basis of this reaction, simple and efficient
thin-layer and high-performance liquid chromatographic methods were developed.

INTRODUCTION

Ecdysteroids are significant hormones controlling
the mechanism of moulting and metamorphosis of
arthropods. They regulate whole series of their
important physiological functions. The steroid char
acter of these substances and their unusually broad
distribution in living organisms (especially in plants)
indicates that they may also have further, so far
undiscovered, biological functions. The ecdyster
oids from plants (phytoecdysones) [1] occur in a
richer structural variety than zooecdysones [2]. They
are usually more hydroxylated, either in the free
form or in an ester or glycosidic form. They are
nearly always present in complex mixtures of one or
two main constituents and of several additional
minor derivatives or analogues showing some small
structural variations. The composition of the main
and minor constituents is often changed in the
course of phylogenetic development and, moreover,
their content varies in the different organs of the

plant. It is therefore important to have suitable
simple and specific methods for the rapid detection
and facile identification or characterization of these
substances in complex mixtures of plant extracts.
One such method is based on the use of the rapid and
quantitative reactivity of phenylboronic acid with
the diol group in the ecdysteroid molecule [3].

The usefulness of boronic acids has been demon
strated in carbohydrate chemistry [4]. Methane
boronic acid [5], phenylboronic acid [6] and ferro
ceneboronic acid [7] have been used for the gas
chromatographic-mass spectrometric analysis of
bifunctional compounds. Diphenylborate-ethanol
amine complex has been used for the isolation of
catecholamines from body fluids [8]. Phenylboronic
acid has been used for the protection of 1,2- and
1,3-diols [9] and in the organic synthesis of chiral
compounds [10]. It produces cyclic boronates. The
stability of the boronates depends on the nature of
the diols used. Many boronates are moisture sensi
tive and unstable under protic conditions. More hin-

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



272

dered diols form more hydrolytic stable boronates.
Different solvents can be used for the preparation of
boronates. Their choice depends on the solubility of
the reacted diol. Common solvents used for this
reaction are pyridine, tetrahydrofuran, dimethyl
formamide (DMF) and acetone. Water is liberated
in the course of the esterification reaction, hence
molecular sieves or water scavengers such as 2,2
dimethoxypropane are usually added to the reaction
mixture for the preparation of moisture-sensitive
boronates.

With ecdysteroids, phenylboronic acid has been
used for the protection of the diol system in the
side-chain of cyasterone [11]. Other aromatic bo
ronic acids, e.g., phenanthreneboronic acid [12]and
dansylaminophenylboronic acid [13], have been
used as fluorescence labels in the analysis of ecdy
steroids. Phenylboronic acid immobilized on silica
gel has been used for the solid-phase extraction of
ecdysteroids [14]. Ecdysones frequently contain two
diol systems, one in the 2,3-position and the other in
the 20,22-position of the side-chain. Phenylboronate
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is formed exclusively from the diol in the side-chain
(Fig. 1), even if an excess of reagent is present in the
reaction mixture. The reaction is quantitative and
ecdysteroid boronates are unusually stable under
protic conditions. The derivatization reaction re
sults in a change in the chromatographic behaviour
of reacted compounds. This property can be utilized
for simple checking of the presence of the 20,22-diol
system in the ecdysteroid molecule based on chro
matographic methods.

EXPERIMENTAL

Chemicals
Dichloromethane and methanol (Lachema, Brno,

Czechoslovakia) were redistilled and water was
deionized and redistilled. Ecdysteroids, i.e., 20
hydroxyecdysone-2,3-acetonide (I), ponasterone A
(II), 20-hydroxyecdysone-20,22-acetonide (III),
polypodine B (IV), ecdysone (V) and 20-hydroxy
ecdysone (VI), were isolated from Blechnum.spicant
L. [15].

II

III

IV

V

VI

B
1\
o ~

R6 R6

PhB(OH)2 R,
)

R2

I-VI VII-X

R, R2 R3 R. R5 R6 R, R2 R3 R6

A H OH OH OH VII A H OH

OH OH H OH OH H VIII OH OH H H

OH OH H A OH

OH OH OH OH OH OH IX OH OH OH OH

OH OH H H OH OH

OH OH H OH OH OH X OH OH H OH

Fig. I. Structures of ecdysteroids and their phenyl boron are derivatives.
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Phenylboronic acid (phenyldihydroxyborane,
benzeneboronic acid) was prepared according to a
common procedure [16].

Preparation of reference compounds, boronates VII
X

All boronates were prepared according to the
following general procedure. Ecdysteroid (3-8 mg)
was dissolved or suspended in a suitable solvent
(methanol, DMF or acetone). Phenylboronic acid
(1.2 equiv.) was added and the reaction mixture was
stirred for 5-10 min or, when acetone was used, up
to dissolution and then for an additional 5 min.
After evaporation of the solvent, the reaction mix
ture was subjected to normal-phase high-perfor
mance liquid chromatography (HPLC), giving pure
boronate in 80-90% yield. Identification of the
reference boronates VII-X was accomplished by IR,
mass and 1H NMR spectroscopy [17].

Chromatography
Thin-layer chromatography (TLC) was perform

ed in a glass chromatography tank containing an
appropriate solvent. The atmosphere in the tank was
allowed to presaturate before performing chromato
graphic separations. Merck silica gel 60 HPTLC
aluminium sheets and Merck silica gel RP-8 re
versed-phase HPTLC plates were used. The silica gel
sheets were developed in methanol-chloroform
(15:85, vjv) and the reversed-phase plates in meth
anol-water (70:30, vjv). The developed chromato
grams were revealed by the induced fluorescence
under UV light after spraying with sulphuric acid
[18].

HPLC experiments were performed on a liquid
chromatograph consisting of two Knauer Model 64
HPLC pumps and a Knauer variable-wavelength
monitor. Samples were injected through a Rheodyne
Model 7125 sampling valve. A Separon SGX (7 ,urn)
silica gel column (250 mm x 4 mm I.D.) was used
with dichloromethane-methanol-water (88:11:1,
vjvjv) for isocratic elution at a flow-rate of 1.5
mljmin.

Procedure for TLC
Ecdysteroids dissolved in methanol were applied

to the TLC plate, each compound as two spots.
After evaporation of the solvent from the sample
spots, an acetone solution of phenylboronic acid
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was applied to the second sample spot of each
ecdysteroid. After 5 min the TLC plates were
developed with a suitable solvent.

Procedure for HPLC
A solution of ecdysteroids I-VI in the mobile

phase was used for the derivatization reaction. A
dichloromethane solution ofphenylboronic acid (up
to 10 equiv.) was added to the solution of ecdy
steroids containing ca. 15 ,ug of each compound.
After shaking, the reaction mixture was allowed to
react for 5 min and was then injected into the HPLC
system.

Methanol and methanol-water (3:1, 1:1, 1:3 and
1:9, vjv) solutions of a crude extract containing
20-hydroxyecdysone (ca. 11 %) from roots ofLeuzea
carthamoides (Willd.) were treated with a meth
anolic solution of phenylboronic acid (20 equiv.
based on 20-hydroxyecdysone content). The reac
tion mixture was allowed to react for 15min and was
then injected into the HPLC system.

RESULTS AND DISCUSSION

TLC analysis
The reactivity of the side-chain diol-containing

ecdysteroids with the phenylboronic acid on the
sorbent surface was sufficiently fast and quantitative
to provide unambiguous results. R F values from
silica gel plates are summarized in Table I. If a diol is
present in the side-chain (compounds I, II, IV and
VI), a difference between the RF value ofthe original
ecdysteroid and that of the ecdysteroid after reac-

TABLE I

RF VALUES OF ECDYSTEROIDS AND THEIR BORON
ATES ON A SILICA GEL PLATE DEVELOPED WITH
METHANOL-CHLOROFORM (15:85, vJv) AND DE
TECTED BY SPRAYING WITH SULPHURIC ACID

Ecdysteroid RF Compound after RF

reaction

I 0.51 VII 0.72
II 0.40 VIII 0.64
III 0.51 III 0.51
IV 0.27 IX 0.49
V 0.28 V 0.28
VI 0.22 X 0.42
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of the boronates is the same as that of the original
ecdysteroids. The derivatization reaction is very
rapid and in principle it could be carried out directly
in the sample loop. Its quantitative course is limited
here, however, by the reduced possibility of mixing
the reaction components.

All efforts to perform such HPLC analyses in the
reversed-phase mode failed, probably owing to the
limited stability of the prepared boronates under
these conditions. For Leuzea carthamoides extract
the results were satisfactory when methanol was
used because in this solvent reaction was complete.
Equilibrium between free 20-hydroxyecdysone and
its boronate occurred in water-containing solutions.
The boronate-to-ecdysteroid ratio depends on the
water content in reaction mixture. In methanol-
water solution (10:90, vjv) only a 30% yield of the
boronate was achieved.

In both TLC and HPLC analyses, the use of the
normal-phase mode was more advantageous. The
results of TLC analysis were equally conclusive as
those of HPLC analysis, but the TLC method is less
time consuming. Both methods have several ad
vantages. They are fairly rapid and simple and they
afford important structural information from
microgram amounts of material. The information
can be obtained directly by analysing complex
mixtures, without isolation of the pure compounds.
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Fig. 2. Separation of ecdysteroids I-VI by silica HPLC.

