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CHROMSYMP. 2656

Effect of stationary phase solvation on shape selectivity
in reversed-phase high-performance liquid

chromatography™

Steven R. Cole and John G. Dorsey*

Department of Chemistry, University of Cincinnati, Cincinnati, OH 45221-0172 (USA)

(First received June 14th, 1992; revised manuscript received December 1st, 1992)

ABSTRACT

The effect of stationary phase solvation on reversed-phase chromatographic shape selectivity has been investigated using
n-hexanol as an additive to methanol-water mobile phases. A wide range of mobile phase compositions was evaluated to
normalize for solvent strength selectivity differences. Monomeric C,, stationary phases of both high and low bonding density were
synthesized and used to correlate selectivity changes caused by stationary phase ordering with those seen by the addition of
n-hexanol. The temperature dependence of retention and selectivity was also investigated using Van 't Hoff plots, which provided
insight into the nature of selectivity behavior for estrogens and polyaromatic hydrocarbons. The results showed that using
n-hexanol as a mobile phase additive did not provide higher shape selectivity, suggesting that changes in the solvation of the
stationary phase did not impart a significant change in the level of surface ordering or morphology. However, n-hexanol did
impart solvent selectivity changes in the separation of estrogen diastereomers that could prove useful in future methods

development schemes.

INTRODUCTION

Chromatographic selectivity, «, is generally
defined as the interaction difference that two
solutes experience between the mobile and
stationary phases, such that

In @ = —A(AG/RT) (1)

where AG is the Gibbs free energy of transfer
between the mobile and stationary phase, R is
the gas constant, and T is the absolute tempera-
ture. Because small increases in selectivity can
lead to substantial increases in resolution, with

* Corresponding author.

* Presented at the 16th International Symposium on Column
Liquid Chromatography, Baltimore, MD, June 14-19,
1992. The majority of the papers presented at this
symposium were published in J. Chromatogr., Vols. 631 +
632 (1993).

0021-9673/93/$06.00

k-

concomitant decreases in analysis time, consider-
able effort has been expended to better under-
stand the relevant interactions that govern selec-
tivity in reversed-phase high-performance liquid
chromatography (RP-HPLC) and the chromato-

.graphic conditions that can maximize selectivity.

In what proved to be great foresight, Bakalyar
wrote in 1977 [1]): “It may well be that the
standard column (for RP-HPLC) becomes a
hydrocarbon bonded phase (analogous to the
nitrogen gas mobile phase of gas chromatog-
raphy) and that selectivity is adjusted by chang-
ing the mobile phase only (analogous to the
column in GC)”. Indeed, while changing the
polarity of the stationary phase to optimize
selectivity has been explored, selectivity is most
often adjusted by changing either the mobile
phase composition (solvent strength optimiza-
tion) or the mobile phase organic modifier (sol-
vent selectivity optimization). Extensive litera-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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ture has been published for each of these three
strategies [2-4].

The success of mobile phase or stationary
phase optimization generally relies on the polar
interactions of the solutes with the two phases.
One class of compounds that does not show
significant selectivity enhancement with changes
in mobile phase or stationary phase polarity is
that of shape isomers. Because they have identi-
cal structural composition, and differ only in
geometric shape, shape isomers often have simi-
lar solubilities and thus similar retention prop-
erties, resulting in coelution. Sander and Wise
[5-7] have studied shape isomer separations
extensively using C,; stationary phases. Their
results suggest that the separation of shape
isomers is not enhanced by mobile phase optimi-
zation as compared to stationary phase effects.
However, the greatest enhancement in shape
selectivity occurs not from stationary phase po-
larity changes, but from the degree of stationary
phase surface ordering [6,7]. The trends of this
work show that shape selectivity is highest for
polymerically bound (i.e., trichlorosilanes with
water in the reaction mixture) C,; stationary
phases at low temperatures. By increasing the
networking of the stationary phase by using
polymeric bonding chemistry, and by increasing
the stationary phase chain rigidity by decreasing
the temperature, Sander and Wise propose that
linear, planar solutes can partition more readily
into the ordered surface than solutes that are
bent, or non-planar, thus allowing a means of
separation [6,8]. Similar results were reported by
Sentell and Dorsey [9], who demonstrated that
monomerically derivatized stationary phases of
high bonding density provided higher shape
selectivity than low bonding density columns.
Again this increase in selectivity with bonding
density was attributed to greater ordering of the
stationary phase chains at high chain densities.

Martire and Boehm [10] proposed a stationary
phase model that incorporated the idea of a
“breathing” surface that could change its three-
dimensional structure from a collapsed state in
poor wetting solvents, to a more extended bris-
tle-like structure in mobile phases of good wet-
ting ability. The implications of this model are
that the chromatographic properties of the

S.R. Cole and J.G. Dorsey | J. Chromatogr. 635 (1993) 177-186

system change not only as a function of mobile
phase polarity, but that the mobile phase can
change the nature of the stationary phase. A
large number of scientists have reported evi-
dence of mobile phase modifiers partitioning into
stationary phases [11-13]. Although most non-

polar modifiers are relatively strong eluents, it is

not uncommon for solute retention to increase as
a result of adding the modifier. This increase can
be attributed to an increase in stationary phase
volumes as the modifier becomes part of the
stationary phase.

MacCrehan and Schonberger [14,15] showed
that the addition of 10% n-butanol to methanol-
water mobile phases reduced the retention of the
shape isomers cis/trans-retinol and cis/trans-
B-carotene dramatically, while maintaining sepa-
ration selectivity. One proposed mechanism for
this selectivity phenomenon was stationary phase
solvation, in which n-butanol partitioned into the
stationary phase to provide a more extended,
ordered surface, thus improving the shape selec-
tivity. However, this hypothesis was not investi-
gated.

In an effort to improve shape selectivity for
the wide range of stationary phases currently
available, and to gain insight into the relation-
ship between stationary phase solvation and
shape selectivity, we have studied the systematic
addition of n-alcohols to mobile phases to de-
termine their effect on shape selectivity. The
alcohols evaluated included n-propanol through
n-octanol to determine which would provide the
greatest solvation while maintaining system com-
patibility. Because of the great effect of solvent
strength on selectivity, a wide range of mobile
phase compositions was evaluated. Methanol
was selected as the organic modifier to minimize
the effect of solvent selectivity, as methanol is in
the same solvent family as the n-alcohols and
thus should provide more similar solution prop-
erties than other modifiers such as acetonitrile or
tetrahydrofuran [16]. In order to evaluate the
role of stationary phase ordering on selectivity,
both high and low bonding density stationary
phases were used such that selectivity changes
caused by an increase in bonding density could
be compared to those seen by adding the n-
alcohol.
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EXPERIMENTAL

Apparatus

All chromatographic data was collected on one
of two HPLC systems comprised of a SP8800
ternary HPLC pump (Spectra-Physics, San Jose,
CA, USA), a Rheodyne 7125 injector with a
20-u1 loop (Rheodyne, Cotati, CA, USA) and
either an Applied Biosystems 757 absorbance
detector or an Applied Biosystems 1000S diode
array detector (Applied Biosystems, Foster City,
CA, USA). Constant temperature (+0.3°C) was
maintained using a water or water—ethylene
glycol bath pumped through both a pre-column
and column glass jacket using a Model 9000
Isotemp Refrigerated Circulator Bath (Fisher
Scientific, Springfield, NJ, USA). The detector
output was recorded on an HP3394A integrator
(Hewlett-Packard, Avondale, PA, USA). All
experiments were conducted at 30°C unless
otherwise specified, at controlled flow-rates of
1.0, 1.5 or 2.0 ml/min, which were calibrated
regularly. The detection wavelength was ad-
justed to the absorbance maximum of each class
of solutes studied.

Replicate injections of all solutes were made
until the retention times were reproducible to
within +1% R.S.D. Solutes were dissolved in
methanol and diluted with methanol-water with
the exception of SRM 869 which was provided as
an acetonitrile solution that was diluted with
acetonitrile~water. Capacity factors were calcu-
lated using a ¢, value obtained from either the
solvent disturbance at the beginning of the
chromatogram, or by injecting water.

Columns

Stationary phase derivatization materials
included dimethyloctadecylmonochlorosilane
(Hils America, Bristol, PA, USA), Novapak
spherical silica, 5 wm diameter, 60-A pores, and
120 m*/g (a gift from Waters Chromatography
Division, Millipore, Milford, MA, USA), N,N-
dimethylaminopyridine (Nepera, Harriman, NY,
USA), and dichloromethane (Fisher Scientific).
Corroborative silica surface area analysis was
provided gratis by Union Carbide, the results of
which compared within 2% of the nominal
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values. The silica was derivatized according to
the procedure outlined by Sentell et al. [17]. The
only exception to this procedure was that the
reaction was refluxed with stirring for 24 h rather
than reacted under ultrasound. Two batches of
silica were derivatized, one with a two-fold
excess of silane (based on a 5 wmol/m” esti-
mated surface silanol density) and one with an
80% charge of silane to produce phases of higher
and lower bonding density. Samples were sub-
mitted for C, H and N analysis, and the bonding
densities were calculated to be 3.3 and 2.5 pmol/
m?, respectively. The derivatized silicas were
slurry packed into stainless-steel columns (25 cm
and 15 cm length, respectively X 4.6 mm 1.D.).

Reagents

Methanol and acetonitrile were of HPLC
grade from Fisher Scientific, and were used
without further purification. Water was distilled,
followed by purification with a Barnstead Nano-
pure system to produce 17.8-M{Q or higher
resistivity. The n-alkanols, n-propanol, n-
butanol, n-pentanol, n-heptanol and n-octanol
were of reagent grade and were obtained from
Fisher Scientific. The n-hexanol (99%), estra-
diol-17«, estradiol-178 and equilin were ob-
tained from Sigma Chemical (St. Louis, MO,
USA). Napthacene was obtained from Eastman
Kodak (Rochester, NY, USA), and benz[a]an-
thracene from K & K Laboratories (Plainview,
NY, USA). Benzo[c]phenanthrene was pur-
chased through the Alfred Bader Library of rare
chemicals, Aldrich (Milwaukee, WI, USA). Ben-
zo[a]pyrene (BaP), phenanthro[3,4-c]phenan-
threne (PhPh), and 1,2:3,4:5,6:7,8-tetraben-
zonaphthalene (TBN) were obtained as test
mixture SRM 869 as a gift from Dr. Lane
Sander, National Institute of Standards and
Technology (Gaithersburg, MD, USA).

RESULTS AND DISCUSSION

The solutes in SRM 869 were separated on
both the 2.5 and 3.3 wmol/m? columns using the
recommended acetonitrile-water (85:15) mobile
phase with UV detection at 254 nm [7]. The
structures are shown in Fig. 1. The selectivity
between TBN and BaP can be used as a measure
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Fig. 1. Structures of the solutes used in these studies: top row:
estradiol-17a, estradiol-178, equilin; middle row: benzo(c)-
phenanthrene (BcP), benz(a)anthracene (BaA), naphthacene
(NAP); bottom row: benzo(a)pyrene (BaP), phenanthro-
phenanthrene (PhPh), tetrabenzonaphthalene (TBN).
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of shape selectivity, with lower values of
arpn/pap INdicating higher surface ordering and
shape recognition. The a;py,p.p Values for the
2.5 and 3.3 pmol/m’ stationary phases were 1.74
and 1.65, respectively. These values are both
near the border of “monomeric” (orgn/pap >
1.7) and “intermediate” (orpyp.p<1.7 and
>1.0) stationary phase behavior, with the higher
bonding density showing more ordered behavior
as predicted [7].

Initial screenings of n-alcohols ranging from
n-propanol to n-octanol were conducted by ad-
ding 3% (v/v) of the alcohol to methanol-water
mobile phases such that a final composition
of methanol-n-alcohol-water (62:3:35) was
achieved. A variety of solutes was screened using
mobile phases with and without rn-alcohol pres-
ent. The result of these studies showed that a
maximum in selectivity was achieved when using
n-hexanol as the additive. Based on these
studies, n-hexanol was selected for further study.
It should be noted that all of the other »n-al-
cohols, such as the n-butanol used by Mac-
Crehan and Schonberger [14] showed significant
chromatographic changes at the 3% (v/v) level.
The optimum level of n-hexanol was somewhat
governed by the solubility and viscosity of n-hex-
anol. At a level of 3% n-hexanol, the system
back pressure was increased by approximately

§ 4
§ 4
§ 4
o o
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10% and mobile phases of lower than about 45%
methanol developed significant cloudiness due to
the insolubility of n-hexanol. Given these prop-
erties, a maximum level of 5% n-hexanol in the
methanol fraction was used. When the level of
n-hexanol was decreased to 1% of the mobile
phase volume, significantly lower selectivity
changes were observed. Thus only higher per-
centages of n-hexanol were investigated.