Fig. 3. Separation of ecdysteroids after reaction with phenyl
boronic acid by silica HPLC. Unreactive ecdysteroids, III and V;
boronates formed, VII-X.
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REAGENT
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HPLC analysis
The HPLC separation of six ecdysteroids on a

silica gel column is demonstrated on Fig. 2. Four of
them, viz., I, II, IV and VI, contain a diol in the
side-chain and hence they are able to react with
phenylboronic acid. The results of this small-scale
reaction are demonstrated in Fig. 3. The presence of
the diol function can be recognized from the total
disappearance of the original ecdysteroid peaks.
New peaks related to the boronates formed appear
at shorter retention times. The relative elution order

tion was observed. With the reversed-phase RP-8
plates, boronates exhibit a shift of spots in com
parison with the parent ecdysteroids. However, the
shape of the boronate spots exhibited considerable
deformation.
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ABSTRACT

A low-pressure liquid chromatographic method on silica gel 60, with chloroform containing 0-1 % (v/v) of methanol as eluent, is
described that allows the isolation of isorhoeadine from the total alkaloids of petals of Papaver rhoeas L. A preparative high-perform
ance liquid chromatographic (HPLC) method with a LiChrosorb Si 60 column, using chloroform containing 0--5% (v/v) of methanol
(isocratic and then linear gradient) as mobile phase, is described that allows the isolation of rhoeagenine from a few fractions issuing
from the previous low-pressure liquid chromatographic run. Finally, a selective analytical HPLC method with a Superspher Si 60
column using chloroform-methanol (90: I0, v/v) containing 0.1% of trifluoroacetic acid as mobile phase and UV detection at 292.5 nm
is described that allows the determination of isorhoeadine and rhoeagenine in red poppy extracts. In comparison with a classical
chloroformic alkaloid extraction of petals from Maine et Loire (France) (total alkaloid efficiency = 0.203% dry material), a weak
aqueous alcoholic acidic extract (30% ethanol) (0.216%) and an aqueous acidic extract (0.123%) of the same material, the amount of
isorhoeadine is 71.1,42.4 and 10.5 mg/g total alkaloids, respectively, and the amount ofrhoeagenine is 629.7, 424.2 and 117.3 mg/g total
alkaloids, respectively. Hence, the aqueous alcoholic acidic extract seems to be the most appropriate for conceiving a red poppy remedy.

INTRODUCTION

Further to our study of the application of high
performance liquid chromatography (HPLC) to the
analysis of medicinal plant extracts with sedative
properties, we have examined the components of
Papaver rhoeas L. There have been numerous in
vestigations into the alkaloidal constituents of this
plant [1]and over 30 alkaloids have been isolated. It
appears that Papaver rhoeas L. is variable in its

alkaloid content and that different chemotypes exist
[2]; the major alkaloid isolated proved to be rhoea
dine [3,4], N-methylasimilobine [5] or rhoeagenine
[6], depending on the plant source. The minor
alkaloids are mainly protopine, isorhoeadine, iso
rhoeagine and papaverrubines [7]. Numerous stud
ies on the rhoeadine-papaverrubine group of P.
rhoeas L. have been made using thin-layer chroma
tography (TLC) [4,8-12], but no work has been
reported on the determination of these alkaloids

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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using HPLe. We describe here a quantitative HPLC
method for the determination of rhoeagenine and
isorhoeadine, which can be used as specific tracers in
petals of the plant.

EXPERIMENTAL

TLC
Silica gel Si 60 F254 plates were obtained from

Merck (Darmstadt, Germany). The mobile phase
was cyclohexane-diethylamine (80:20, v/v) and de
tection was effected with Dragendorff's reagent [12].

HPLC
A Varian Model 5000 chromatograph was used,

equipped with a Rheodyne Model 7125 injector and
a photodiode-array detector (Merck L 3000) under
computer control (Merck HPLC Manager). Anal
yses were conducted at 20°e.

Preparative HPLC was carried out with a Li
Chrosorb Si 60 column (250 x 10 mm 1.0., particle
size 7 ,urn) (Merck). Two solvents were used, (A)
chloroform and (B) methanol. The elution profile
was as follows: 0-40 min, 100% A (isocratic); 41-46
min, 1% B in A (isocratic); 47-51 min, 2% B in A
(isocratic); 52-61 min, 2-5% B in A (linear gra
dient). A flow-rate of 4 ml/min and UV detection at
280 nm were applied.

Analytical HPLC was carried out on a Superspher
Si 60 normal-phase column (125 x 4 mm 1.0.,
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particle size4,um) (Merck), used with a LiChrospher
Si 60 precolumn (4 x 4 mm 1.0., particle size 5,um)
(Merck). The mobile phase was chloroform
methanol (90:10, v/v) containing 0.1% of trifluoro
acetic acid (TF A) at a flow-rate of I ml/min. The
injection volume was 10 ,ul and UV detection at
292.5 nm was applied.

Petal alkaloid extraction
A 500-g amount of petals [harvested in Maine et

Loire (France)], dried at room temperature and
finely powdered, was moistened with dilute am
monia solution and kept for 2 h before Soxhlet
extraction with chloroform (5 I). The organic solu
tion was evaporated under reduced pressure at 40°C
to a final volume of about 100ml, and then extracted
with 5 x 50 ml of 0.25 M sulphuric acid. The acidic
layers were mixed and filtered. After alkalinization
with ammonia (pH 10), they were extracted with
4 x 50 ml of chloroform.

The organic layers were washed with 70 ml of
distilled water, filtered and evaporated under re
duced pressure, affording a residue (1.015 g) corre
sponding to the total alkaloid fraction A (0.203%
dry material).

An alkaloid extraction was also applied to an
other batch of plant material [harvested in Vienne
(France)]. The extraction procedure was the same as
above (total alkaloid efficiency = 0.237% dry mate
rial).

Petal extract preparation
Aqueous alcoholic acidic extract. A 25-g amount

of dried petals (Maine et Loire batch) were heated
under reflux with 250 ml of 30% ethanol containing
250 mg of tartaric acid for 2 h and then filtered to
afford the extract. For the extraction of the alkaloid
of this extract, the ethanol was evaporated under
reduced pressure until condensation of water. After
alkalinization with ammonia (pH 10), the solution
was extracted with 4 x 50 ml of chloroform. The
organic layers were washed with 70 ml of distilled
water, filtered and evaporated to dryness under re
duced pressure (total alkaloid efficiency = 0.216%
dry material).

Aqueous acidic extract. A 25-g amount of dried
petals (Maine et Loire batch) was heated under
reflux with 250 ml of distilled water containing 250
mg of tartaric acid for 2 h and then filtered to afford
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the extract. This extract was directly alkalinized with
ammonia (pH 10) and then extracted with 4 x 50 ml
of chloroform. The organic layers were washed with
70 ml of distilled water, filtered and evaporated to
dryness under reduced pressure (total alkaloid effi
ciency = 0.123% dry material).

Isorhoeadin isolation
A 500-mg amount of the total alkaloid fraction A

diluted with chloroform (5 m!) was placed on a
column (200 x 20 mm I.D) containing 20 g of silica
gel 60 (particle size 0.063-0.2 mm) for low-pressure
column chromatography (Merck) and 50-ml frac
tions were collected. Elution was effected with pure
chloroform (100 ml) for fractions I and II (3 mg)
and with chloroform-methanol (99:1, v(v) (450 ml)
for fractions III (18.6 mg), IV-X (324 mg) and XI
(8 mg).

The product of fraction III, crystallized in etha
nol, afforded 11 mg of pure compound. 1H NMR
spectrometry (Brucker AC 200 P NMR spectrom
eter), mass spectrometry (MS) (Nermag R 1010 C
mass spectrometer), melting point determination,
UV spectrophotometric analysis and TLC allowed
its identification as isorhoeadine: m.p. 161°C [11,
13]; 1H NMR spectra identical with the literature
[13,14]; electron impact M~, m(z 383 (M+-), 368
(100),352 (10),177 (96) [15]; UV, Am • x [chloroform
methanol-TFA (90:10:0.1, v(v(v)] 244 and 292.5
nm; TLC, RF = 0.65.

Rhoeagenin isolation
The whole offraction IV-X was diluted with 1.5

ml of chloroform and then injected on to the
preparative HPLC column. Fractions of 4 ml were
recovered according to the following scheme: pure
chloroform (160 ml), fractions 1-40; chloroform
methanol (99:1, v(v) (24 ml), fractions 41-46; chlo
roform-methanol (98:2, v(v) (20 ml), fractions 47
51; chloroform-methanol (95:5, v(v) (40 ml), frac
tions 52-61.

The product was checked using analytical HPLC.
Fractions 13-43, mixed, evaporated to dryness and
crystallized in ethanol, gave 96 mg of pure com
pound. 1H NMR spectrometry, melting point deter
mination, UV spectrophotometric analysis and
TLC allowed its identification as rhoeagenine: m.p.
236°C [11,13,16]; 1H NMR spectra identical with the
literature [13,17]; electron impact MS, mlz 369
(M+', 10),206 (100),192 (79), 177 (12), 163 (100)
[13,15,17]; UV, Am • x [chloroform-methanol-TFA
(90:10:0.1, v(v(v) 245 and 292.5 nm; TLC, RF =

0.36.