In an effort to more closely compare chain
ordering to the addition of n-hexanol, two
classes of solutes were investigated. These in-
cluded the estrogens equilin, estradiol-17«, and
estradiol-1783, and the polyaromatic hydrocar-
bons (PAHs) benzo[c]phenanthrene, benz[a]-
anthracene and naphthacene. The structures of
these compounds are shown in Fig. 1. The three
estrogens were previously studied by Olsson et
al. [18], who showed that methanol-water
mobile phases provided the best resolution of the
three compounds. Equilin was used as a reten-
tion reference, and the compounds were sepa-
rated on the 2.5 and 3.3 wmol/m® columns with
detection at 280 nm. Baseline resolution of the
a- and B-estradiols could only be achieved on
the 3.3 pwmol/m’® column. Likewise the PAHs
benzo[c]phenanthrene, benz[a]anthracene and
naphthacene showed an increase in selectivity
with an increase in stationary phase bonding
density (the linear naphthacene showed an in-
crease in separation from the angular benzo[c]-
phenanthrene).

Mobile phases containing n-hexanol were pre-
pared for the estrogen and PAH studies by
dissolving 5% n-hexanol in methanol, and then
using the n-hexanol-methanol mixture as the
organic portion of the hydro—organic mobile
phase. This made mobile phase preparation easy
and accurate, and produced mobile phases that
had a constant ratio of methanol to n-hexanol.
Thus at a volume fraction of organic modifier, ¢,
of 0.5 (i.e., 50% organic) the actual mobile
phase composition was methanol-n-hexanol-
water (47.5:2.5:50).

Under all conditions the selectivity of the a/B
estradiol pair was higher on the 3.3 wmol/m?
column than on the 2.5 wmol/m? column. For a
methanol-water (50:50) mobile phase at 30°C,
the selectivity values for a/B were 1.22 and 1.02
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Fig. 2. Plot of the selectivity of estradiol-17«/estradiol-178
versus the volume fraction of methanol in the mobile phase
for the 3.3 pmol/m* column (A) without and (<) with, and
the 2.5 pumol/m’ column (J) without and (O) with 5%
n-hexanol in the methanol fraction of the mobile phase.

for the 3.3 and 2.5 wmol/m* columns, respec-
tively. Fig. 2 shows the effect of the volume
fraction of methanol, ¢, on the selectivity of the
a/B pair for both the 3.3 and 2.5 wmol/m’
columns with and without 5% n-hexanol in the
mobile phase. It is apparent that the high bond-
ing density column yields higher selectivity, and
that as the mobile phase strength is increased the
selectivity between the pair is decreased. When
5% n-hexanol is added to the methanol fraction
of the mobile phase, retention is decreased
dramatically [with k' (estradiol-17a) values of
15.3 and 2.77 on the 3.3 wmol/m> column at
¢ = 0.5 without and with n-hexanol, respective-
ly]. Despite this difference in mobile phase
strength, the selectivity for the /B pair remains
fairly constant with values of 1.22 and 1.20
without and with n-hexanol, respectively. How-
ever, the relationship between « and ¢ is entire-
ly different for methanol-water systems and
methanol-n-hexanol-water systems. While me-
thanol-water mobile phases show a steady in-
crease in selectivity as ¢ is decreased, the system
that contains 5% n-hexanol in the methanol does
not show a predictable pattern of selectivity. The
most plausible reason for this incongruity in the
selectivity versus ¢ plot is that while the strength
of the mobile phase increases with increasing ¢
values, and thus should resuit in lower a values,
the volume fraction of n-hexanol also increases.
It is apparent that the n-hexanol is contributing
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to the selectivity of the system in a manner that
is not found when just using methanol. Thus the
increase in mobile phase strength is somewhat
counterbalanced by the concomitant increase in
n-hexanol concentration.

Because the estrogens contain polar hydroxyl
functionalities, and because the shape difference
between the estrogens was based on the position
of the 17-hydroxyl moiety, further study was
warranted. One concern was the effect of residu-
al silanols on the separation selectivity. To
ensure that the separation differences between
the high and low bonding density columns were
not caused by differences in the level of surface
silanols, methanol-15 mM phosphate buffer
(50:50) mobile phases were prepared with and
without 0.2% triethylamine (TEA) at pH 3.0.
The use of TEA to reduce the effects of residual
silanols is well documented, and its effect should
be most pronounced on the low bonding density
column. Comparison of the selectivity of the o/
estradiol pair on the 2.5 wmol/m> column
showed virtually no difference in selectivity upon
the addition of 0.2% TEA. This provides clear
evidence that the surface silanols are not a
significant contributor to the separation.

While the estrogen separation improved by
adding n-hexanol, it was not confirmed that the
selectivity differences were caused by solvation
or ordering of the stationary phase. This study
was expanded to the PAHs benzo[c]phenan-
threne (BcP), benz[a]anthracene (BaA) and
naphthacene (NAP). The selectivity between
BcP, the most angular solute of the three, and
NAP, the most planar solute of the three,
provided a measure of shape selectivity for
different stationary phases. Using a methanol—
water (80:20) mobile phase with the 2.5 and 3.3
pmol/m* columns yielded ay,p/p.p values of
1.39 and 1.69, respectively. This increase in
selectivity with bonding density is in agreement
with previous work [9]. Fig. 3 shows a plot of the
selectivity of the BaA/BcP and NAP/BcP pairs
as a function of ¢ on the 2.5 pmol/m? column
using mobile phases with and without 5% n-hex-
anol in the methanol fraction. The data for the
methanol-water mobile phase show that the
selectivity of the system is decreased in a regular
manner with increasing methanol concentration.
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Fig. 3. Plot of the selectivity versus the volume fraction of
methanol on the 2.5 wmol/m? column for the NAP/BcP pair
(O) without and (<) with, and the BaA/BcP pair (O) with-
out and (A) with 5% n-hexanol in the methanol fraction of
the mobile phase.

The negative slope of the NAP/BcP pair is larger
than that of the BaA/BcP pair, indicating that
the mobile phase polarity is a significant con-
tributor to the system selectivity. Similar trends
are seen for the n-hexanol containing system in
terms of the decrease in selectivity versus ¢, and
the steeper slope for the NAP/BcP pair relative
to the BaA/BcP pair. The only substantial
difference between the data is the magnitude of
the selectivity values, which are consistently
smaller for the n-hexanol containing mobile
phase. This decrease was thought to occur
because of the greater solvent strength of the
n-hexanol containing mobile phase. In an effort
to normalize for this solvent strength difference,
the selectivity values obtained with both systems
were compared at equivalent retention (i.e.,
eluent strength). However, even at equivalent
retention, no selectivity enhancement was ob-
served by adding n-hexanol.

The test mix SRM 869 was also evaluated on
both the 2.5 and 3.3 pmol/m* columns. Mobile
phases with n-hexanol were prepared by adding
3% (v/v) n-hexanol directly to methanol-water
mobile phases of fixed composition (i.e., 80:3:20
methanol-n-hexanol-water). Fig. 4 is a plot of
arpn/Baps the numerical indicator of shape selec-
tivity, versus the volume fraction of organic, ¢
on the 2.5 wmol/m® column. As the volume
fraction of organic is increased, the value of
arpn/eap 1S decreased. While a decrease in this
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Fig. 4. Plot of the selectivity of the TBN/BaP pair versus the
volume fraction of ((0) methanol and (O) methanol with 5%
n-hexanol on the 2.5 wmol/m? column.

term is typically associated with increased shape
selectivity for a fixed mobile phase composition,
these data indicate that the mobile phase
strength can also produce changes in a;py/p.p
that are not associated with shape selectivity. A
thorough study of this phenomenon must include
a normalization for this mobile phase strength
effect. Examination of the a;gy,p.p values for
the mobile phase with 3% n-hexanol added show
that the o py,p.p values are consistently lower
than the values obtained using methanol/water
mobile phases at any composition. However, the
3% n-hexanol containing mobile phases are also
stronger eluents than the corresponding meth-
anol-water mobile phases of similar composi-
tion. Fig. 5 is a plot of argy;p.p versus analysis
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Fig. 5. Plot of the selectivity of the TBN/BaP pair versus

analysis time for mobile phases using (O3) methanol, and (O)

methanol with 5% n-hexanol as the organic modifier on the

2.5 wmol/m? column. :
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time on the 2.5 wmol/m® column for mobile
phases with and without 3% n-hexanol. While
the selectivity appears to change slightly when
n-hexanol is added to the mobile phase, the
magnitude of this change is small when com-
pared to the overall selectivity range observed
and thus does not indicate that n-hexanol
provided higher surface ordering.

While the addition of n-hexanol did not
provide greater selectivity for the PAHs and
SRM 869, improved separation of the estrogens
was accomplished. To better understand the
nature of these selectivity differences, a study of
the temperature dependence of retention was
conducted. Numerous scientists have examined
the effect of temperature on chromatographic
separations. The general findings are that as the
temperature increases, retention decreases and
chromatographic efficiency increases [19]. The
increase in efficiency is most often attributed to a
decrease in the mobile phase viscosity, which
facilitates faster mass transfer of the solute in
and out of the stationary phase. Of larger scope,
the use of temperature as a system variable can
provide information about the fundamental
mobile phase and stationary phase properties
that govern retention and selectivity.

The relationship often invoked to describe the
temperature dependence of retention is known
as the Van ’t Hoff relationship and is expressed
as

AH® AS°

R+ Rt @ 2)

Ink'=—

where AH® and AS° represent the respective
standard enthalpy and entropy of transfer of the
solute from the mobile phase to the stationary
phase, R is the gas constant, T is the absolute
temperature in K, and @ is the volume phase
ratio of the stationary and mobile phase respec-
tively [20]. Experimentally, retention data is
collected over a wide temperature range and the
data are plotted as In k' vs. 1/7T. Eqn. 2 predicts
a linear relationship between these two vari-
ables, with the slope of the line equal to —AH®/
R, and the intercept equal to AS°/R+In &.
Thus the thermodynamic constants AH® and AS°
can be determined if the value of ® is known.
In addition to the thermodynamic information
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available from Van ’t Hoff analysis, there have
also been several reports of non-linear Van ’t
Hoff behavior [20-26]. These non-linear plots
typically exhibit either a steady curve away from
linearity, or distinct breaks from linearity at a
particular temperature. The nature of these
deviations has been debated. One theory sug-
gests that as the temperature is varied high
bonding density stationary phases undergo a
phase transition from a more solid, ordered,
state at low temperature to a more fluid, liquid-
like state at high temperature [8,21]. Thus the
stationary phase retention properties are not
homogeneous throughout the temperature
range, and deviations from linearity would be
predicted. It has also been postulated that the
mobile phase properties, such as heat capacity
and hydrogen bonding, may not remain constant
throughout the temperature range which could
also lead to deviations from predictable retention
behavior [25,26].

Whether linear or non-linear Van ’t Hoff
behavior is observed, and regardless of the cause
of any deviation from linearity, Van ’t Hoff
analysis can provide a qualitative assessment of
retention mechanism changes that occur
throughout the temperature range investigated.
A series of chromatograms was collected on both
the 2.5 and 3.3 wmol/m? column over a tem-
perature range of 0 to 70°C. This study included
the solutes estradiol-17a¢ and -8B, which had
previously shown improved separation when
n-hexanol was added to the mobile phase, and
the PAHs BcP, BaA and NAP which showed no
shape selectivity enhancement upon the addition
of n-hexanol. Mobile phases were prepared by
mixing methanol or 5% n-hexanol in methanol
with water to appropriate compositions. Because
of the polarity differences between the solutes,
50% methanol or methanol with n-hexanol
mobile phases were used for the estrogens, while
80% methanol or methanol with rn-hexanol
mobile phases were used for the PAHs. The
chromatographic experiments were performed as
above except at temperatures of 20°C or lower,
which required flow-rates of 1.0, 0.75 or 0.5
ml/min to compensate for increased system
backpressure.

The results of these studies were not defini-
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Fig. 6. Plot of In k' of (O) estradiol-17a and (0) estradiol-
178 versus 1/T for the 2.5 mmol/m’ column using a
methanol-water (50:50) mobile phase.
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Fig. 7. Plot of In k' of (O} estradiol-17a and ([J) estradiol-
178 versus 1/T for the 2.5 wmol/ m” column using a metha-
nol—-n-hexanol-water (47.5:2.5:50) mobile phase.

tive, but gave insight into the nature of the
selectivity effects seen. Figs. 6 and 7 show the
Van ’t Hoff plots of the estradiol isomers on the
2.5 wmol/m’ column using methanol-water
(50:50) and methanol-n-hexanol-water
(47.5:2.5:50) mobile phases, respectively. The
system that contained no n-hexanol shows a
retention inversion of the a« and B isomers at
30°C. This provided a clear explanation as to
why the isomers were not separated at 30°C even
under a wide range of mobile phase composi-
tions, as illustrated by the selectivity values in
Fig. 2. The addition of 2.5% n-hexanol to the
system caused a shift in this retention inversion
point to lower temperatures, allowing faster
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separation of the isomers in the room tempera-
ture regime.

The Van ’t Hoff plot for the 3.3 wmol/m>
column with methanol-water (50:50) mobile
phase showed a retention inversion at 10°C,
much lower than that of the 2.5 umol/ m>
column. This inversion point is also shifted to
lower temperature with the addition of n-hex-
anol, such that coelution does not occur over the
entire temperature range investigated. The shift
to lower temperature of the retention inversion
point is obscrved both when n-hexanol is added,
and when the bonding density is increased. If the
n-hexanol is inducing greater ordering of the C;4
chains to change the retention process, then this
behavior should also be seen for the PAH
solutes. »

Figs. 8 and 9 show Van 't Hoff plots of the
PAH data obtained on the 3.3 wmol/m” column
using methanol-water (80:20) or methanol-
n-hexanol-water (76:4:20) mobile phases. There
are several trends worth noting. First, as the
temperature is decreased, not only is retention
increased, but the changes in the slope of the
plot are solute dependent. The curves for NAP
and BcP show distinct curvature toward higher
and lower retention, respectively, as the tem-
perature is decreased. The net result of this
retention trend is that higher shape selectivity is
seen at low temperatures, which is in agreement
with previous work [8,24]. Similar results were
observed for the 2.5 wmol/m? column, though at
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Fig. 8. Plot of In k' of (A) NAP, (O) BaA, and (O) BcP for
the 3.3 pmol/m® column using a methanol-water (80:20)
mobile phase.
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Fig. 9. Plot of In k' of (A) NAP, (O) BaA, and (O) BcP for
the 3.3 wmol/m” column using a methanol-r-hexanol-water
(76:4:20) mobile phase.

any given temperature the selectivity was always
highest for the 3.3 wmol/m” column. The tem-
perature induced selectivity increase is consistent
with greater chain ordering at low temperatures
in that the linear NAP was progressively more
retained while the angular BcP was progressively
less retained as the temperature was decreased.
If surface ordering were occurring at lower
temperatures, as has been shown by Sander and
Wise, one would expect that the linear, planar
solutes such as NAP would partition more readi-
ly than bent or torqued solutes such as BcP [8].

When n-hexanol was added to the mobile
phase, there was a decrease in retention as
expected, but the basic shape of the plot re-
mained the same as in the methanol-water
mobile phase case. If increased ordering were
induced by the addition of n-hexanol, the mag-
nitude of the “breaks” from linearity in the Van
't Hoff plot for NAP and BcP should be more
pronounced, and higher shape selectivity should
be seen for the n-hexanol containing mobile
phase.

Clearly if surface ordering is occurring from
stationary phase solvation by n-hexanol, the
effect is insignificant when compared to that of
stationary phase bonding density and system
temperature. A recent study by Montgomery et
al. [27] examined the effect of water, methanol-
water (80:20), and n-propanol-water (5:95) on
the contact angle measurements and frequency-
domain fluorescence anisotropy of a probe mole-
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cule on a C,; silica surface. The results showed
that while the addition of alcohol to the system
provided better interfacial wetting of the surface,
“The results do not support the idea that a small
amount of alcohol causes the C,; chains to
become extended toward the surface normal”
[27].

The enhanced separation of the estrogen pair
is most likely a result of a solvent selectivity
difference between methanol and the higher
n-alcohols. While methanol is in the same solvent
family as the higher alcohols, Snyder noted that
for solvents that undergo strong self-hydrogen
bonding, such as alcohols and amides, changes in
selectivity between lower and higher homologues
can be significant [16]. This type of interaction
could well explain the selectivity differences seen
in these experiments.
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ABSTRACT

A synthetic procedure leading to an amino-bonded stationary phase for high-performance liquid chromatography was
developed. The silica surface was first coated with a silicone polymer monolayer and an amino functionality was subsequently
attached to the polymer layer. The polymer-coated amino-bonded phase showed improved stability and separation in the analysis
of carbohydrates and nucleotides over conventional aminopropylsilylated silicas.

INTRODUCTION

Aminopropylsilylated silica is one of the most
commonly used column packings for the analysis
of carbohydrates [1], ionic compounds and other
biologically important substances [2}. However,
conventional aminopropylsilicas still have several
problems. In general, aminopropylsilicas are
chemically unstable and the lifetimes of packed
columns are relatively short [3]. One of the
reasons for the decrease in column efficiency is
thought to be gradual dissolution of the primary
amino phase in aqueous mobile phases [4].
Another complexity is that the three-dimensional
structure of the aminopropyl phase formed on
the silica surface varies depending on the re-
action conditions owing to the multi-functionality
of 3-aminopropyltriethoxysilane, the most com-
monly used silanizing reagent [5], which makes it
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Liquid Chromatography, Balitmore, MD, June 14-19,
1992. The majority of the papers presented at this
symposium were published in J. Chromatogr., Vols. 631 +
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difficult to obtain reproducible chromatographic
separations.

Several efforts to prepare improved amino-
bonded phases have been reported. Cationic
polymers whose amino groups were cross-linked
with diepoxides showed good reproducibility
during continuous operation for several months
[6,7].

The use of (3-aminopropyl)diisopropylethoxy-
silane, an alternative silanizing reagent, has been
reported {8]. The two bulky isopropyl groups of
the reagent were assumed to protect the silica
surface against hydrolysis. Aminopropylsilica
prepared by gas-phase silylation also gave im-
proved results with regard to the peak shape of
saccharides [9], although the durability of the
column was still uncertain.

As mentioned above, the initial instability
of silica-based aminopropyl-bonded stationary
phases appears to be due to the gradual desorp-
tion of the respective silane, while further .
changes in the chromatographic properties dur-
ing the operation seem to be caused by deactiva-
tion of the surface with impurities in the mobile
phase. A simple and effective way to prevent

© 1993 Elsevier Science Publishers B.V. All rights reserved
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degradation caused by mobile phases is to use a
protective column between the pump and the
injection valve that is packed with the same
sorbent. Such a protective column allowed the
main column to be used for several months
without any chromatographic change in a certain
application [10].

In spite of these efforts, improvements in the
chromatographic stability of primary amino-
bonded phases still remains a major issue. So
far, none of the commercially available amino-
propylsilica columns seems to have reached an
acceptable level in terms of its life span and
separation efficiency.

A novel polymer-coating technique to form
reactive polymethylsiloxane films on metal ox-
ides by chemical vapour deposition of 1,3,5,7-
tetramethylcyclotetrasiloxane (H4) was devel-
oped by Fukui er al. [11]. Ohtsu and co-workers
[12,13] utilized this polymer coating technique to
prepare a polymer-coated C,; silica packing. The
polymer-coated C,4 silica showed high chemical
stability even in alkaline mobile phases [12] and
separation characteristics similar to those of
conventional octadecylsilylated silica (ODS)
phases [14]. The polymer-coated C,; silica seems
to have a more homogeneous surface than
another type of polymer-coated silica phase on
which the bulky C,;-modified silicone polymer
was directly anchored [14,15]. Polymer-coated
C,s packings, prepared from high-purity silica,
also showed an excellent performance in the
analysis of protonated amines and chelating
compounds, which are normally considered dif-
ficult to analyse owing to their undesirable sec-
ondary interaction with the silica surface [16].

In this paper, an alternative way to develop a
silica-based amino-bonded phase using the
above-mentioned polymer coating technique is
described. The synthetic procedure, the stability
of the material and applications to various bio-
logically important substances are discussed.

EXPERIMENTAL

Materials
High-purity silica (Shiseido, Tokyo, Japan)
(particle size 5 um, pore diameter 80 A, specific
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surface area 400 m”/g, metal impurities <5 ppm)
was used as a starting material for the polymer-
coated amino-bonded phase. 1,3,5,7-Tetra-
methylcyclotetrasiloxane (H4), the silicone
monomer used for the polymer coating, was
purchased from Toshiba Silicone (Tokyo,
Japan). All the reagents and solvents used to
synthesize the packing were of special grade
from Nacalai Tesque (Kyoto, Japan), and were
used as received. Carbohydrates, sugar alcohols,
allantoin and fat-soluble vitamins used as stan-
dard compounds were obtained from Nacalai
Tesque. Oligosaccharides were obtained from
JASCO (Tokyo, Japan). Nucleotide monophos-
phates were purchased from Sigma (St. Louis,
MO, USA). Acetonitrile used for the mobile
phases was of HPLC grade from Nacalai Tesque.
Potassium dihydrogenphosphate and phosphoric
acid to adjust the pH of the mobile phase were
of special grade from Nacalai Tesque. Water was
purified with a Milli-Q system (Nihon Millipore
Kogyo, Tokyo, Japan). A Nucleosil 5NH,
column (250 mm X 4.6 mm 1.D.) was purchased
from Macherey-Nagel (Diiren, Germany) and
was used for comparative studies as described
later.

Synthesis of amino phase

The H4-coated silica was prepared according
to the method of Fukui et al. [11]. The high-
purity silica gel (100 g) was placed in contact
with the vapour of H4 (40 g) at 100°C for 48 h
under a nitrogen atmosphere. The H4 molecules
were deposited on the silica surface and became

- polymerized. The measured thickness of the

homogeneous polymer layer was ca. 7 A, which
corresponds to that of a monolayer. The silicone
polymer formed still had a high proportion of
reactive SiH groups (2.30 mmol/g), sufficient for
the subsequent modification. Allyl glycidyl ether
(AGE) (100 g) was reacted with the SiH groups
of the polymer-coated silica (100 g) in refluxing
2-propanol (200 ml) for 5 h under a nitrogen
atmosphere in the presence of hexachloroplatinic
acid (50 mg). When the hydrosilylation reaction
was complete, the solvent mixture was removed
with a glass filter and the epoxysilica trapped on
the filter was washed thoroughly with 2-propanol
and methanol. The epoxysilica was dried in
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vacuo for 5 h at 150°C to remove the residual
AGE completely. Aqueous ammonia (100 g) or
polyamines [NH,(CH,CH,NH) H, (r=1-5),
100 g} were added to the epoxysilica (100 g) and
the mixture was heated in refluxing 2-propanol
(200 ml) for 5 h under a nitrogen atmosphere.
After the removal of the solvent, the aminosilica
was washed with 2-propanol several times and
then with methanol and water. The wet amino-
silica was stirred in a mixture of formaldehyde
(20 ml) and water (100 ml) for 30 min at room
temperature, then droplets of 0.1% sodium
carbonate solution were added to the slurry in
order to adjust the pH to 9.0 and the slurry was
stirred for an additional 30 min at room tempera-
ture. After filtering off the solvent, the cross-
linked aminosilica was washed with water and
methanol. The modified silica was dried in vacuo
for 5 h at 120°C.

Characterization of polymer-coated aminosilica
(NH,-silica)

The modification density of the polymer-
coated NH,-silica was calculated from the nitro-
gen content measured by elemental analysis. The
polymer-coated NH,-silica (3.5 g) was dispersed
in 30 ml of slurry solvent [cyclohexanol-
methanol (40:60)] and the slurry was packed into
a stainless-steel column (250 mm X 4.6 mm 1.D.)
with 80 ml of methanol and 80 ml of water at a
constant pressure of 400 kgf/cm®.

The durability of the polymer-coated NH,-
silica column was evaluated by comparing the
decrease in the retention- of maltose using a
standard mobile phase [acetonitrile-water
(75:25)] with that for the Nucleosil 5NH,
column. Further, chemical stability of the poly-
mer-coated NH, column was evaluated by check-
ing the retention time and peak shape of carbo-
hydrates, which were measured after two series
of alternating 4-h flows (1.0 ml/min) of two
different mobile phase conditions: (1) acetoni-
trile-water (75:25), pH 2, adjusted with phos-
phoric acid, and (2) acetonitrile—water (75:25),
pH 11, adjusted with aqueous ammonia. This
flow programme of the mobile phases is given in
detail in Fig. 2.

In addition to the fundamental performance in
the separation of mono- and disaccharides,
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oligosaccharides, sugar alcohols, allantoin and
fat-soluble vitamins, the characteristics of the
new amino-bonded phase as a weak anion ex-
changer was investigated by observing the reten-
tion behaviours of the five standard nucleotides
at different pH values and buffer salt concen-
trations.

Equipment

The HPLC system consisted of a DGU-4A
degasser, an LC-9A pump, a SIL-6B autoinjec-
tor, an SPD-6AV UV detector, an SCL-6B
system controller and a C-R4AX data processor
(all from Shimadzu, Kyoto, Japan).

RESULTS AND DISCUSSION

The density of AGE molecules (spacer mole-
cules) attached to the polymer-coated silica by
hydrosilylation was 0.7 mmol/g. Various com-
pounds possessing primary and secondary amino
groups could be attached to these spacer mole-
cules (Table I). In a preliminary experiment, the
epoxy groups of the spacer molecules were
directly converted into primary amines by a
simple reaction with aqueous ammonia. The
density of primary amino groups formed in this
reaction was 0.4 mmol/g. Although this product
could be used as an amino-bonded stationary
phase, the measured retention of maltose was
not large enough for practical use (Table I).
The retention of maltose increased when
ammonia was replaced with larger polyamines
[NH,(CH,CH,NH),H (n = 1-5)]. As shown in
Table I, the retention of maltose increased as the
degree of polymerization (#) increased. When
pentaethylenehexamine (n =35) was used, the
modification density (sum of amino and imino
groups) increased to 2.5 mmol/g and the reten-
tion of maltose became sufficient for further
applications.