RESULTS AND DISCUSSION

In contrast to our work on the separation
of alkaloids using reversed-phase HPLC [18], we
adopted normal-phase HPLC on Superspher Si 60
with chloroform-methanol (90:10, v(v) containing
0.1% of TFA, which resulted in a considerable
improvement in the chromatographic profile.

For quantitative analysis, the calibration graphs
show a linear correlation from 0.1 to 2 mg(ml
between the amounts ofisorhoeadine and rhoeagen
ine injected and the intensity of the absorption at

ABS
11.608 2

11.4511

11.31111

Min8.1iI1i1 le.elil 12.1iI1i1 14.11116.1iI1i14.1iI1iI2.1iI1i1

lI.liI08
r-"""T""-,---'--,---'--,---'--,---'--'---'--'---'--'--

1iI.1l1iI

11.1511

Fig. 1. Chromatogram ot a total alkaloid Iractloit of petals of Papaver rhocas 1.. (Maine-et-Loire), Peaks: I = isorhoeadine; 2 =
rhoeagenine. Conditions: column, Superspher Si 60 (125 x 4 mm 1.0.; particle size 4 11m); precolumn, LiChrospher Si 60 (4 x 4 mm
1.0.; particle size Slim); mobile phase, chloroform-methanol (90:10, v/v) containing 0.1% TFA; flow-rate, I ml/min; UV detection at
292.5 nm.
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292.5 nm [correlation coefficient (r2
) = 0.9968 for

isorhoeadine and 0.9837 for rhoeagenine]. Five
determinations were carried out on different extracts
in order to test the accuracy and precision of the
method in terms of standard deviation and relative
standard deviation. The determination of the two
alkaloids was attempted on the total alkaloid frac
tion of petals [Vienne and Maine et Loire (Fig. 1)],
aqueous alcoholic acidic and aqueous acidic extract
(Maine et Loire). Quantitative analysis gave the
results summarized in Table I.

If we consider that the classical procedure for the
extraction of the alkaloids (involving Soxhlet extrac
tion with chloroform) gives the real amount (100%)
of isorhoeadine and rhoeagenine contained in the
red poppy petals, we can calculate that during the
preparation of the aqueous alcoholic acidic extract
we extracted 63.5% of the total amount of isorhoe
adine and 71.7% of the total amount of rhoeagenin
in the petals. Also, during the preparation of the
aqueous acidic extract, we extracted only 8.9% of
the total amount of isorhoeadine and 11.3% of the
total amount of rhoeagenine in the petals. Hence the
most efficient process for conceiving a red poppy
liquid remedy seems to be a weak aqueous alcoholic
preparation (30% ethanol) containing 1% of tartar
ic acid (dry material).

Quantitative studies on various samples of petals
from different sources (Vienne and Maine-et-Loire)
demonstrated the existence of chemotypes in this
genus, correlated with a variable alkaloid ratio (0.16
and 0.11).

In conclusion, the proposed method allows the
simultaneous isocratic separation of isorhoeadine
and rhoeagenine in petals of Papaver rhoeas L. and
can be used in their routine determination in drugs.

SHORT COMMUNICATIONS
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ABSTRACT

Amberlite IR-120 resin was impregnated with transition metal ions such as Mn(II), Fe(II), Fe(III), Cu(II), Zn(II) and Mo(VI) and
used for the ligand-exchange separation of amino acids available in the hydrolysates of toria and mustard oilcakes. Among the various
metal ions studied, Mn(II) and Fe(II) cannot be employed for separation. The elution volume and selectivity of amino acids with the
metal forms of the resin decrease in the order Cu(II) ~ Fe(III) > Mo(VI) > Zn(II).

INTRODUCTION

Ligand-exchange chromatography has been em
ployed for the separation and purification of amino
acids [1,2]. The establishment of ligand-exchange
equilibrium between the resin and the external
solution depends on numerous factors, e.g., the
nature of the support, the composition of the eluent,
the complex-forming ability of amino acids towards
the cation present and the structure of the molecule,
i.e., the nature, number, position and properties of
the functional groups they contain.

The influence of the eluent composition and the
nature of the ion exchanger has been discussed by
Doury-Berthod et al. [3]. In this work, the influence
of the nature of the metal cation on the ligand
exchange separation of amino acids was studied.
Amberlite IR-120 impregnated with transition metal
ions such as Mn(II) , Fe(II), Fe(III), Cu(II), Zn(II)
and Mo(VI) was used for the ligand-exchange
separation of amino acids in the hydrolysates of
toria and mustard oilcakes.

EXPERIMENTAL

The mustard and toria oilcakes, after removal of
residual oil and toxic materials, were hydrolysed
with 6 M hydrochloric acid at 110°C to yield a
mixture of amino acids and peptides. Amberlite
IR-120 resin was converted into the metal form resin
by stirring with 0.1 M solution of the chlorides or
su1phatesofMn2+, Fe2+, Fe3+, Cu2+ and Zn2+ for
24 h; with Mo 6 + , molybdic acid solution in dilute
nitric acid was used.

The operation of the column was the same as
reported earlier [4]. Glass columns (90 em x 0.9 em
1.D.) were packed with the metal forms of the resin
to a depth of 60 em. The resin was then equilibrated
with 0.1 M ammonia solution until the effluent pH
was ca. 10. About 8-10 h are required for equilibra
tion of the column. The flow-rate was set to 5-6
drops per min or 5 m1 in 10 min.

A known amount of the sample after adjusting its
pH to 9.5-10 with concentrated ammonia solution
was loaded on to the top of column. The sample was

002I-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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allowed to flow into the resin and elution was started
immediately with 0.1 M ammonia solution, followed
by elution with I, 2 and 3 M ammonia solution.
Generally, 25 ml of each of the first three solutions
were used but the elution was continued with 3 M
ammonia solution up to complete elution of the
amino acids. However, when using 2 M ammonia
solution with the copper column for the hydrolysate
of toria oilcake and I M ammonia solution with the
zinc column for the hydrolysate of mustard oilcake,
the total volume of eluent applied had to be
increased to 26 ml as the elution of the respective
amino acids was still continuing. The eluates were
collected in the order of five fractions each of 2 ml,
ten fractions each of I ml and ten fractions each of
0.5 ml.

Thin-layer chromatography (TLC) of all of the
eluate fractions was carried out on silica gel G
coated plates by using modified ninhydrin reagent
[5] for colour development and the total volumes
required for the respective amino acids were deter
mined. The elutions were repeated with the required
volumes for the respective amino acids to arrive at
the final results given in Tables I and II.

SHORT COMMUNICATIONS

RESULTS AND DISCUSSION

Amberlite IR-120 resin, containing sulphonic acid
groups as its active sites, binds transition metal ions
by the formation of ionic bonds. Ligand-exchange
equilibrium for amino acid separations on a ligand
exchange column containing a metal form of the
resin has been reported earlier [4]. The crude pro
teinaceous matter obtained from toria and mustard
oilcakes on acid hydrolysis with 6 M hydrochloric
acid yielded a mixture of amino acids and peptides.
The amino acids present in the hydrolysates were
detected by TLC. The hydrolysed samples were
applied to columns containing Mn(II), Fe(II),
Fe(III), Cu(II), Zn(lI) and Mo(VI) forms of the
resin. Generally the peptides were eluted as metal
chelates in the first 20 ml. The amino acids were
subsequently eluted with 0.1, I, 2 and 3 M ammonia
solutions.

When Mn(lI) and Fe(lI) forms of the resin were
used in the column after application of an amino
acid mixture, the resin turned black on addition of
ammonia solution. The eluted solution gave a
precipitate of metal hydroxide, indicating degrada-

TABLE I

LIGAND-EXCHANGE CHROMATOGRAPHY OF HYDROLYSATE OF TORIA OILCAKE

Free amino acids from ligand-exchange columns containing resin in the Cu(II), Zn(II), Fe(III) and Mo(VI) forms.

Ammonia Cu(II) column Zn(II) column Fe(III) column Mo(VI) column
solution
eluent Elution Amino acid Elution Amino acid Elution Amino acid Elution Amino acid
concentration volume eluted volume eluted volume eluted volume eluted
(M) (ml) (ml) (ml) (ml)

0.1 25 Glutamic acid 14 Glutamic acid 18 Glutamic acid 17 Glutamic acid

+ + + +
aspartic acid asparic acid aspartic acid aspartic acid

20 Methionine 10 Methionine IS Methionine 14 Methionine
5 Cystine 8 Phenylalanine 10 Phenylalanine 10 Phenylalanine

7 Histidine

2 15 Cystine 10 Cystine 10 Histidine 10 Lysine
II Phenylalanine IS Lysine 15 Cystine 10 Cystine

5 Histidine

3 15 , . 20 Arginine 18 Lysine 5 HistidineLysine
15 Histidine 20 Arginine 18 Arginine
16 Arginine
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tion of the metal form of the resin. The elution
volume and the corresponding amino acids eluted
with different ligand-exchange columns containing
Fe(III), Cu(II), Zn(II) and Mo(VI) are reported in
Tables I and II.

The elution volumes are different for the same
amino acids for the hydrolysates of toria and
mustard oilcakes. The metal ion loading of the resin
was the same in both instances. This difference in the
elution volumes is due to the different amounts of
amino acids present in two types of oilcake.