A column packed with the pentaethylenehex-
amine-modified silica, however, did not show a
largely improved lifetime, which had been ex-
pected owing to the silicone polymer coating. A
cross-linking procedure appeared to be one of
the ways to improve the durability of the amino-
bonded phase [6,7]. Three cross-linking reagents
were tried for the pentaecthylenehexamine-
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TABLE 1

POLYAMINE ADDITION AND RETENTION OF MALTOSE
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Amine added’ C N Imino and amino K ose
(%) (%) groups (mmol/g)

Aqueous ammonia 7.6 0.6 0.4 1.15

Ethylenediamine 8.2 1.8 1.3 2.32

Triethylenetetramine 10.4 2.4 1.7 4.61

Tetraethylenepentamine 12.2 3.1 2.2 5.43

Pentaethylenehexamine 12.8 3.5 2.5 6.22

“0.72 mmol/g of epoxy group was added to the SiH moiety of silicone polymer film on the 80 A pore silica gel (400 cm?/g) prior

to polyamine addition.

*Dead volume was determined by the retention volume of acetonitrile which was not considered to be retained in the NH,

column.

modified phase; glycerol diglycidyl ether, epi-
chlorohydrin and formaldehyde. As expected, all
of these reagents lengthened the lifetime of the
column considerably. With these three reagents,
however, the retention of maltose decreased by
80%, 47% and 39%, respectively. This retention
decrease seems to be attributable to the increase
in surface hydrophobicity caused by the cross-
linking procedure. Among the three reagents,
formaldehyde seems to be the best cross-linking
reagent, providing a high stability and maintain-
ing retention characteristics similar to those of
conventional aminopropylsilicas.

Fig. 1 shows the life span of the polymer-
coated NH, phase -cross-linked with formal-
dehyde and that of the conventional Nucleosil

(0]

100 5 (a)

80

)

k' of maltose (%)

0 50 700 750
Time (h)

Fig. 1. Comparative degradation of silica-based NH, col-
umns. Column: (a) polymer-coated NH,; (b) Nucleosil
5NH,. Column dimensions, 250 X4.6 mm I.D.; column
temperature, 40°C; mobile phase, acetonitrile-water (75:25);
flow-rate, 1.0 ml/min; detection, refractive index (RI);
sample, maltose.

5NH, aminopropylsilylated silica column. The
capacity factor (k') and theoretical plate number
(N) of maltose on the polymer-coated NH,
column remained almost constant during 150 h
of continuous use. On the other hand, the k' of
maltose on the Nucleosil SNH, column de-
creased to 70% of the initial value after 100 h
and serious tailing of the peak was observed.
Hence the polymer-coated NH, column has a
much longer life span than that of the conven-
tional column.

Fig. 2 shows the change in the chromatogram
for sugar analysis with the polymer-coated NH,
column under extreme conditions with the cyclic

Before After
N=6300 N=6800
4 34

| .
0 5 10 15 min ) 5 10 15 min

Fig. 2. Alteration of chromatogram of saccharides after
cyclic test with acidic and basic mobile phases. Column,
polymer-coated NH, (250x4.6 mm 1.D.); temperature,
40°C. Mobile phase: acetonitrile—water (75:25), (1) pH 2
adjusted with H,PO,, (2) pH 11 adjusted with NH, solution
and (3) pH not adjusted, with the following alternating cycle:
1) 4h->03)1h>2)4h>3)1h->(1)4h>3)1
h— (2) 4 h—(3) 6 h. Flow-rate, 1.0 ml/min; detection, RI.
Sample: 1 = fructose; 2 = glucose; 3 = sucrose; 4 = maltose.
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alternation of acidic (pH 2) and basic (pH 11)
mobile phases. The peak shape and N value of
maltose did not deteriorate significantly even
after these extreme conditions. The hydrophobic
silicone polymer film and cross-linked structure
seem to prevent hydrolysis of the amino-bonded
stationary phase.

The polymer-coated NH, column showed
good performance in the analyses of mono-, di-
(Fig. 3a) and oligosaccharides (Fig. 4), and sugar
alcohols (Fig. 5). The overall retention of these

(a) (b)

1 4

_JLUUUL‘_,

r T — 3 r | T 1
0 5 10 15min O 5 10 15 min

Fig. 3. Chromatograms of saccharides. Column: (a) polymer-
coated NH,,; (b) Nucleosil 5 NH,. Column dimensions, 250 x
4.6 mm 1.D.; column temperature, 40°C; mobile phase,
(a) acetonitrile—water (75:25) and (b) acetonitrile-water
(70:30); flow-rate, 1.0 ml/min; detection, RI. Sample: 1=
fructose; 2 = glucose; 3 = sucrose; 4 = maltose.

(') 5 10 1‘5 min

Fig. 4. Chromatogram of oligosaccharides. Column, poly-
mer-coated NH, (250 x 4.6 mm I.D.); temperature, 40°C;
mobile phase, acetonitrile-water (65:35); flow-rate, 1.0 ml/
min; detection, RI. Sample: 1=glucose; 2=maltose; 3=
maltotriose; 4 = maltotetraose; 5= maltopentaose; 6=
maltohexaose; 7 = maltoheptaose.
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0 5 10 min

Fig. 5. Chromatogram of sugar alcohols. Column, polymer-
coated NH, (250%x4.6 mm 1.D.), temperature, 40°C;
mobile phase, acetonitrile-water (85:15); flow-rate, 1.0
ml/min; detection, RI. Sample: 1= glycerine; 2 = penta-
erythritol;. 3 = D-sorbitol; 4 = mannitol.

standard analytes on the polymer-coated NH,
column is slightly less than that on the conven-
tional amino-bonded phase, probably owing to
the increased hydrophobicity of the cross-linked
polyamine. The overali retention of the standard
analytes could be increased to the level for the
conventional amino phase by increasing the
acetonitrile content in the mobile phase by 5%.
For instance, the retention of mono- and disac-
charides on the polymer-coated NH, column
with 75% acetonitrile in the mobile phase (Fig.
3a) was almost the same as that on the Nucleosil
5NH, column with 70% acetonitrile (Fig. 3b).
Note that the polymer-coated NH, column gave
a better separation of mono- and disaccharides
than did the Nucleosil SNH, column. It should
be also noted that the large oligosaccharides
(M, >1000) were separated with a relatively
narrow peak width (Fig. 4), although these
molecules were expected to be difficult to sepa-
rate in this system having a small pore size (80
A) and a bulky structure of the cross-linked
polyamine.

Allantoin is one of the most common medici-
nal ingredients in cosmetics and eyewashes.
Allantoin is normally determined using an
amino-bonded phase, because it is not retained
in an ODS column owing to its hydrophilic
nature. Allantoin could be retained on the
polymer-coated NH, column (Fig. 6). Nico-
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Fig. 6. Chromatogram of Allantoin. Column, polymer-
coated NH, (250 X 4.6 mm 1.D.); temperature, 40°C; mobile
phase, 5 mM KH,PO, (pH 2.0 adjusted with H,PO,) in
acetonitrile—water (80:20); flow-rate, 1.0 ml/min; detection,
UV (210 nm). Sample: 1 = allantoin; 2 = nicotinamide.

tinamide seems to be a suitable internal standard
for the determination of allantoin under the
mobile phase conditions shown in Fig. 6.

Standard fat-soluble vitamins were separated
with the polymer-coated NH, column using
hexane as the mobile phase, as shown in Fig. 7.
Vitamin A palmitate and vitamin E acetate were
separated as sharp peaks. The use of non-polar
solvents, such as hexane, is not possible with
certain polymer-based amino phases having a
swelling nature.

Further, the polymer-coated NH, column was
applied to the separation of nucleotide mono-

_J

0 5 10 min

Fig. 7. Chromatogram of fat-soluble vitamins. Column:
polymer-coated NH, (250x4.6 mm I.D.); temperature,
40°C; mobile phase, hexane; flow-rate, 1.0 ml/min; detec-
tion, UV (254 nm). Sample: 1= vitamin A palmitate; 2=
vitamin E acetate.
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i
0 10 20 min

Fig. 8. Chromatogram of nucleotides. Column, polymer-
coated NH, (250 X 4.6 mm 1.D.); temperature, 40°C; mobile
phase, 50 mM (NH,), HPO, (pH 3.0 adjusted with H,PO,);
flow-rate, 1.0 ml/min; detection, UV (260 nm). Sample:
1=5-CMP; 2=5"-AMP; 3=5-UMP; 4=5"-IMP; 5=5'-
GMP.

x
o0
L
Ry
2 3 4 5 6
pH
b
Q
1+
0
X F o
3 |
K]
3
of
5
2
I 4
0 50 100

Salt Concentration (mM)

Fig. 9. Effects of (a) pH and (b) sait concentration on
retention. Column, polymer-coated NH, (250x4.6 mm
1.D.); temperature 40°C; flow-rate, 1.0 ml/min; detection,
UV (260 nm). Mobile phase: (a) 50 mM (NH,),HPO,; (b)
(NH,),HPO, (pH 3.0). (1)=5-GMP; 2=5'-AMP; 3=5'-
IMP; 4=5'-CMP; 5=5'-UMP.
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phosphates (Fig. 8), for which a weak anion-
exchange column has usually been used. The
mobile phase was aqueous phosphate buffer.
The retention of all the nucleotides decreased at
lower pH (Fig. 9a) and with a higher salt
concentration in the mobile phase (Fig. 9b). This
type of retention behaviour of acidic solutes can
be explained as an anion-exchange effect. The
function as an anion exchanger of the polymer-
coated amino-bonded phase seems to be due to
the tertiary amine moiety of the cross-linked
polyamine.

CONCLUSIONS

A polymer-coated NH, silica packing was
developed by coating silica with a silicone poly-
mer homogeneously and subsequent modifica-
tion leading to a cross-linked polyamine phase.
The polymer-coated NH, column showed a
longer life span than that of a conventional silica-
based NH, column owing to the existence of a
protective silicone polymer film and a cross-
linked polyamine. It is applicable not only to the
analysis of saccharides, sugar alcohols, allantoin
and fat-soluble vitamins, but also to the anion-
exchange separation of nucleotides.
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ABSTRACT

In a previous investigation, the composition of the mobile phase for the reversed-phase HPLC separation of twelve
sulphonamides was optimized. The predicted chromatogram showed great similarity with a chromatogram measured under
optimum conditions. For routine analysis, it is important to have robust analytical methods, i.e., to have methods that are precise
and accurate despite small variations in the measurement conditions. In the experiment described here, a number of routine
chromatograms of six sulphonamides were recorded using the HPLC system with the optimum mobile phase to validate the
robustness of the system under routine conditions. The variance of the capacity factor was calculated for each sulphonamide and
the influence of this variance on the variance of the selectivity and the resolution of each pair of sulphonamides was studied.
Considerable variability of the capacity factors was found. However, owing to the high correlation between the variances of the
capacity factors of the compounds, relatively small variances of the selectivity o, ; and of the resolution R,u of pairs of compounds
were found. It was concluded that, owing to the high correlation between the variances of the capacity factor, the chromato-
graphic system was robust with respect to the selectivity and resolution of pairs of sulphonamides.

INTRODUCTION placed on quality in the laboratory. Accurate
and precise measurements are necessary for the
consistent determination of the quality of prod-
ucts such as drugs or the quality of the environ-

ment. The quality of a product can only be

At the present time, much emphasis is being

* Corresponding author. Present address: Institute of En-

vironmental Sciences TNO (IMW TNQO), Department of
Analytical Chemistry, P.O. Box 6011, 2600 JA Delft,
Netherlands.

0021-9673/93/$06.00

guaranteed if the quality of the analysis is ascer-
tained. Once the quality of laboratory manage-
ment procedures (e.g., logistics, such as informa-

© 1993 Elsevier Science Publishers B.V. All rights reserved



196

tion flow) has been achieved and ascertained by
good laboratory practice (GLP) rules or other
compliance programmes, the quality of the
chemical procedures may be improved, e.g., the
optimization of the robustness of methods or
procedures.

Several definitions of quality have been given
in the literature. The International Organization
of Standardization (ISO) defines quality as ‘“‘the
totality of features and characteristics of a prod-
uct, process or service that bear on its ability to
satisfy stated or implied needs”. A very explicit
definition has been given by Taguchi and Wu [1]:
the quality of a product is expressed by its loss to
society. The parameter design procedure of
Taguchi and Wu was developed to improve
product performance and distinguishes between
design variables (controllable variables) and
noise variables (non-controllable factors). A par-
ticular experimental design is used, the goal of
which is to select those settings of the design
variables which give optimum results for the
performance of a product. Moreover, those
settings of the noise factors are selected which
have minimal effects on the performance of the
product.

Many papers have been published on the
optimization of the composition of the mobile
phase of reversed-phase high-performance liquid
chromatography (RP-HPLC) [2-8]. The applied
methods demonstrated good prediction of chro-
matographic behaviour. Robustness of chro-
matographic systems has also been described [9-
11]. However, the publications concerned dealt
with robustness with respect to variables other
than the composition of the mobile phase; the
influence of small deviations from the optimum
settings of variables such as wavelength and flow-
rate on the final analytical result was investi-
gated. A similar investigation was performed by
Hoogkamer et al. [12]. Gooding and Schmuck
[13] concluded that through careful method
development, the limits on the variability can be
defined so that HPLC methods can have the
ruggedness required for validation procedures in
biotechnological and pharmaceutical situations.
De Boer et al. [14,15] developed and introduced
a robustness coefficient which they illustrated
with an application in mixture design optimiza-
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tion strategies. Wieling e al. [16] developed a
method to estimate the robustness of liquid-
liquid extraction procedures of drugs from bio-
logical matrices prior to HPLC analysis.

The final aims of the investigation described in
this paper were to detect any covariance struc-
ture in capacity factors in RP-HPLC and to use
robustness parameters in RP-HPLC in future
research. Some study of the significance of the
implementation of the variance/covariance struc-
ture in HPLC separations was needed for this
research.

As an example, the robustness of an optimized
HPLC system with respect to separation power
(expressed by the selectivity o; ; and the res-
olution R, of peak pairs) under routine condi-
tions was examined. The mobile phase composi-
tion that was selected after the optimization
procedure [17] was examined with respect to
inter-day reproducibility: during a period of 3
weeks the drift of the capacity factors and their
influence on selectivity and resolution was in-
vestigated. The rules of the propagation of errors
were used to determine the validity of the
assumption of the presence of covariance be-
tween capacity factors.

Detailed discussions on error propagation in
chromatography has been given by Ku [18] and
Balke [19].

THEORY

The selectivity of a mobile phase for two
compounds i and j is defined as the ratio of the
capacity factors (k; and k}) of those compounds
in that mobile phase:

a,; = ki/k; (1)

After the recording of a series (n) of chroma-
tograms, the means, k, and k;, the variances of
the capacity factors of compounds i and j, Sii
and Si,, and the covariance between the var-

. 7
iances of k; and k;, Si,.,kj’ are calculated as

follows:
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2 ki ~k) (kj, = k;)*
§2 =22l — nd §2 =221
k; n—1 a kj n—1
21 (k; = k) (kj — k;)
2 p=
Sk,.,k,. = n—1 (2)

Now, in HPLC systems that show significant
variability, a positive or negative drift in capacity
factors may arise, which may influence the value
of @; ;. Under conditions where random variables
contribute to the variance of the capacity factors
of both compounds i and j and with the same
direction and magnitude (i.e., S and S> are
completely correlated), no change'in @ ; arises.
This is demonstrated by the equation

da. . \2 da, .\?2
2 _ @2 i,j 2 i j
st =5 ok ) +Sk,~< ok )
§? <8ai,]- . aa,.,].)
i\ Gkt Ok

S,z /S\2 St e
ai,' 71 7t A
! ki k]. kiki

in which the variance of the selectivity, S ii L s
expressed as a function of the partial derivatives
of the selectivity «, ; to the capacity factors of i
and j and as a function of the (co)variances of
the capacity factors of i and j.

The correlation coefficient r is a relationship
between the covariance and the variances of k/
and k; and expresses the correlation between
these capacity factors:

r=S%./SeSk

The larger the correlation, the more robust the
separation of i and j is with respect to small
variations of the conditions.

Similarly, these rules of error propagation are
valid for the variance of the resolution as a
function of the variance of the capacity factors.
The resolution of two compounds i and j in an
RP-HPLC system is expressed by the equation

_ VN kj—k; 4
s 2 kit+ki+2 )

R
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where N is the plate number of the column.
Eqn. 5a gives the variance of the resolution of
i and j as a function of Si‘_, Si, and Sii’kj:

J(%RoN: (R, N2 (aR, R,
=S"i( ) +S"i< ) +S"iv"/< o )

S2
Ry ok, ok ok, ok,

ij
Sy (2K, +2)" + 5, 2k} +2)* ~ 48}, (K, +1)(k; +1)
(k;+k;+2)*

_N
=3

. S 2k +2)+ S} (2Kk; +2)° — 485 (ki + (k) +1)

i ki —ky

(52)
Often, the covariance terms in the eqns. 3a and
Sa are omitted, since it is accepted that there is
no covariance between the experimental errors
of the capacity factors of two compounds. Eqns.

3a and 5a are then simplified to yield the equa-
tions

- [(Z)+(7)] @)

2 2 aR‘ii 2 2 aR"‘i 2
st=Sk,.( 3K ) +S'<f< oK )

Si(2k;+2) + S} (2k; +2)°
(ki —k;)?

= (5b)

s

In eqns. 3b and 5b, the variance of the resolution
and the variance of the selectivity are always
negatively influenced (increase) by the variance
of the capacity factors, whereas their extended
forms (eqns. 3a and 5a) show that a positive
correlation (0<r=<1) positively influences (de-
creases) the variance of the selectivity and res-
olution. In fact, these variances are equal to zero
when r=1.

Here it is assumed that it is reasonable to
expect ‘a correlation between the variances of
two capacity factors in the same experiment:
random variables probably have more or less the
same effect on i and j, especially in this instance,
where a set of structurally related compounds
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are used. In other words, the variances of the
retentions of two compounds are more or less
correlated. This leads to the hypothesis that,
even if two compounds { and j have large
variances, a separation may be good and robust
if these variances of the retention of both com-
pounds are highly correlated, that is, if random
variables have identical effects on both com-
pounds.

EXPERIMENTAL

Instruments and instrumental conditions

The assay was performed with an HPLC
system consisting of a Spectra-Physics (San Jose,
CA, USA) Model SP8700 solvent-delivery
system used at a flow-rate of 1.0 ml min~" and a
Kratos (Ramsey, NJ, USA) Model 757 UV
detector, wavelength 260 nm, range 0.005
a.u.f.s., rise time 1 s.

Injections of sulphonamide standard solutions
into a Zymark (Hopkinton, MA, USA) Z 310
HPLC injection station, equipped with an elec-
trically controlled Rheodyne valve and a 20-ul
sample loop, were performed by a Zymate II
robot system. The Zymark Z 310 analytical
instrument interface was used to control the
HPLC injection station. The analytical column
was a 100 X 4.6 mm LI.D. Microsphere 3-um C,;
cartridge system (Chrompack, Middelburg,
Netherlands). Data analysis was performed by
means of a Spectra-Physics Chromjet SP4400
computing integrator.

Chemicals and reagents

Six sulphonamides were supplied by Sigma
(St. Louis, MO, USA): sulphisomidine (SOMI),
sulphathiazole (THIA), sulphapyridine (PYRI),
sulphamerazine (MERA), sulphamethoxypyri-
dazine (MEPY) and sulphachloropyridazine
(CLPY). Acetonitrile (ACN), tetrahydrofuran
(THF) and methanol (MeOH) were supplied by
Labscan (Dublin, Ireland) and were of HPLC
grade. Acetic acid (100%) (HAc), triethylamine
(TEA), phosphoric acid (85%) (H,PO,) and
potassium dihydrogenphosphate (KH,PO,) were
all of analytical-reagent grade and supplied by
Merck (Darmstadt, Germany). Water was
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purified by using Milli-RO-15 and Milli-Q water
purification systems (Millipore, Bedford, MA,
USA). Unless stated otherwise, water of Milli-Q
quality was used.

A phosphate buffer (pH 3.0; 0.05 M) was
prepared by dissolving 6.80 g of KH,PO, in 1000
ml of water. The pH was adjusted at 3.0 using
concentrated phosphoric acid. To this buffer 4.15
ml of TEA and 10 ml of HAc were added. The
mobile phase was prepared by mixing 1 ml of
ACN, 5 ml of THF and 140 ml of MeOH and
adding phosphate buffer (pH 3.0; 0.05 M) to
1000 ml. This mobile phase composition was the
result of an optimization procedure using mix-
ture designs and multicriteria deciston making
(MCDM) [17]. Before use, the mobile phase was
filtered through a Millipore Type HVLP filter
(0.45 pwm) and degassed before use by ultrasoni-
fication for 15 min.

Stock solutions of sulphonamides were pre-
pared by dissolving 100 mg of the compounds in
100 ml of MeOH to give concentrations of
1000.0 mg 17'. These solutions were stored at
4°C. A test solution was prepared containing all
six sulphonamides. The concentration of each
sulphonamide was 500 ug 17", The solution was
stored at 4°C.

System robustness testing under routine
conditions

To test the robustness of the optimized HPLC
system in routine analyses, the mixture of the six
sulphonamides (SOMI, THIA, PYRI, MERA,
MEPY and CLPY) was injected 33 times (eleven
injections on three separate days). The 33 chro-
matograms obtained were used to calculate the
mean and variance of the capacity factors and of
the resolutions and selectivities for each combi-
nation of two sulphonamides.

RESULTS AND DISCUSSION

Fig. 1 gives a representative chromatogram
after injection of the test solution. For a mixture
of six sulphonamides the variances of the selec-
tivity @, ; and the resolution R, = were calculated
using eqns 3a and b and 5a and b using the
means and standard deviations determined after
the 33 routine analyses (Table I). The ex-
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SOMI
THIA
MERA
PYRI
MEPY
CLPY

Fig. 1. Chromatogram after injection of the test solution of
six sulphonamides.

perlmental values of ¢; ; and R, , were deter-
mined usmg eqns. 1 and 4. From the 33 values
obtained in this way, the means and the var-
iances of @; ; and R, = were also calculated.

The data 1n Table I demonstrate a high and
significant correlation between the experimental
errors in the capacity factors. Estimation of the
variability -in the selectivity o, ; and the res-
olution R, without the use of a covanance term
would lead to overestimated values. This justifies
the use of the covariance terms in eqns. 3a and
Sa. Further evidence for the use of these terms is
given in Tables II and III, where the values for

;and R, are given with their standard devia-
thIlS determlned with three methods: (1) by
calculating these data from the experimental
values of the selectivity o; ; and the resolution
R, » (2) by calculation by means of eqns. 3a and

TABLE 1
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5a and (3) by omitting the covariance terms
(eqns. 3b and 5b). The tables demonstrate, with
the experimentally obtained values for the var-
iance of the selectivity @;; and the resolution
Rs, that eqns. 3a and 5a are correct. Tables II
and III are graphically displayed in Fig. 2. The
selected HPLC system is robust with respect to
the selectivity and resolution during a long
period of analyses: the measured standard devia-
tions of ¢, ; and Rsij are equal to the values
calculated by eqns. 3a and Sa, whereas the
values calculated by eqns. 3b and 5b are much
larger. The relative standard deviations
(R.S.D.s) of the capacity factors are relatively
large (4.9-6.5%, Table 1), whereas the values of
@, ; and R, P which are calculated from these
figures, are relatlvely small; R.S.D.s are 0.5—
1.9% for ¢, ; and 0.5-7.8% for R

Tables 11 and I also show the large difference
between the standard deviations calculated with
eqns. 3b and 5b as compared with the ex-
perimentally obtained values; for ¢, ; these val-
ues are 4-16 times too high and for R 2 5-21
times too high.

CONCLUSIONS

The assumption of the presence of covariance
between capacity factors is valid for the separa-
tion of six sulphonamides in a mobile phase with
constant pH. This conclusions may also be valid
for mobile phase systems for the separation of

MEANS AND STANDARD DEVIATIONS OF THE CAPACITY FACTORS OF SIX SULPHONAMIDES AND THEIR
CORRELATION COEFFICIENTS BETWEEN EXPERIMENTAL ERRORS USING THE OPTIMUM MOBILE PHASE
COMPOSITION OVER A PERIOD OF 3 WEEKS (n = 33)

SOMI THIA PYRI MERA MEPY CLPY
Mean 1.5026 2.0970 2.4061 2.8825 5.9790 7.7730
S.D. 0.0799 0.1369 0.1294 0.1404 0.3253 0.4589
R.S.D. (%) 53 6.5 54 4.9 5.4 5.9
THIA 0.9774
PYRI 0.9902 0.9952
MERA 0.9918 0.9946 0.9990
MEPY 0.9599 0.9956 0.9853 0.9849

CLPY 0.9514 0.9934 0.9806 0.9800 0.9991
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Selectivity g

Relative standard deviation (%)
1

Wekloliwelank,

12 13 23 14 24 34 15 25 35 45 16 26 36 46 56
Solute pair

B Measured
R Calculated with r

Calculated without r

70

Resolution
60

50

40 -

Relative standard deviation (%)

Solute pair

Fig. 2. Graphical comparison between the relative standard
deviations of the selectivity and the resolution calculated with
the experimental results and with eqns. 3a, 3b, 5a and 5b.

necutral compounds that use water instead of
buffer systems. In systems that have small vari-
ability in buffer pH, e.g., when pumps are used
that combine two buffer systems into one mobile
phase, the presence of covariance between
capacity factors may be less clear, if the pK,
values of the compounds to be separated differ
significantly. This may also be the case if pumps
are used that combine several pure organic
modifiers into one mobile phase; small changes
in the polarity or the selectivity of the mobile
phase due to small variations in the composition
of the mobile phase may affect the change in the
capacity factor of one solute differently to the
change in the capacity factor of another solute.