The order of elution of amino acids for both toria
and mustard oilcakes for the Cu(II) form
of the resin is glutamic acid ;:::; aspartic acid >
methionine > cystine > phynylalanine > lysine
> histidine> arginine. For the Mo(VI) form of the
resin, the sequence remains the same except that
cystine is eluted after lysine. The Zn(II) and Fe(III)
forms of the resin show the trend glutamic acid ;:::;
aspartic acid > methionine > phenylalanine >
histidine > lysine > arginine. The general trend of
the elution sequence is that a group of acidic amino
acids (glutamic acid and aspartic acid) are eluted
first, followed by a group of neutral amino acids
(methionine, phenylalanine) and a group of basic

283

amino acids (lysine, histidine and arginine). In all
instances except with the Cu(II) column cystine is
eluted in the group of basic amino acids. This order
is in agreement with that reported previously [3,6].

The results showed that the general elution se
quence of amino acids does not change appreciably.
However, the basic amino acids show more differ
entitated behaviour. The elution volumes and there
by the selectivity of ligand-exchange chromatog
raphy are greatly affected. The elution volumes are
notably smaller with the Zn(II) form of the resin.
The decreases in the retention volume and in the
selectivity that are observed on passing from the
Cu(II) to the Zn(II) form of the resin have been
reported [7,8] for the separation of aliphatic amines.
The chromatographic behaviour for the separation
of three amino acids, glycine, alanine and leucine,
has been discussed [3]. The elution volume when
using the Mo(VI) form of the resin was lower than
those with the Cu(II) and Fe(III) forms, but greater
than that with the Zn(II) form. With the Fe(III)
form of the resin, the elution volume for some of the
amino acids is greater and for others it is less than
that with the Cu(II) form of the resin. Generally, the
acidic amino acids are eluted in a smaller volume

TABLE II

LIGAND-EXCHANGE CHROMATOGRAPHY OF HYDROLYSATE OF MUSTARD OILCAKE

Free amino acids from ligand-exchange columns containing resin in the Cu(II), Zn(II), Fe(III) and Mo(VI) forms.

Ammonia Cu(II) column Zn(II) column Fe(III) coIumn Mo(VI) column
solution
eluent Elution Amino acid Elution Amino acid Elution Amino acid Elution Amino acid
concentration volume eluted volume eluted volume eluted volume eluted
(M) (m!) (ml) (ml) (ml)

0.1 25 Glutamic acid 13 Glutamic acid 22 Glutamic acid 18 Glutamic acid

+ + + +
aspartic acid asparic acid aspartic acid aspartic acid

15 Methionine 11 Methionine 13 Methionine 12 Methionine
10 Cystine 7 Phenylalanine 12 Phenylalanine 10 Phenylalanine

8 Histidine

2 10 Cystine 10 Lysine 12 Histidine 10 Lysine
10 Phenylalanine 10 Cystine 13 Lysine 10 Histidine
5 Lysine 5 Arginine

3 10 Lysine 15 Arginine 20 Cystine 12 Cystine
10 Histidine 24 Arginine 15 Arginine
20 Arginine
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with the Fe(III) form of the resin. The elution
volumes and the selectivity of amino acids with the
metal forms of the resin decrease in the order
eu(II) :::::: Fe(III) > Mo(VI) > Zn(II).

The differences in the chromatographic behav
iour of the different metallic forms of the resin are
probably due to the differences in the stabilities of
the mixed complexes formed by amino acids with the
metal cations. The order is in accordance with the
values of the stability constants of the metal com
plexes reported for various amino acids.

SHORT COMMUNICATIONS
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ABSTRACT

Multiple linear regression and partial least-squares techniques were applied to closed-loop stripping analysis results for flavours from
tobacco blends. The merits of this approach for the determination of blend compositions were evaluated.

INTRODUCTION

Closed-loop stripping analysis (CLSA) was intro
duced by Grob [1] in 1973, and has been developed
for the determination of volatile organic compounds
at the ng/l level in potable water [1-4]. CLSA in a
slightly modified version can also be applied to
volatile organic compounds in solid biological mate
rials [5,6]. The closed system consists of a membrane
pump, a thermostated sample compartment and an
active carbon filter. The volatile components from
the sample are transported continuously by a stream
of (pre-heated) gas to the carbon filter where they
are adsorbed. The adsorbates are eluted from the
filter with a suitable solvent, and are analysed by gas
chromatography (GC).

Heinzer et al. [6] applied CLSA to divide virginia
tobaccos into three quality classes on the basis of

headspace GC fingerprints, using principal compo
nent analysis and discriminant analysis. The carbon
trap was eluted with carbon disulphide and cold
on-column injection was applied without a pre
column. Heinzer et al. reported that the perfor
mance of the GC column irreversibly diminished
and ascribed this problem to contamination by a
relatively large amount of stripped fatty acids.

The aim of this work was to evaluate the GC
analysis of tobacco blends for the purpose of
production and taste quality control. First, the
CLSA-GC method applied by Heinzer et al. [6] was
modified to overcome the problem of column con
tamination. Second, multiple linear regression
(MLR) and partial least-squares (PLS) techniques
[7-10] were applied for calibration (and cross
validation).

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL heating block were 37 ± 1 and 40°C, respectively.
The flow-rate of the stripping gas (air) was within
the range 1.0-2.5 ml/min (according to the manufac
turer's specification), and the strip time was 30 min.
The filter holder contained 1.5 mg of finely pow
dered active carbon between stainless-steel screens.
The solutes were quantitatively eluted from the filter
with two l-ul volumes of dichloromethane by mov
ing the plunger of an injection syringe (see Fig. lb)
up and down ten times. The eluates were stored in
closed 100-1i1 vials at -18°C. The filter was regener
ated by consecutively sucking through 2 ml of
carbon disulphide, methanol and dichloromethane,
and was dried under vacuum.

The analyses were executed with an HP 5890 gas
chromatograph, equipped with a split injector, a
flame ionization detector and an HP 3396integrator
(Hewlett-Packard, Amstelveen, Netherlands). The
quartz insert of the split injector was filled with
tightly compressed glass-wool to minimize peak
broadening. The splitting ratio was 1:10 and the
sample size was 5 iiI. These conditions were about
optimum as far as minimum solute deterioration in
the hot injector, amount of sample entering the GC
column and extent of contamination of the GC
column by strongly retained solutes are concerned.
The applied CP Sil-8-CB fused-silica capillary
(50 m x 0.25 mm J.D., 95% dimethyl-5% phenyl
siloxane, layer thickness 0.23 lim) and the empty
fused-silica precolumns (1.5 m x 0.25 mm J.D.)
were supplied by Chrompack (Middelburg, Nether
lands). After 50injections the analytical column was
flushed through with methanol and the precolumn
was replaced. The flow-rates of the carrier gas
(helium), septum purge gas, vent gas, make-up gas,
hydrogen and air were 1.3 (at 60oq , 3.6, 14, 38, 36
and 270 ml/min, respectively. The injector and
detector temperatures were 275 and 300°C, respec
tively. The oven temperature was linearly pro
grammed from 60°C (injection) to 235°C at 2SC;
min.

To avoid possible decomposition of thermo-labile
constituents [6], the extracts were treated with
MBTFA, giving trifluoroacetyl derivatives of pri
mary and secondary amines [12]. Derivasil was
applied to convert hydroxyl, amido and amino
groups to trimethylsilyl derivatives [13]. These reac
tions were conducted in either carbon disulphide or
dichloromethane.

(b)

2

3

4

5

(a)

Apparatus and procedures
The experiments were conducted with a CLSA

system according to Grob (see Fig. la), equipped
with a glass sample compartment for solid samples
and a filter holder (Brechbiihler, Schlieren, Switzer
land). Throughout 1 g of blend was analysed. The
temperatures of the sample compartment and the

Chemicals and characterization of blends
N-Methylbis(trifluoroacetamide) (MBTFA) and

Deriva-sil were supplied by Chrompack (Middel
burg, Netherlands) and carbon disulphide, dichloro
methane and methanol by J. T. Baker (Deventer,
Netherlands).

Batches of burley, virginia and oriental tobacco
were subjected to a singlecasing treatment. EXTO is
an "expanded" tobacco [11]; the expanded stems are
the (treated) main veins of virginia tobacco leaves.
The water content of these tobacco samples was
determined with ISO Method 6488. Next, the sam
ples were milled to fine powders. A total of ten
calibration blends (code 01-10) and five individual
tobaccos (code 11-15) were prepared on a dry
weight basis. The compositions of the blends were
chosen at random within practical ranges: burley
17.7-51.6%, virginia 8.6-32.1%, oriental 7.2
25.4%, EXTO 4.3-33.0% and stems 1.0-10.7%.

Fig. I. (a) Scheme of the CLSA apparatus for solid samples. I =

Membrane pump; 2 = sample compartment; 3 = thermostated
water-bath; 4 = heating block; 5 ~ filter holder; (i = thermo
couple. (b) Design for elution from the carbon filter. I =

Stainless-steel needle; 2 = filter holder; 3 = carbon filter; 4 =

syringe (2 ml) with plunger.
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Ten blends and five individual tobaccos were
examined. Each of these was analysed twice by
CLSA-GC, giving a total of 30 data series, each
consisting of 42 relative peak area data (denoted as
the 42/30 set)". To validate the results obtained with
MLR and PLS, 28 data series were used for calibra
tion, whereas the two remaining (randomly chosen)
data series were used to compute the corresponding
single-blend compositions [7]. This procedure was
repeated till all 30 blend compositions were com
puted. Mean-blend compositions were calculated
from the results for two single compositions of
blends with identical composition. In general, a
large number of calibration samples was required
for MLR. Therefore, stepwise Max R multiple linear
regression [14] was applied in this work. In this
technique, more or less characteristic peaks for the
various tobaccos are selected, which reduced the
required amount of input data. In PLS the number
of calibration samples must be at least equal to the
number of components to be determined. In general,
a larger number is recommended for complex sam
ples in order to compensate for unexpected sources
of variation of a chemical and/or statistical nature.
The stepwise Max R MLR software (SAS) was
supplied by the SAS Institute (Hilversum, Nether
lands), and the PLS software (Unscrambler II) by
Oliemans, Punter & Partners (Utrecht, Nether
lands).

RESULTS AND DISCUSSION

The derivatization reactions appeared to result in
the formation of unsoluble residues after evapora
tion of the solvent. Such evaporation tests were also
applied to the untreated extracts. Those in carbon
disulphide gave a persistent, unsoluble precipitate
on the vial wall after heating at 200°C.

This was not observed when dichloromethanewas
used as the solvent. Therefore, dichloromethane was
used, and derivatization was not applied. The
CLSA-GC procedure outlined above appeared to
be adequate. Up to 50 samples could be analysed
without significant decline of the column perfor
mance.

Inspection of the chromatograms revealed that all
the blends examined had 8 resolved peaks (higher

a The data input is available from the authors on request.
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than ten times the noise level) in common. The
relative net retention times of these peaks were
calculated, and the peak areas formed the basic
81/30 data set. First, the repeatability of the CLSA
GC results was determined by analysing a represen
tative blend six times. The relative standard devia
tions (R.S.D.) ranged from 3 to 140%, the lower
ones corresponding to large peaks, and the large
ones to small peaks, as expected. The median R.S.D.
was 11.4%.

In order to improve the precision of the data in
put, relative peak areas were calculated and R.S.D.
values were recalculated. Next, data with R.S.D.
> 12% were not used in the statistical analyses.
In addition, peaks having similar relative peak areas
in two or more individual tobaccos were omitted to
eliminate redundant information from the data
base. In this manner 42 peaks were selected. The
mean and the median of the R.S.D. data of the
relative peak areas were 7.5 ± 2.7% and 8.0%,
respectively. Thus, R.S.D. a = 8% may be consid
ered as the estimate of the analytical precision (i.e.,
including sub-sampling errors) of the 42/30 data set.

The impact of the correlation between the relative
peak area data for the five individual tobaccos was
evaluated with PLS. The 42/30 data set was
used. Mean results from computed single composi
tions (as outlined under Experimental) are given in
Table 1. If no correlation were to occur between the
data series for the tobaccos and the experimental
errors were to be negligible, a composition of about
100% would be predicted for each of the tobaccos.
This is approximately the case, except for virginia
lamina and stems, which cannot be distinguished.
This can be ascribed to the fact that the examined
stems originated from virginia tobacco leaves.
Thirty-seven out of 42 relative peaks area data for
these tobaccos appear to be correlated (r = 0.9256).
The data input for these constituents cannot simply
be combined to overcome this problem, because the
concentrations of virginia and stems strongly deter
mine the taste of a blend. As percentage composi
tions are computed, it needs no comment that
correlation effects also have an adverse impact on
the other results in Table 1. Therefore, it will be
examined whether such effects can be diminished by
omitting the data series for the individual tobaccos,
which results in the 42/20 data set.

In order to examine the quality of the PLS results,
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TABLE I

MEAN PLS RESULTS FOR INDIVIDUAL TOBACCOS, USING THE 42/30 DATA SET

SHORT COMMUNICATIONS

Code Real (R) and computed (C) compositions ('Yo)

Burley Virginia Oriental EXTO Stems

R C R C R C R C R C

11 100 85.8 0 1.6 0 5.4 0 2.6 0 4.6
12 0 -5.3 100 88.0 0 11.3 0 0.3 0 5.7
13 0 -15.8 0 11.4 100 98.0 0 3.4 0 3.0
14 0 -10.8 0 1.4 0 4.6 100 99.1 0 5.7
15 0 36.5 0 114.6 0 -78.4 0 -26.1 100 53.4

mean-blend compositions were calculated from
single-blend results, using the 42/30 data set (as
outlined under-Experimental). For each of the five
blend constituents these results were compared with
the real compositions. The largest positive and
negative deviations thus obtained are presented as
range limits in Table II. These ranges are a measure
of the predictive reliability. This reliability appears
to improve when the 42/30 instead of the 81/30 data
set is used, but no further improvement is achieved
with the 42/20 data set. Obviously, correlation
effects persist in the 42/20 data set.

The predictive precision was calculated for each
blend constituent as the square root of the pooled
variance of the two computed results for blends of
identical composition. These precision data are
given in Table II. The average precision for the five
blend constituents appears to improve from 7.1%
for the 81/30 set to 4.4% for the 42/30 and 42/20 sets.

PLS and MLR results for two single blends and
mean results from single blends with an identical
composition are given in Table III. The results from
the 81/30 data set appear to be poor, as expected,
whereas those from the 42/30 and 42/20 data sets are
equivalent. On average, the MLR and PLS methods
appear to give similar predictive reliabilities. How
ever, note that the sum of the MLR results is not
equal to 100%, which is a weak point in this method.
Further, it is illustrated in Table III that poor
predictions can incidentally be obtained for single
blend data (for instance, the burley content of blend
07.1, computed with PLS from the 42/30 data set);
the mean result for burley in the 07 blend is more
accurate. Using the 42/30 and 42/20 dats sets, the
mean deviation from the real percentages is ±3.0%.
It is noted that for taste quality control absolute
deviations of ::;;2% are desirable.
. Finally, it will be estimated to what extent correla-

TABLE II

MEAN PLS RESULTS FOR THE PREDICTIVE RELIABILITY (RANGE) AND PRECISION, USING THE 81/30,42/30 AND
42/20 DATA SETS

Set Parameter Burley Virginia Oriental EXTO Stems

81/30 Range -7.4; 7.0 -17.9; 16.0 -6.7; 4.2 -3.9; 5.2 -9.0; 7.6
Precision 7.4 10.3 4.5 5.1 4.0

42/30 Range -4.5; 7.9 -7.2; 6.0 -4.4; 3.9 -5.0; 9.6 -7.2; 3.5
Precision 6.7 4.0 3.0 4.9 1.4

42/20 Range -4.1; 2.9 -4.6; 7.4 -6.4; 4.8 -5.7; 10.6 -7.4; 4.5
Precision 2.7 3.3 6.4 6.0 1.0
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TABLE III

PLS AND MLR RESULTS FOR THE BLENDS 03.2 AND
07.1, AND MEAN RESULTS FOR THE 03 AND 07 BLENDS,
USING THE 81/30, 42/30 AND 40/20 DATA SETS

Data input Real and computed compositions (%)

Burley Virginia Oriental EXTO Stems

Composition 03 26 23.9 26.0 18.9 4.6

Blend 03.2
81/30 PLS 21.9 33.8 23.9 15.1 5.3
42/30 MLR 33.8 12.8 22.0 20.0 5.0
42/30 PLS 30.8 18.8 26.4 17.7 6.3
42/20 PLS 26.4 20.8 26.0 22.7 4.1

Blends 03
42/30 PLS 22.1 23.7 24.0 23.0 7.4
42/20 PLS 25.8 23.0 22.2 23.6 5.4

Composition 07 31.1 10.7 22.9 31.7 3.6

Blend 07.1
81/30 PLS 41.4 -17.0 18.2 42.2 15.2
42/30 MLR 30.6 18.9 17.0 29.4 2.0
42/30 PLS 18.5 16.6 21.6 35.2 8.1
42/20 PLS 32.5 16.0 19.0 27.1 5.4

Blends 07
42/30 PLS 29.1 15.0 22.0 28.1 5.9
42/20 PLS 31.6 18.1 21.0 26.0 3.4

tion between the relative peak-area data for the
various tobaccos adversely affected the predictive
precision of the PLS results. First, it is assumed that
R.S.D'a = 8% for all blend constituents. Second, it
is assumed for convenience that the analysis. errors
propagate unaltered into the final results (which is
probably too pessimistic an assumption). On this
basis, the standard deviations, Sa, can be calculated
from the real composition data given in Table III. It
was verified with the Kolmogorov-Smirnov test [15]
that the differences between the computed and real
percentages for single-blend results (using the 42/30
and 42/20 data sets) do not deviate significantly
from a normal distribution. Combination with the
precision data (here denoted as sp)obtained from the
42/30 data set presented in Table II gives sc/sp
[~ (1 - s~/s~)±] ~ 0.9, where s; is the standard
deviation due to correlation effects. Therefore, it can
be concluded that correlation effects, rather than
analytical precision, determine the predictive preci
sion (and reliability) of the PLS (and MLR) results
for tobacco blend analysis.
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CONCLUSIONS

Tobacco flavours can be analysed satisfactorily
with the CLSA-GC technique if split injection is
applied and dichloromethane is used to elute these
compounds from the carbon filter. The median
R.S.D. of the relative areas of 42 selected peaks is
8%, which is acceptable in ultra-trace analysis.