The robustness of the separation power (ex-
pressed by the selectivity o; ; and the resolution

J. Wieling et al. | J. Chromatogr. 635 (1993) 195-202

R, of peak pairs) with respect to variations in

S

the’ capacity factors is very high under routine
conditions. At the optimum mobile phase com-
position the precision of the selectivity and the
resolution is much better than the precision of
the capacity factors owing to the high correlation
of the experimental errors of the capacity fac-
tors.
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ABSTRACT

A unique cyclodextrin-based chiral separation is presented for enantiomers which do not fit the commonly held selection
criteria for chiral separations. The enantiomers of N,N'-1,2-ethylenediylbis(cysteine), diethyl ester are separated as the analogous
rhenium(V)oxo complexes using a Cyclobond II column and a methanol-water mobile phase. The rigidity added to the molecule
via the formation of the metal complex is sufficient to replace the normal requirement for an aromatic ring in the molecule for

successful separation.

INTRODUCTION

There is great interest in determining the
chiral purity of pharmaceuticals because of the
profound pharmacological differences which may
exist between optical isomers. An example of
these differences are the enantiomers of penicil-
lamine [1]. The R enantiomer of penicillamine is
an antiarthrytic while the § enantiomer is highly
toxic. It is this type of pharmacological differ-
ence which has led regulatory agencies and
pharmaceutical manufacturers to reevaluate the
strategy of developing racemic versus single-
enantiomer drugs. In 1989, the US Food and
Drugs Administration (FDA) approved 23 new
drugs, 9 non-chiral, 6 racemic, and 8 single
enantiomers. Justification for developing a
racemic mixture rather than a pure isomer drug
is now expected. The same concerns over the
chiral purity of therapeutic drugs are valid for
diagnostic drugs, where enantiomers may exhibit
large differences in distribution. This is the case
for radiopharmaceuticals such as Neurolite

* Corresponding author.

0021-9673/93/$06.00

(DuPont Merck, North Billerica, MA, USA),
the active ingredient of which is the topic of this
paper.

Historicaily, optical rotation measurements
have been used to determine optical purity.
However optical rotation measurements do not
always provide adequate sensitivity [2] and they
are not well suited to mixtures which contain
more than one optically active component. For
these reasons a more specific method such as
chiral chromatography is often preferred.

The determination of chiral purity has blos-
somed in recent years with the development of
chromatographic techniques which can be used
to separate the enantiomers of a wide variety of
compounds. There are several general ap-
proaches to the separation of enantiomers using
commercially available chiral bonded phases for
high-performance liquid chromatography. The
first to be introduced were the Pirkle columns [3]
which used derivatized silica columns in a nor-
mal-phase mode. Separations were achieved for
compounds which had at least three modes of
interaction with the stationary phase — 7—m
interactions, hydfogen bonding, dipole interac-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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tions, etc. Cyclodextrin columns were the first
chiral phases intended for use in the reversed-
phase mode [4]. These columns facilitate chiral
separations through the formation of analyte-
bonded phase inclusion complexes. A variety of
modified cyclodextrin columns are now available
for normal- and reversed-phase separations. A
number of polymeric phases have also been used
to achieve separation of enantiomers, among
them the cellulosic [5], protein [6] and
methacrylate [7] columns. A fourth type of chiral
stationary phase are the ligand-exchange
columns [8] which achieve enantiomeric separa-
tions via formation of metal-diastereomeric
complexes.

Each of the four modes of chiral bonded phase
chromatography requires specific functional
group interactions in order to separate enantio-
mers. With the exception of ligand-exchange
separations, some cellulosic columns (for exam-
ple Chiralcel columns by Diacel), and recent
reports using B- [9] and derivatized B-cyclo-
dextrin columns [10], these techniques gen-
erally require that an aromatic ring be pres-
ent in the molecule. This obviously restricts
separations to those compounds containing such
a group or those which may be derivatized. In
the case of N,N’-1,2-ethylenediylbis(cysteine),
diethyl ester, no ring is present, and the condi-
tions required for derivatization close to the
chiral center (high pH) are such that oxidation
and racemization occur. Attempts at separating
the enantiomers without derivatization were not
successful. Attempts at separating the enantio-
mers by ligand exchange were likewise unsuccess-
ful.

We first reported the separation of non-
aromatic enantiomers using cyclodextrin columns
in 1990 [11]. In this paper, we present a review
of the development of a chiral separation for
the enantiomers of N,N’-1,2-ethylenediylbis-
(cysteine), diethyl ester (also referred to as
ECD). N,N’-1,2-Ethylenediylbis-L-cysteine, di-
ethyl ester, the single L,L.-ECD enantiomer, is
the active ingredient in Neurolite, a technetium
based agent for single-photon emission com-
puted tomography (SPECT) brain imaging.
Upon radiolabelling of racemic ECD with tech-
netium (or rhenium, as described here) there are
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four possible isomers; two enantiomers and two
meso compounds. The separation of these enan-
tiomers is unique in that it was accomplished for
molecules which do not contain an aromatic ring.
This successful separation suggests the need for
an aromatic ring for selectivity in cyclodextrin
based separations may in some cases be based on
the rigidity it adds to the molecule rather than
direct chemical interaction with a source of
aromaticity.

EXPERIMENTAL

Reagents and chemicals

The L,L, D,p, and D,L isomers of N,N’-1,2-
ethylenediylbis cysteine, diethyl ester were
synthesized using modifications of the procedure
by Blondeau et al. [12]. The structure of L,L-
ECD -2HCI is shown in Fig. 1. The conforma-
tions of the purified Re(O)ECD (hereafter re-
ferred to as ReECD) enantiomers were con-
firmed via X-ray crystallography [13]. The struc-
tures of the ReECD stereoisomers are shown in
Fig. 2. Ammonium perrhenate (99+%) was
obtained from Aldrich (Milwaukee, WI, USA).
Sodium dithionite (Sodium hydrosulfite) was
obtained from Mallinkrodt (Paris, KY, USA).
Ultrapure water (Milli-Q, Millipore, Bedford,
MA, USA) was used in preparation of the

EtO.C

§c
f j

Fig. 1. Structure of L,L.-ECD - 2HCIL.

EtO,C, / \ \~°°25' Eto,c CO,Et
\ ” / \ ” /NH
/ \
L,L-ReECD D,D-ReECD
E10,C, CO,Et E10,C, /o \ \\CO,Et

NH
[ II/
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Fig. 2. Structures of stereoisomers of ReECD.
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mobile phase. ACS-Grade sodium hydrogencar-
bonate, HPLC-grade methanol, and HPLC-
grade chloroform were obtained from Fisher
Scientific (Pittsburgh, PA, USA).

Chromatographic system

The HPLC consisted of a Hewlett-Packard
1090M system (Hewlett-Packard, Avondale, PA,
USA), equipped with a diode array UV-Vis
detector monitoring at a wavelength of 210 nm.
The analytical columns, Cyclobond I, I 3,5-dime-
thylphenyl carbamate (DMP), II and III were
obtained from ASTEC Scientific (Whippany, NJ,
USA). The majority of the work was performed
using 500 mm Xx4.6 mm Cyclobond II (y-
cyclodextrin) columns. Mixtures of methanol and
Milli-Q water were prepared weekly and de-
gassed by purging with helium. The flow-rate
was varied during this study, but unless other-
wise noted was set at 0.2 ml/min.

Preparation of rhenium complexes

Low-oxygen water (LOW) was prepared by
purging Milli-Q water with low-oxygen nitrogen
(LON). Ammonium perrhenate (169 mg),
ECD - 2HCI (25.0 mg), and sodium hydrogencar-
bonate (10.6 mg) were added to a 30-ml vial with
a crimp-seal top (the reaction vial). A 10-ml
volume of LOW was added to the reaction vial,
the vial was sealed and the contents dissolved
through sonication. The reaction vial solution
was then purged with LON for approximately 15
min via a syringe needle through the septum of
the crimp seal.

A sodium dithionite solution was prepared at a
concentration of 44 mg/ml in LOW. Immediately
after dissolution, 5.0 ml of the solution were
added to the 30-ml reaction vial. The contents of
the vial were then allowed to react for a mini-
mum of 3 h.

After the 3-h reaction time, the reaction vial
solution is dark yellow in color and contains a
dark precipitate. The contents of the reaction
vial were added to a separatory funnel and ex-
tracted three times with 5-ml aliquots of chloro-
form, each time collecting the chloroform layer.
The 15-ml extract solution was then taken to
dryness. At the time of analysis, the sample was
reconstituted with 10.0 ml methanol. A portion
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of this sample was then diluted with Milli-Q
water to match the mobile phase composition.

RESULTS AND DISCUSSION

It would appear that the separation of ECD
enantiomers was unlikely by the currently avail-
able separation modes without derivatization,
given the commonly held selection criteria. We
did attempt the direct use of a Pirkle type
column (covalent L-leucine, Regis), a fB-
cyclodextrin column (Cyclobond I, Astec),
and ligand-exchange TLC plates (Chiralplate,
Macherey—Nagel) and obtained no separation of
the ECD enantiomers. Based on our knowledge
of ReECD chemistry, it was felt that a separa-
tion of the enantiomers as metal complexes via
formation of inclusion complexes with cyclodex-
trins was feasible. For successful separations
using cyclodextrins it is necessary that the mole-
cules contain a relatively rigid hydrophobic sec-
tion that fits tightly into the cyclodextrin cavity.
Interaction of analytes with the hydroxyls at the
rim of the cyclodextrin cone serves to further
orient the molecules within the cyclodextrin
cavity. The Re complex of ECD is easily formed,
is stable and is less susceptible to oxidation than
free ECD. The rigidity added to ECD by form-
ing the Re complex seemed a likely substitute for
the presence of an aromatic ring. The Re oxo
group also provides an additional point of inter-
action.

The preparation of ReECD, described earlier,
is performed at room temperature to minimize
possible racemization. Furthermore, the choice
of a non-chiral derivatization precludes the prob-
lems inherent in chiral derivations used to
produce diastereomers [2]. Typical yields from
the reaction were approximately 60% (at 3 h)
and the complex was stable for at least several
weeks, even after dissolution in mobile phase.

Cyclodextrin columns are available in a, 8 and
v forms which have cones composed of 6, 7 and
8 glycopyranose units, respectively. Thus differ-
ent cone diameters (approximately 7, 8 and 10
A, respectively) are available for optimizing the
fit between analyte and cyclodextrin. It is not
necessary for the entire molecule to fit inside the
cavity. A screening study was performed using a
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sample of racemic ReECD and four different
cyclodextrin bonded phase columns (e, B, ¥ and
B-DMP), using a methanol water mobile phase.
Successful chiral separations using the a-cyclo-
dextrins have typically involved molecules which
contain a single aromatic ring, and it was antici-
pated that ReECD (approximately 13 X 8 X 5 A)
would be too large to enter the a-cyclodextrin
structure. No separation of the enantiomers was
achieved with the a-cyclodextrin, as the two
enantiomers and one meso complex coeluted
(Fig. 3). The retention of each isomer was
determined using separate solutions of each
enantiomer and a solution containing both meso
isomers. The chromatography achieved with the
B, derivatized B and vy phases (Fig. 3) shows at
least a slight separation of the enantiomer peaks
under the conditions of the screening experi-
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ments. These columns have been most successful
in separating enantiomers containing two or
more rings, and therefore molecules more simi-
lar in size to ReECD. Although the nature of the
inclusion complex has not been determined, it is
likely that ReECD is oriented with the thiolate
groups pointed into the cyclodextrin cavity and
that the ethyl ester and Re oxo groups interact
with the external hydrogen bonding groups.
Optimization of the enantiomeric separation
was continued using the y-cyclodextrin column.
For our purposes we were interested in detecting
the presence of small amounts of D,b-ECD in the
presence of L,.-ECD, the desired enantiomer.
The column length was doubled to 50 cm to
increase efficiency and counter the effects of
injecting larger masses of sample onto the
column. The most common mobile phases used

2 a,b

120 cd
80

40

Time (min )

30

20

LS

10 20 30 40

Time (min )

Fig. 3. Chromatograms of racemic ReECD using a (1) a-cyclodextrin column. [Cyclobond III, mobile phase methanol-water
(25:75), flow-rate 0.5 ml/min], (2) B-cyclodextrin column [Cyclobond I, mobile phase methanol-water (20:80), flow-rate 0.5
ml/min], (3) derivatized B-cyclodextrin column [Cyclobond I DMP, mobile phase methanol-water (55:45), flow-rate 0.2
ml/min], and (4) y-cyclodextrin column [Cyclobond II, mobile phase methanol-water (15:85), flow-rate 0.5 ml/min]. All
columns were 25 cm X 4.6 mm. Peaks: a,d = meso-ReECD; b = D,D-ReECD; ¢ =L,L.-ReECD.
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with cyclodextrin columns are mixtures of water
and methanol or acetonitrile, a buffer, and an
organic modifier such as triethylamine acetate
(TEAA). These were evaluated using the vy-
cyclodextrin column and it was determined that
the modifier TEAA did not play a role in the
separation and could be eliminated. Methanol,
the lowest-strength solvent, was found to be
sufficient to accomplish the separation. A plot of
capacity factor versus percent methanol is shown
in Fig. 4. This plot shows typical reversed-phase
behavior —as the solvent strength increases the
capacity factor decreases. This is in contrast to
many cyclodextrin separations where at high
organic mobile phase concentration increased
retention occurs, presumably due to the in-
creased strength of hydrogen bonding between
the analyte and the cyclodextrin.
Reversed-phase separations using cyclodextrin
columns often  require lower flow-rates than
commonly used in other types of reversed phase
separations. We found that the best resolution
was obtained using a 0.2 ml/min flow-rate. Also
in contrast to typical reversed-phase separations
where an increase in temperature quite often
results in increased efficiency, the opposite effect
is often seen for separations based on formation
of inclusion complexes. The stability of cyclodex-
trin complexes are, in general, much greater at
lower temperatures. In our case however we

0 T T T T T
4 20 40 60 80 100

% Methanol

Fig. 4. Capacity factors for p,p-ReECD (M) and L,L-ReECD
(O) as a function of % methanol in the mobile phase.
Separation conditions, Cyclobond II column, 50 cm X 4.6
mm, flow-rate 0.2 ml/min.
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found only a small increase in resolution (1.02
vs. 1.10) by lowering the temperature from room
temperature to 4°C. Greater benefits may be
obtained using acetonitrile instead of methanol
at lower temperatures since it exhibits less vis-
cosity change as a function of temperature.