CLSA-GC in combination with PLS can be
successfully applied to identify individual tobaccos
(burley, virginia, oriental and EXTO), but virginia
tobacco leaves cannot be distinguished from its
stems owing to the correlation between the peak
area data. Correlation effects predominantly deter
mine the reliability and precision of the computed
blend composition. Using a 42/30 (or a 42/20) data
set, and PLS or stepwise MLR, the means of
computed results for two identical blends provide
more reliable estimates and show, on average, a
deviation of ±3.0% from the real percentages of the
blend constituents. The mean precision of the com
puted percentages is 4.4%.
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ABSTRACT

This paper presents a method to identify and determine topanol A and topanol 0 antioxidants in methylmethacrylate and 11
bromoundecylmethacrylate. The method is both simple and rapid. Analysis is performed on a 10 m x 0.53 mm l.D. HP-l capillary gas
chromatography column with a temperature gradient and a high carrier gas flow-rate (16.5 ml/min), Quantitation is by internal
standardisation. Validation of the method is described for both topanols at concentrations of approximately 50 ppm in methyl
methacrylate and 250 ppm in II-bromoundecylmethacrylate.

INTRODUCTION

Methylmethacrylate is supplied with an antiox
idant to inhibit spontaneous polymerisation. The
antioxidant, either topanol A (2-tert.-butyl-4,6-di
methylphenol) or topanol 0 (2,6-di-tert.-butyl-4
methylphenol), has been added at a concentration
of approximately 50 ppm. Methylmethacrylate is
used in the preparaton of a cross-linked polymeth
acrylate and the antioxidant is carried into the in
termediate product (l l-bromoundecylmethacry
late) and concentrated approximately 5-fold to
about 250 ppm. The structures of the analytes are
shown in Fig. 1.

It was necessary to be able to identify which of
the two topanols had been added, and to determine
the concentration in methylmethacrylate and 11- .
bromoundecyl-methacrylate.

A number of methods have been reported in the
literature, with a variety of sample matrices and by

a number of techniques. These include the analysis
of BHT (butylated hydroxy toluene, or topanol 0)
in transformer oil by high-performance liquid chro
matography (HPLC) [I], derivatisation followed by
packed-column gas chromatography (GC) and
HPLC [2], determination in soaps [3] and in soy
bean oil [4] by packed-column GC, and in chewing
gum by capillary-column GC [5]. However, none of
these were suitable for the required analysis, so a
new method was developed. It was decided to use
2,4,6-tri-tert.-butyl phenol (see Fig. I) as internal
standard to improve the precision of analysis, and
to employ a wide-bore capillary GC column to take
advantage of the well-known high sample capacity
and good efficiency.

EXPERIMENTAL

Chemicals
2,6-Di-tel't.-butyl-4-methylphenol (99%), 2-tert.-

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

Fig.!. Structures of (a) topanol A, (b) topanol 0 and (c) the
internal standard.

butyl-4,6-dimethylphenol (99%), and 2,4,6-tri-tert.
butylphenol (97%) were all supplied by Aldrich.
Dichloromethane was HPLC grade, supplied by
Romi!.

OH

(CHY3ChCH3

Y
CH3

(a)

OH

(CHY3CVC(CHY317,
::::::,.,

C(CHY3

(b)

mode and a flame ionisation detector. The GC col
umn was a Hewlett-Packard HP-l (methyl silicone),
10 m x 0.53 mm 1.0., 2.65 ,urn film thickness. The
injector temperature was 250aC, the detector tem
perature 260aC. The oven temperature programme
was slightly different for the two sample matrices.
For methylmethacrylate samples, it was 70aC for
3 min, then up to l50aC at 1SOC/min, and held
at 150aC for 12 min. For Ll-bromoundecylmeth
acrylate samples, it was 70ac for 3 min, then up to
150aC at l5 aC/min, and held at l50aC for 5 min,
then up to 250aC at 30aC/min and held at 250aC for
5 min as a purge step to ensure the complete elution
of all the sample components. The carrier gas was
helium, at a flow-rate of 16.5 ml/min (measured at
70aC by a bubble flow meter). The injection volume
was 0.3 ,u!.

Data collection and processing was performed us
ing a Perkin-Elmer LIMS/CLAS 2000 data system.
Least-squares regression analysis and plotting' of
graphs were performed using Cricket Software's
"CricketGraph".

Instruments
GC analysis was performed on a Varian Model

3400 gas chromatograph, equipped with a Varian
Model 8035 autosampler, a Varian Model 1093 sep
tum programmable injector used in on-column

Procedures
Methylmethacrylate analysis. The internal stan

dard solution was prepared at a concentration of
0.1 mg/ml, A standard solution was prepared with
concentrations of 0.005 mg/ml for both of the topa
nols and of the internal standard.

0
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Fig. 2. Chromatogram of the 50-ppm standard solution, showing both the topanol peaks and the internal standard peak.
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Sample solutions were prepared by dissolving 1 g
of sample and 1.00 ml of internal standard solution
in 10 mlof dichloromethane, giving a sample con
centration of approximately 100 mg/ml.

Sample and working standard solutions were
analysed in duplicate.

l l-Bromoundecylmethylacrylate analysis. The in
ternal standard solution was prepared at a concen
tration of 0.5 mg/ml, A working standard solution
was prepared with concentrations of 0.025 mg/rnl
for both of the topanols and of the internal stan
dard.

SHORT COMMUNICATIONS

Sample solutions were prepared by dissolving 2 g
of the sample and 1.00 ml of the internal standard
solution in 20 ml of dichloromethane, giving a sam
ple concentration of approximately 100 mg/ml.

Sample and working standard solutions were
analysed in duplicate.

Calculation of results. The chromatograms were
integrated and the areas of the topanol and internal
standard peaks found. The concentration of top a
nol in the sample was determined using the conven
tional ratio calculation.
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Fig. 3. Plots of the linearity of the peak area ratio against concentration for (a) topanol A and (b) topanol 0 over the range 25-75 ppm,
and (c) topanol A and (d) topanol 0 over the range 125-375.



SHORT COMMUNICAnONS

Validation experiments. The linearity of response
of the method was examined by two injections at
each of five concentrations over the ranges 25 to 75
ppm and 125 to 375 ppm. These ranges represent 50
to 150% of the nominal standard concentration of
topanol for methylmethacrylate and ll-bromoun
decylmethacrylate respectively.

The stabilities of both solutions were assessed by
comparison with freshly prepared solutions after 4
and again after 7 days storage in the dark at 4°C.
The sample stability was assessed by analysing a
freshly prepared sample solution and then reana
lysing against freshly prepared standards after 24 h
storage in the dark at 4°C.

The precision of replicate injections was exam
ined by making 10 injections of the same standard
solution.

RESULTS AND DISCUSSION

The method described gave well resolved peaks
with good efficiency in a total run time of less than
10 min. A chromatogram of the 50-ppm standard is
shown in Fig. 2.

The peak area ratio response was found to be
linear for both topanols over the concentration
range examined. Plots of peak area ratio against
concentration are shown in Fig. 3. The correlation
coefficients (r) were all 0.999 or better.

Standard solutions were found to be stable on
storage in the dark at 4°C for up to 7 days, and
sample solutions for at least 24 h.

The precision of replicate injections were found
to be quite acceptable for trace level assays. At 50
ppm, topanol A gave a peak area ratio relative stan
dard deviation (R.S.D.) of 5.6%, topanol 0, 4.1%.
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At 250 ppm the R.S.D. for topanol A was 5.8% and
topanol 0 3.2%. These results give confidence lim
its (p = 0.05) for topanol 0 of ± 1.2 ppm at 50 ppm
and ± 5.0 ppm at 250 ppm.

Methylmethacrylate eluted with the solvent peak,
and no other sample-related peaks have been ob
served in chromatograms of methylmethacrylate
samples. The ll-bromoundecylmethacrylate elutes
after the internal standard, and a number of sam
ple-related peaks have been seen in chromatograms
from samples of this compound. These are low-level
impurities in the samples, and although they run
close to the topanol 0 and internal standard peaks,
there is no evidence of co-elution or interference.
There is a minor impurity in the 2,4,6-tri-tert.-bu
tylphenol, which elutes between the two analyte
peaks and is well resolved from both.

CONCLUSION

The methods presented are simple and rapid, al
lowing both the confirmation of the identity of the
antioxidant and its determination at low levels. The
method has acceptable reproducibility, as shown by
the relatively low R.S.D. values and is linear over
the ranges examined.
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ABSTRACT

An isotope dilution assay for plant tryptophan is described. The method consists of solid-phase extraction techniques, the one-step
formation of the N-acetyl methyl ester derivative, followed by purification by C 1 8 high-performance liquid chromatography and
analysis by gas chromatography-selected ion monitoring mass spectrometry. The method can be used effectively to measure free
tryptophan in plant samples as small as 10 mg fresh weight.