As the separation conditions were optimized,
we discovered that the sample capacity of the
gamma column was quite low relative to typical
reversed phase columns. The maximum sample
mass injected before acceptable resolution was
lost was approximately 3 ng. As a result of this
mass limitation, the detection limit for the p,p
enantiomer was determined to be 1%. Chroma-
tograms showing a typical L,.-ECD sample (no
D,0 or meso isomers present) and a L,L-ECD
sample spiked with 1% D,p-ECD are shown in
Figs. 5 and 6. The optimized separation of a
racemic mixture of ECD is shown in Fig. 7.

As part of our method ruggedness studies, we
have evaluated this separation using five differ-
ent Cyclobond II columns. These columns
ranged from new, unused columns to columns on
which hundreds of injections had been made. A
plot of stereoisomer retention versus mobile
phase methanol composition for a typical column
is shown in Fig. 8. The chromatographic differ-
ences between the five columns is illustrated in
Fig. 9, in which the L,.-ReECD retention for
each column is plotted versus the mobile phase
methanol composition. Adequate separation of
the enantiomers and meso complexes were ob-
tained with each column, but each column dif-
fered in the ratio of methanol and water required

90 L.L-ReECD
80
70
60
50
40

30

Absorbance (mAU)

20

0 i
10 20 30 40 50 60 70 80 90
Time (min )

Fig. 5. Chromatogram of a typical L,.-ReECD sample.
Column, Cyclobond II, 50 cm X 4.6 mm; mobile phase,
methanol-water (50:50), flow-rate, 0.2 ml/min.
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Fig. 6. Chromatogram showing detection of 1% D,D-ReECD
in the presence of L,L.-ReECD. Column, Cyclobond II, 50
cm X 4.6 mm; mobile phase, methanol-water (50:50), flow-
rate, 0.2 ml/min.

for the separation. This is illustrated in Table I,
where the % methanol required for a 65-min
retention time for L,.-ReECD was calculated
along with the retentions of the remaining three
sterecisomers. Among the possible causes for
these differences are column manufacturing vari-
ability (which may not be noticeable for the
majority of separations performed with these
columns), and changes in retentivity upon use
due to accumulation of permanently retained
sample components. In general we have found
that a retention of between 60 and 70 min for the
L,L.-ReECD peak will result in adequate separa-
tion (R,=1) of the enantiomers.

This work has presented a new approach to
the separation of non-aromatic enantiomers
using cyclodextrin columns. The presence of a
rigid non-aromatic ring can function in place of

100 Meso-ReECD D.D-RcECD
90 L.L-ReECD
80
5 70
<
E 60
g 50
% a0
2 Meso-ReECD
< 30
20
10 \/_\/\AU
0
10 20 30 40 50 60 70 80
Time (min }

Fig. 7. Chromatogram of racemic ReECD using a 1v-
cyclodextrin column. Column, Cyclobond II, 50 cm X 4.6
mm; mobile phase, methanol:water (50:50), fiow-rate, 0.2
ml/min.
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Fig. 8. Column ruggedness study showing retention changes
as a function of mobile phase methanol concentration for a
typical Cyclobond II column (50 cm X 4.6 mm). Symbols:
® = Re(mesoECD)1; O =p,D-ReECD; A =1L,L-ReECD;
O = Re(mesoECD)2.

an aromatic ring when additional chemical inter-
action is not required. The formation of metal
complexes may be desirable and generally ap-
plicable to the separation of the enantiomers of
technetium labelled radiopharmaceuticals and
other metal ligand complexes. If the thiolate

120

]

60

Retention Time (min)

404

20 T T T T T 1

% Methanol

Fig. 9. Column ruggedness study showing L,L-ReECD reten-
tion changes as a function of mobile phase methanol concen-
tration for five Cyclobond II columns (50 cm X 4.6 mm).
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TABLE 1

209

RETENTION TIMES FOR ReECD ISOMERS CALCULATED FROM FITTED CURVES (AS SHOWN IN FIG. 8) FOR

EACH OF FIVE CYCLOBOND II COLUMNS

The % methanol is the percentage required to obtain a 65-min retention time for the L,L.-ReECD peak.

Column no. Retention time (min)
Meso 1 D,D-ReECD L,L.-ReECD Meso 2 % MeOH
3818 51 63.5 65 70 23
4166 44 63.5 65 76 29
5460 59 62 65 71 55
5461 48 62 65 73 40
5462 49 62 65 73 33

groups are the key interaction with the interior
of the cyclodextrin cavity, the separation of
other cysteine related compounds may also be
viable.

Additional studies are planned to evaluate the
separation of ECD enantiomers by HPLC and
capillary electrophoresis using cyclodextrin
mobile phase additives. Recent studies have
indicated that the use of cyclodextrins as mobile
phase additives provides great flexibility in meth-
od development and yields efficiencies similar to
that obtained with cyclodextrin bonded phase
columns [14,15].
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ABSTRACT

Reversed-phase liquid chromatography was used to determine the stoichiometry and formation constants of the complex of
B-cyclodextrin with pyrene in the presence of several secondary modifiers in a 59% (v/v) methanol in water mobile phase. All
secondary modifiers contained a bulky and hydrophobic fert.-butyl moiety attached to functional groups of varying polarity and
heteroatom composition. Although pyrene exhibits no interaction with B-cyclodextrin in a 59% (v/v) methanol in water solvent
alone, the addition of a co-modifier resulted in dramatically short retention times. The stoichiometry of the B-cyclodextrin—-
pyrene was determined to be predominantly 2:1. Formation constants were estimated to be approximately 10* M~%. Adding
functionality and increasing chain length in co-modifiers resulted in a corresponding enhancement of formation constants and
reduction of capacity factors. The effects of pH on the equilibrium and the applications of co-modifier effects in environmental

analysis are discussed.

INTRODUCTION

Cyclodextrins (CDs) are cyclic oligosac-
charides that form inclusion complexes with a
variety of organic guest molecules [1,2]. The use
of CDs as mobile phase modifiers in reversed-
phase liquid chromatography has been widely
documented [3-9]. The fixed cavity sizes of the
cyclodextrins impart a high degree of selectivity
upon the separation, since the elution time of a
given analyte depends directly on the strength

* Corresponding author.
¥ Present address: Department of Chemistry, Agnes Scott
Coliege, Decatur, GA 30030, USA.
*™ Present address: Department of Chemistry, Emory Uni-
versity, Atlanta, GA 30322, USA.

0021-9673/93/$06.00

and stoichiometry of its complex with cyclodex-
trin [10,11].

The impact of polynuclear aromatic hydro-
carbons (PAHs) on the environment has been
well established [12-15]. As a result, significant
effort has been focussed towards characterizing
the behavior of such compounds in aqueous and
non-aqueous media [16]. Complexation of PAHs
with cyclodextrins has been widely studied using
a variety of spectroscopic techniques, including
absorbance and fluorescence [17-20]. Although
these methods are highly sensitive and have
relatively short analysis time, their use is limited
to the determination of analytes that undergo a
significant change in their spectroscopic prop-
erties upon inclusion in the CD cavity. Several
studies have utilized reversed-phase HPLC as an
alternative analytical technique to investigate the
complexation of PAHs with cyclodextrins [21-

© 1993 Elsevier Science Publishers BV. All rights reserved
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24]. An example of a common PAH is pyrene,
which has been shown to form a strong 2:1
(B-CD—-pyrene) complex with 8-CD [25]. Re-
cently, Anigbogu et al. [26] investigated the
retention behavior of 8-CD:pyrene complexes in
the presence of alcohol comodifiers using re-
versed-phase HPLC. The retention time of
pyrene in a methanol-water solvent system was
found to be relatively unchanged in the presence
of increasing amounts of B-cyclodextrin. The
addition of 1% tert.-butanol or cyclopentanol as
a secondary modifier, however, caused a
dramatic reduction in the capacity factor of
pyrene. This effect has been attributed to the
formation of a ternary B-CD-pyrene—alcohol
complex. A later study of apparent formation
constants  determined that the alcohol
strengthens the 3-CD-pyrene complex [27].

The effect of an appropriate secondary
modifier on the B-CD-PAH complex can have
significant environmental applications in selec-
tive extractions of non-aqueous solutes in a
complex mixture. This study is a comparison of
several secondary modifiers in an effort to
characterize these types of ternary complexes,
which may improve upon existing methodologies
in environmental analysis. The selection of
modifiers was based upon the assumption that
the bulky and hydrophobic terz.-butyl group in
tert.-butanol is partially included in the B-CD
cavity, with the hydroxyl group hydrogen bond-
ing with the primary and secondary hydroxyl
groups located on the periphery of the
cyclodextrin. This orientation of the alcohol
has previously been proposed by Muiioz de
la Pena et al. 28] in their investigation of the
B-CD-pyrene—tert.-butanol system in aqueous
media. The nature and polarity of the func-
tional group on the fert.-butyl may therefore
have a significant effect upon the strength
and extent of the hydrogen bonding occur-
ring at the periphery of the cyclodextrin.
The comodifiers used in this study contain the
tert.-butyl (tBu) moiety attached to functional
groups of varying polarity and heteroatom
composition.

N. Husain et al. | J. Chromatogr. 635 (1993) 211-219
EXPERIMENTAL

Apparatus
The chromatographic apparatus used in this
study has been described elsewhere [26].

Reagents

HPLC-grade methanol and water were pur-
chased from B&J (Baxter, McGraw Park, IL,
USA) and Fisher (Fair Lawn, NJ, USA), respec-
tively. Pyrene (99+%) and the secondary or-
ganic modifiers, tBu-OH, tBu-acetate, tBu-for-
mate, tBu-carbamate, tBu-carbazate, tBu-for-
mate, tBu-acetate, N(tBu-carbonyl)glycine and
N(tBu-hydroxy)carbamate were all purchased
from Aldrich (Milwaukee, WI, USA) and were
used as received. The B-CD used in this study
was provided by American Maize Products
(Hammond, IN, USA) and was recrystallized
twice from deionized water before use. The
potassium nitrite used for determining the void
volume of the column was purchased from Mal-
linckrodt (Paris, KY, USA).

Procedure for the liquid chromatographic runs

The procedure for the chromatographic runs
was similar to that previously described by Anig-
bogu et al. [26]. The mobile phase consisted of a
mixture of 59% (v/v) methanol, 39% (v/v) water
mixture, and 0.2 mol% (approximately 0.075 M)
of secondary modifier.

RESULTS AND DISCUSSION

Effect of secondary organic modifier on the
capacity factor of pyrene

Anigbogu et al. [26] recently reported the
effects of the addition of tert.-butanol as a
secondary modifier on the retention time of
pyrene in the presence of B-CD in a water—
methanol system. The capacity factor of pyrene
was found to be remarkably reduced upon the
addition of the alcohol. This was attributed to
the formation of a ternary B-CD-pyrene-al-
cohol complex, which has been extensively in-
vestigated in aqueous media by researchers using
fluorescence and proton NMR analyses [28]. The
hydrophobicity of the fert.-butyl moiety of the
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alcohol would make it more likely for it to be
associated with the interior of the cyclodextrin
cavity. Mufioz de la Pefia et al. [28] suggested
two possible configurations for the B-CD-
pyrene—alcohol complex, both of which involve
the hydrogen bonding interaction of the OH
group of the alcohol with the hydroxyl groups
lining the periphery of the cyclodextrin. As a
result, changing the size and polarity of the
functional group of the fert.-butyl modifier would
cause a corresponding change in the formation of
the ternary complex.