INTRODUCTION

The biosynthetic pathway to the amino acid tryp
tophan is closely linked to the metabolism of an
important plant growth regulator, indole-3-acetic
acid (IAA). In order to effectively study IAA bio
synthesis in plants, it is essential to have effective
methods for quantification and mass spectral analy
sis of low levels of both IAA and tryptophan. We
have previously described methods for the analysis
of plant IAA by quantitative mass spectrometry
(MS) [1,2]. However, only a few methods for amino
acid analysis by gas chromatography (GC)-MS
have considered the difficult problem of sample
preparation from plant tissues. Most prior efforts
have tended to stress derivatization procedures and

conditions for separation of mixtures of amino
acids by GC [3-7]. Samples of vegetative plant tis
sues such as leaves, shoots, or roots contain a multi
tude of native compounds which coextract with
tryptophan, thus necessitating extensive purifica
tion. Since, like other indolic compounds, trypto
phan is a notably' labile compound, purification
procedures often cause significant losses [8]. Indeed,
recoveries of less than 5% have been noted [3]. For
our work on indole metabolism in plant tissues we
have developed a quantitative mass spectral isotope
dilution assay which utilizes disposable sample
preparation columns and a single step of high-per
formance liquid chromatography (HPLC) prior to
GC-selected ion monitoring (SlM) MS analysis.
The procedure provides a quick and efficientway to
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accurately measure tryptophan levels in a few mg
(fresh weight) of plant material.

EXPERIMENTAU

Leaf tissue from a Rock Elm (Ulmus thomasii
Sarg.), 0.01 to 1.0 g, was frozen with liquid nitrogen
and ground, while frozen, with a mortar and pestle.
The ground sample was then homogenized in 5 to 8
times the tissue volume of isopropanol-0.2 M imi
dazole buffer, pH 7.0 (65:35). A radioactive tracer,
[VH]tryptophan (0.5 kBq; Amersham, 1 TBq/
mmol) and an internal standard of [2,4,5,6,7-2Hs]
tryptophan (98.5% isotope enrichment, MSD Iso
topes; 0.01 to 1.0 J-Lg), were added and the sample
was left at 4°C for 1 h for isotope equilibration.
After 1 h, the extract was centrifuged for 5 min at
10000 g. The pellet was washed three times with
isopropanol-imidazole buffer and the pellet dis
carded. The combined supernatants were then
evaporated in vacuo to approximately one third of
the initial volume in order to remove the organic
phase. Water-insoluble compounds which precipi
tated were removed by centrifugation. In experi
ments where the full spectrum of endogenous tryp
tophan was to be obtained for confirmation of iden
tity, the addition of the deuterated standard was
omitted. The supernatant was applied to an 8-ml
bed volume column of Dowex 50W-X2, 200---400
mesh, equilibrated with 1 M HCl. After the sample
was applied, the column was washed with three vol
umes of distilled water. The sample was then eluted
with three bed volumes of 2 M NH40H. The alka
line eluate was evaporated in vacuo to approximate
ly one third of the initial volume and was passed
through a BakerBond spe amino disposable extrac
tion column (J.T. Baker, pre-equilibrated with 2 ml
of methanol followed by 2 ml of distilled water).
Under these conditions, tryptophan was not re
tained on the column. The column was washed with
3 ml of distilled water and the combined eluent was
evaporated to dryness in vacuo on a rotary evap
orator in a lO-ml evaporation flask. The oily residue

a Mention of a trademark, proprietary product, or vendor does
.not constitute a guarantee or warranty of the product by the
United Stales Department of Agriculture, and does not imply
its approval to the exclusion of other products or vendors that
may also be suitable.
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was dehydrated by multiple azeotropic distillations
in vacuo; first with absolute ethanol, then with di
chloromethane. Immediately after the last distil
lation from dichloromethane, 1 ml of anhydrous
methanol (dehydrated by distillation from magne
sium activated with iodine) and 0.5 ml of acetic an
hydrice (Supelco) were added and the evaporation
flask was closed tightly with a PTFE-sleeved glass
stopper and clip. The contents were mixed for 1 min
on a vortex mixer and put into a heating block set at
65°C. After 1 h the methanol and acetic anhydride
were evaporated under vacuum. The residue was
dissolved in 1 ml of distilled water and applied to a
Fisher PrepSep C1 S disposable column. The column
was washed with 5 ml of distilled water and the
sample was eluted with 2 ml of acetonitrile. The
acetonitrile was evaporated to dryness. The residue
was dissolved in 100 J-Ll of methanol-water (50:50)
and injected onto a Waters NovaPak C1 S column
(15 em x 3.9 mm) connected to a Waters 600MS
HPLC pumping system. The column was eluted
with methanol-water (30:70) and the retention time
for the N-acetyl methyl ester of tryptophan was
10.4 min. Fractions containing radioactivity were
collected, evaporated to dryness and redissolved in
10 J-Ll of ethyl acetate. GC-MS analysis was done on
a Hewlett-Packard 5890 gas chromatograph con
nected to a 5917A mass selective detector. The gas
chromatograph was equipped with a 15 m x 0.237
mm DB-1701 fused-silica capillary column (J & W
Scientific) and helium was used as carrier gas at 1
ml/rnin. A I-J-Ll injection was made in the splitless
mode with GC conditions as follows: injector. tem
perature 250°C, initial oven temperature 140°C for
1 min, followed by a ramp at either 20 or 30°C/min
up to 280"C and hold for 2 min. Under these condi
tions the retention time for the N-acetyl methyl es
ter of tryptophan was 6.07 or 7.83 min, depending
on the temperature ramp rate. For quantitative
analysis of tryptophan, ions at mjz 130and 135(un
labeled and labeled quinolinium ions) and at 260
and 265 (unlabeled and labeled molecular ions)
were monitored.

RESULTS AND DISCUSSION

One objective of this work was to develop a rela
tively quick and efficient method for purification of
tryptophan from small amounts of plant material
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for analysis by GC-MS. Crude extracts from differ
ent plant samples (leaves, carrot cell suspension,
bean hypocotyls) contained from 20 to IOO.mg of
soluble solids per gram of extracted material. The
two ion-exchange preparative columns removed the
bulk of the impurities (with essentially quantitative
recovery of radioactive tracer), but samples at this
step were still too contaminated for high-resolution
HPLC under the conditions necessary for elution of
underivatized tryptophan. Thus, the partially puri
fied sample was derivatized. Among the many pos
sible amino acid derivatives showing improved
properties for reversed-phase HPLC analysis de
scribed in the literature [9], the most promising for
use on very small samples was the concerted forma
tion of stable N-acyl alkyl esters. Such compounds
are stable under the conditions necessary for further
purification and are also directly suitable for analy
sis by GC. Derivatization decreased the polarity of
the molecule such that reversed-phase chromatog-

raphy using simple alcohol-water mixtures became
an effective purification technique. In addition, the
derivatives are relatively simple in structure, thus
facilitating final interpretation of the spectral re
sults. Using a microscale modification of the proce
dure described by Mee et al. [10] for the single step
acetylation and methylation of several amino acids
using a mixture of anhydrous methanol and acetic
anhydride, we were able to obtain good yields of
derivatized tryptophan even in complex plant ex
tracts. A large excess of the reagents allowed the
effective derivatization of crude samples and the ex
cess of acetic anhydride consumed small traces of
water retained in the oily residues. At 6SOC, deriv
atization was essentially quantitative after 35-45
min (as determined by thin-layer chromatography
of aliquots taken out during the course of the reac
tion). The reaction produced about 90% of N-ace
tyl methyl ester (Fig. 1, peak A) and about 10% of
the N,N-diacetyl methyl ester of tryptophan (Fig. 1,
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the mono- and diacetyl methyl ester. The chromatographic peak and the averaged spectrum of the primary reaction product, N-acetyl
tryptophan methyl ester, are labeled A. Under the conditions described only minor amounts of the diacetyl-tryptophan methyl ester are
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peak B). After HPLC, the derivatized sample was
sufficiently pure such that no major peaks, aside
from derivatized tryptophan, were detectable by
GC-SIM-MS.

A second objective of this study, once suitable
purification and derivatization methods were devel
oped, was the application of stable isotope dilution
analysis to measure tryptophan in plant samples.
For quantification of isolated and derivatized plant
tryptophan by GC-SIM-MS two ion pairs were
chosen: the quinolinium ion, characteristic for 3
substituted indoles (m]: 130 for the naturally occur
ing compound and m]z 135 for the internal stan
dard) and the molecular ion tm]z 260 and 265 for
the natural and deuterated compounds, respective
ly). Because the internal standard was labeled at
high enrichment with five deuterium atoms on the
indole ring, the ions derived from the endogenous
compound and from the internal standard were sep
arated by five atomic mass units and there was no
overlapping of peaks derived from the endogenous
compound and internal standard. Typical SIM
traces, as shown for the sample of Rock Elm (Ulmus
thomasii Sarg.) leaf tissue, are in Fig. 2.

The recovery of tryptophan, based on the radio
active tracer, was 50 to 60%, depending on sample
size. The method has proven to be highly reproduc
ible and has been applied to analyze low levels of
tryptophan in a wide variety of plant samples in-

eluding leaves from trees, seedlings of cereal grass
es, and legume seedlings. In all of these plant mate
rials, samples of 10 mg fresh weight were clearly
sufficient for analysis. The precision of the tech
nique is only limited by the accuracy of weighing
the tissue, addition of the internal standard and in
tegration of selected ion peaks. In our hands, varia
tion of replicate samples was usually less than 2%.
Thus, this method provides a convenient, sensitive
and accurate technique for the routine analysis of
tryptophan from complex plant samples.
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and Techniques
PartA covers the theoryand fun
damentals of such methods as col
umn and planar chromatography,
countercurrent chromatography,
field-flow fractionation, and electro
phoresi.s. Affinity chromatography
and supe:rcritical-fluid chromato
graphy are covered for the first time.
Each topic is treated by one of the
most eminent authorities in the field.
1992 xxxvi + 552 pages
US$179.50'nn, 350.00
ISBN 0-444-88236-7
Part B: Applications
Part B presents various applications
of these methods. New develop
ments are reviewed and sum
marized.lrnportant topicssuch as
environmental analysis and the
determination ofsynthetic polymers
and fossil fuels, are covered for the
first time.
1992 xxxU+ 630 pages
US$189.50'on, 370.00
ISBN 044488237-5
Parts A& B Set
US$ 333.50'nn, 650.00
ISBN 0-444-88404-1

VolumeSO
Liquid Chromatography in
Biomedical Analysis
T. Hanal (editor)
Presents a guide for the analysis of
biomedically important compounds
using modem liquid chromato
graphic techniques. After a brief

summary ofbasic liquid chromato
graphic methods and optimization
strategies, the main part of the book:
focuses on the various classes of bio
medically important compounds:
amino acids, catecholamines, carb0
hydrates, fatty acids, nucleotides,
porphyrins, prostaglandins and ste
roid hormones.
1991 xU+296 pages
Price: US$138.50'nn, 270.00
ISBN 0-444-87451-8

Volume49
Gas Chromatograph, in
Air Pollution AnalySIS
V.G. Berezkln,Yu.S. Drugov
Provides a systematic description of
the main stages ofair pollution deter
mination, ranging from sampling
problems to the quantitative estima
tion of the acquired data. Special at
tention is paid to the problem ofgas,
vapor, spray and solid particles ex
traction from air. The main methods
of sampling, namely, container utili
zation, cryogenic concentration, ab
sorption, adsorption, chemisorption
and filter usage, and successive im
purities extraction are also de
scribed. Sorption theory and the
problems of sorption and desorption
efficiency for hazardous impurities
being extracted from traps with sorb
ents are discussed in detail.
1991 xU+ 212 pages
US$125.50'on, 245.00
ISBN 0-444-98732-0

Volume48
Stationary Phases in Gas
Chromatography
H. Rotzsc:he
Makes the chemist familiar with the
numerous stationary phases and col
umn types, with their advantages
and disadvantages, to help in the se
lection of the most suitable phase for
the tyk-~ ofanalytes under study. The
secondary aim is to stimulate the de-

velopment ofnew and improved
standardized stationary phases and
columns, in order to improve the re
producibility of separations, as well
astherange ofapplications.
1991 424 pages
Price: US$166.50'on,325.00
ISBN 0-444-98733-9

Volume47
Trace Metal Analysis
and Speciation

I.S. Krull (editor)
Describes themost recent advances
in areas ofanalytical chemistry that
relate to the trace determination of
metals and inorganics, aswell as
their distribution and forms
(species) present, sample dependent
Analytical approaches are described
that encompass a number ofsepar
ation methods, such asgas and high
performance liquid chromatography,
interfaced with selective and sensi
tive detection methods that become
unique fOl' metal species' forms pres
ent in various samples.
1991 xvi +302 pages
US$ 123.00'en, 240.00
ISBN 0 444 88209-X

Volume46

Ion Chromatography

Principles and Applications

P.R.Haddad, P.EJackson
Offers a comprehensive treatise on
all aspects ofion chromatography.
Ion-exchange, ion-interaction, ion
exclusion and other pertinent separ
ation modes are included, whilst the
detection methods discussed include
conductivity, amperometry, potentio
metry, spectroscopic methods (both
molecular and atomic) and post col
umn reactions.
1990 798 pages
US$172.00'nn,335.00
ISBNO 444 88232-4
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PUBLI CATION SCHEDULE FOR 1992

J ournal 01 Chromatography and J ourn al of Chromatography, Biomedical Applications

MONTH o 1991- F 1992 M A M J

Journal of Vols. 594/1 +2 596/1 598/1 602/1 + 2 The publication schedule for
Chromatography 585-593 595/1 +2 596/2 598/2 further issues will be

597/1 + 2 599/1 + 2 .....blished later.
600/1
600/2

Cumulative
Indexes.
Vols. 551- 600

8ibliography 61 0/1 610/2
Section

Biomedical Vols.57 3 575/1 576/1 576/2 57712
Applications and574 575/2 57711

IN FORMATION FOR AUTPORS

(Detailed Instruction s to Authors were published in Vol. 558. pp. 469 -472 . A free reprint can be obtained by application to the
publ isher, Elsevier Science Publishers BV . P.O. Box 330. 1000 AH Amsterdam. The Netherlands.)

Types of Con t r ibut ions. The follow ing types of papers are publi shed in the J ournal of Chromatography and the section on
Biomedical Application s: Regular research papers (Full - length papers). Review artic les and Short Communi cations. Short
Communications are usually descript ions of short investigations, or they can report minor techn ical improvements of previously
published procedures; they reflect the same quality of research as Full - length papers. but should preferably not exceed five
printed pages. For Review articles, see inside front cover under Submission of Papers.

Submiss ion , Every paper must be accompanied by a letter from the senior author, stating that he/ she is submitti ng the paper for
publication in the Journal of Chromatography .

Manuscr ipts. Manuscripts should be typed in doubl e spacing on consecutively numbered pages of uniform size. The manu
script should be preceded by a sheet of manuscript paper carrying the titl e of the paper and the name and full postal addressof
the person to w hom the proofs are to be sent. As a rule, papers should be divided into sections. headed by a caption (e.g.,
Abstract. Introduction, Experimental. Results. Discussion, etc.) . All illustrat ions, photographs, tables, etc., should be on sep
arate sheets.

Introduction, Every paper must have a concise introdu ction mentioning wh at has been done before on the topic described, and
stating clearly w hat is new in the paper now submitted.

Ab st ract . All articles should have an obstract of 50-100 wo rds w hich clearly and briefly indicates w hat is new, different and
significant.

Illust ration s. The figures should be submitted in a form suitable for reproducti on. drawn in Indian ink on drawi ng or tracing
paper. Each illustration should have a legend, all the legends being typed (wi th double spacing) together on a separate sheet. If
structures are given in the text. the original draw ings should be supplied. Coloured illustrations are reproduced at the author's
expense. the cost being determined by the number of pages and by the number of colours needed. The w ritten permission of
the author and publ isher must be obtained for the use of any f igure already published. Its source must be indicated in the
legend.

References. References should be numbered in the order in w hich they are cited in the text, and listed in numerical sequence on
a separate sheet at the end of the article. Please check a recent issue for the layout of the reference list. Abbreviat ions for the
tit les of journals should follow the system used by Chemica l Ab stracts. Articles not yet published should be given as "in press"
(journal should be specif ied). "submitted for publication" (journal should be specif ied) , "i n preparat ion" or " personal commu 
nication" .

Dispat ch . Before sending the manuscript to the Editor please check that the envelope contains fou r copies of the
paper compl et e w ith references , legends and f igures. One of the set s of figures m ust be the orig inals sui ta b le
for di rec t reproduction. Please also ensure that permission to publi sh has been obtained from your inst itute.

Proof s. One set of proofs will be sent to the author to be carefully checked for printer's errors. Corrections must be restricted to
instances in w hich the proof is at variance w ith the manuscript. " Extra corrections" w ill be inserted at the author' s expense.

Repr ints. Fifty reprints of Full -length papers and Short Communicat ions will be supplied free of charge. Addit ional reprints can
be ordered by the authors. An order form containing price quotat ions will be sent to the authors together with the proofs of their
article .

Advertisements. The Editors of the journ al accept no responsib ility for the contents of the advertisements. Advertisement rates
are available on request. Advertising orders and enquiries can be sent to the Adverti sing Manager, Elsevier Science Publishers
B.V., Advertising Department. P.O. Box 211, 1000 AE Amsterdam, Netherlands; courier shipments to: Van de Sande Bak
huyzenstraat 4, 1061 AG Amsterdam, Netherlands; Tel. ( + 31-20) 515 3220 /515 3222, Telefax ( + 31-20 ) 6833 041, Telex
16479 els vi nl. UK: 1. G. Scott & Son Ltd., Tim Blake. Portland House. 21 Narborough Road, Cosby, Leics. LE9 5TA. UK; Tel.
( + 44-533) 753 333, Telefax ( + 44-533) 750 522. USA and Canada: Weston Media Associates, Daniel S. Lipner, P.O. Box
1110, Greens Farms, CT 06436 -1110, USA; Tel. ( + 1-203 ) 261 2500 , Telefax ( + 1-203) 261 0101.
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o Available cyclodextrin phases:
modified a-, ~- and y- cyclodextrins

o Besides cyclodextrin phases we supply
numerous capillary columns with silicone
orpolyethylene glycol based phases

Fused Silica Capillary COlumns ;
for Enantiomer Separation

I Based on Cyclodextrins
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