Table I provides a list of the modifiers used in
this study. The purpose of selecting these par-
ticular tert.-butyl compounds was to systematical-
ly vary the polarity, chain size and heteroatom
composition of the functional group in an effort
to determine the influence of these variables on
the retention of the B-CD-pyrene complex
under reversed phase conditions. fert.-Butanol
has been used as a reference to compare the
extent of the effect of the various comodifiers on
the retention time of pyrene.

Fig. 1la shows the effect of comodifiers I, II,
III and IV on the capacity factor of the B-CD-
pyrene complex. As expected, the addition of
tert.-butanol (I) resulted in an overall decrease
in the capacity factor of pyrene (Fig. 1a), which
is in agreement with previous results [26]. It is
interesting to note, however, that unlike the
other secondary modifiers, fers.-butyl formate
(IT) and N(tert.-butoxycarbonyl)glycine (VIII)
appear to significantly influence the capacity
factor (k,) of the uncomplexed pyrene (Fig. 1b).
The factors that may have contributed to this

TABLE 1
SECONDARY MODIFIERS

tert.-Butyl alcohol (I) (CH,),C-O-H
tert.-Butyl formate (II) (CH,),C-0-CO-H
tert.-Butyl acetate (I11) (CH,),C-0-CO-CH,

tert.-Butyl carbamate (IV)

tert.-Butyl carbazate (V)

tert.-Butyl (N-hydroxy)-
carbamate (VI)

N(ter:.-Butoxycarbonyl)-
glycine (VII)

(CH,),C-O-CO-NH,
(CH,),C-O-CO-NH-NH,
(CH,),C-0-CO-NH-OH

(CH,),C-0-CO-NH-
CH,-COOH
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Fig. 1. Effect of B-CD concentration on the capacity factor
of pyrene in the presence of different secondary modifiers.
(a) A =tert.-Butyl alcohol (I); @ = tert.-butyl acetate (III);
O = tert.-butyl carbazate (V); V¥ =rert.-butyl carbamate
(IV); W= terr.-butyl N-(hydroxy)carbamate (VI). (b) A=
tert.-Butyl formate (II); O = N(fert.-butoxycarbonyl)glycine
(VID).

apparent anomaly and the effects on the calcu-
lated K; values are discussed later.
The effect of replacing the hydrogen in tert.-
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butyl formate (II) with a methyl group may be
seen in the fert.-butyl acetate (III) data in Fig.
la. In this case, the co-modifier has no observ-
able effect upon the retention time of free
pyrene.

The retention times of the B-CD-pyrene com-
plex, however, are significantly reduced in the
presence of tert.-butyl acetate (III) compared to
tert.-butyl alcohol (I). This suggests that the
ester is involved in the formation of the inclusion
complex in a way such that the pyrene molecule
is further protected from interaction with the C,,
mobile phase. This may be due to hydrogen
bond formation between the carbonyl group of
the co-modifier and the hydroxyl groups lining
the periphery of the cyclodextrin.

Further evidence of the formation of hydrogen
bonds can be seen when the methyl group on
tert.-butyl acetate (III) is replaced by an amino
group in tert.-butyl carbamate (IV). Fig. la
shows that the addition of fert.-butyl carbamate
as a secondary modifier to a methanol-water
solvent results in a dramatic decrease in the
capacity factors of the B-CD-pyrene complex.
This suggests that the interaction of IV with the
inclusion complex is stronger than that of III,
which indicates that the amino group is either
directly or indirectly involved in complex forma-
tion. Aqueous phase spectroscopic studies of the
ternary B-CD-pyrene—amine species have re-
vealed the formation of charge transfer complex-
es between the amine and pyrene, which would
involve the nitrogen being in close proximity to
the pyrene molecule [29,30]. Several of these
investigations, however, assumed a 1:1 associa-
tion ratio for the B-CD-pyrene complex. This
stoichiometry would allow less water to be ex-
cluded from the cavity, causing it to be more
polar, thereby making it more likely for the
polar amino group to penetrate the cavity and
interact with the pyrene. Recent studies in our
laboratory have determined, however, that the
stoichiometry between B-CD and pyrene is 2:1
(2 cyclodextrin molecules encapsulating 1 pyrene
molecule) [25,28]. This configuration results in a
larger amount of water being displaced from the
cavity, making the cavity more hydrophobic.
Taking into consideration the space and polarity
restrictions of the cyclodextrin cavity, it seems
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more likely that the non-polar and bulky tert.-
butyl group is included, with the carbonyl and
amino groups protruding out into relatively
aqueous microenvironment. The hydrogen bond-
ing interactions are expected to be stronger for
tert.-butyl carbamate (IV) compared to tert.-
butyl acetate (III) due to the presence of the
amino group in former, which may explain the
enhanced reduction of pyrene retention times
that occur upon its addition.

Fig. 1 also depicts the effect of changing both
the chain size as well as the polarity of the
functional group attached to the tert.-butyl moie-
ty of the secondary modifier upon the retention
times of the B-CD—pyrene complex. Addition of
another amino group to fert.-butyl carbamate
(IV) produces no significant change, as can be
seen in the data obtained in the presence of
tert.-butyl carbazate (V). When compared to
tert.-butanol, however, the effect of tert.-butyl
carbazate is very pronounced. Retention times of
free pyrene undergo a significant decrease in the
presence of N (fert.-butoxycarbonyl)glycine
(VI), in which the second amino group of V is
replaced by a hydroxyl group.

Determination of the stoichiometry of the
B-CD—pyrene complex in the presence of
secondary modifiers

Consider the reaction between pyrene (P) and
B-CD

P+ n(B-CD),, =[(B-CD),-P],, (1)

where the subscript m denotes the concentration
in the mobile phase. Armstrong et al. [4] de-
termined the relationship between the capacity
factor of the probe and equilibrium concentra-
tion of B-CD in a water—primary organic
modifier mobile phase to be as follows:

1/k' = 1/k, + K[B-CD]"/k,, 2)

where k' is the capacity factor of the probe; kg is
the capacity factor of the probe in the absence of
B-CD; K; is the formation constant for the
B-CD-probe complex, and [B-CD], is the
equilibrium concentration of B-CD. Assuming a
correct stoichiometry between B-CD and the
guest, a plot of 1/k’ versus [B-CD];, would be
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linear with slope K,/k; and intercept 1/k;. The
equilibrium concentration of B-CD can be de-
termined by the following equation

[B-CD],, = [B-CD]/(1 + K,,,[M,] + K,,5[M,])

(3)
where M, and M, are the primary (e.g.
methanol) and secondary (e.g. tert.-butyl carba-
mate) modifiers, respectively, and K,,; and K,,,
are the formation constants for B-CD-M, and
B-CD-M, complexes, respectively. Assuming
negligible interaction between the modifiers and
B-CD, the initial concentration of 8-CD equals
its equilibrium concentration. Initial B-CD con-
centrations were used to determine stoichiomet-
ries and formation constants for the B-CD-
pyrene complex in the presence of the various
modifiers.

Fig. 2 shows a plot of 1/k' vs. [B-CD] for
pyrene in a water—methanol system with 0.20
mol% tBu-carbamate. Assuming a 1:1 stoichi-
ometry between B-CD and pyrene, a curvilinear
fit is obtained. Assuming that two cyclodextrins
associate with every pyrene molecule, i.e., n =2,
the plot of 1/k’ vs. [B-CD],, gives a linear fit,
indicating that the stoichiometry between the
species is predominantly 2:1 (B-CD-pyrene).
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Similar results were obtained when different
comodifiers were used. The correlation coeffic-
ients for both 1:1 and 2:1 fits for all the
comodifiers are reported in Table II. These
values indicate that the predominant stoichiomet-
ry is 2:1 in the presence of all the secondary
modifiers used in this study. This is consistent
with previous studies of 8-CD-pyrene complex-
es [25,27], which reported the formation of a 2:1
complex between S-CD and pyrene.

Determination of formation constants for the
B-CD—pyrene complex in the presence of
different secondary modifiers

The equilibrium constant of the 8-CD—pyrene
complex with various co-modifiers quantifies the
strength and stability that may be conferred
upon this inclusion complex due to the presence
of the secondary component. This information
can have significant impact upon method de-
velopment procedures using cyclodextrins in
pharmaceutical and analytical applications. Ap-
parent formation constants for the 8-CD—pyrene
complex in the presence of the various co-
modifiers were determined by utilizing eqn. 2.
The slopes and intercepts of the linear plots
obtained by assuming a 2:1 pyrene-B-CD stoi-

0.30

0.24 , *v

7

0.18 7 0.00

o 10 20 30 40
[8-CO)* (mMp

1/k’

0.12 1

0.06

0.00 T T T T
o 1 2 3 4

[B-CD] (mM)

Fig. 2. Plot of 1/k’ vs. [B-CD)", for pyrene in the presence of 0.075 M tert.-butyl carbamate assuming a (A) 1:1 (n=1) and (®)

2:1 (n =2) (inset) B-CD-pyrene stoichiometry.
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TABLE II
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CORRELATION COEFFICIENT VALUES FOR THE PLOTS OF 1/k' VS. [8-CD] IN THE PRESENCE OF DIFFERENT

SECONDARY MODIFIERS

Co-Modifier 1:1 Stoichiometry 2:1 Stoichiometry
tert.-Butyl alcohol (I) 0.973 0.991
tert.-Butyl formate (II) 0.989 0.998
tert.-Butyl acetate (III) 0.981 0.990
tert.-Butyl carbamate (IV) 0.984 0.998
tert.-Butyl carbazate (V) 0.976 0.998
N(tert.-Butyl hydroxy)carbamate (VI) 0.981 0.997
N(tert.-Butoxycarbonyl)glycine (VII) 0.971 0.997

chiometry were used to estimate the K, values.
Table III lists the apparent K, values calculated
for the B-CD—pyrene complex in the presence of
the different co-modifiers used in this study.
Previous studies utilizing 8-CD in a methanol-
waster mobile phase have shown that pyrene and
other polyaromatic hydrocarbons interact more
with the C,; stationary phase and are not eluted
off the column in significant quantities [31,32].
As a result, the association constant of the
pyrene-B-CD complex under these conditions is
negligible. Introducing a secondary modifier like
tert.-butyl alcohol was found to enhance the
interaction between the solute and the B-CD
mobile phase, suggesting the formation of a
ternary complex, and subsequently it became
possible to estimate a value for the formation
constant of the pyrene—B-CD complex. The
value of the apparent formation constant in the
presence of tert.-butyl alcohol at 59% methanol
calculated here is along the same order of mag-
nitude as that reported by Anigbogu et al. [27].

TABLE IIT

APPARENT FORMATION CONSTANTS FOR THE
" B-CD-PYRENE COMPLEX IN THE PRESENCE OF
SEVERAL SECONDARY MODIFIERS

Co-modifier K, (M%) (x10%)
tert.-Butyl alcohol (I) 1.3+0.2
tert.-Butyl formate (II) 29+0.2
tert.-Butyl acetate (III) 1.4+0.4
tert.-Butyl carbamate (IV) 1.4=+0.1
tert.-Butyl carbazate (V) 1.5+0.1
N(tert.-Butyl hydroxy)carbamate (VI) 1.6+0.2
N(tert.-Butoxycarbonyl)glycine (VII) 1.7+0.3

A general increasing trend in K is observed in
Table IIT as the hydroxyl group in tert.-butyl
alcohol is replaced by ester groups of varying
size and polarity. Close examination shows that
there is a direct correlation between the K
values in Table III and the slopes of the kg versus
[B-CD] plots (Fig. 1) for the majority of the
co-modifiers except for the tert.-butyl formate
and the N(tert.-butoxycarbonyl)glycine data. An
explanation is given later.

The addition of tert.-butyl acetate (III) as a
secondary modifier results in a slightly higher
formation constant for the pyrene—B-CD com-
plex. This value is comparable to that estimated
in the presence of tert.-butyl carbamate (IV). In
contrast to I, both III and IV have longer chains
and contain carbonyl groups, which may contrib-
ute to the stability of the ternary complex by
forming hydrogen bonds with the hydroxyl
groups located on the periphery of the B-CD
torus. From the value obtained for tert.-butyl
carbazate (V), it can be seen that increasing the
chain length by the addition of another amino
group to tert.-butyl carbamate produces a more
significant increase in the formation constant
value. Interestingly, in this case, keeping the
chain length comparable but substituting the
second amino group in V for a hydroxyl group in
N(tert.-butyl hydroxy)carbamate (VI) results in a
corresponding increase in the formation con-
stant. Elongating the chain as well as adding
another carbonyl group in N(fert.-butoxycar-
bonyl)glycine (VII) further enhances the value
of the binding constant for the pyrene—3-CD
complex.

The anomalous behavior exhibited by fert.-
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butyl formate (II) and N(tert.-butoxycar-
bonyl)glycine (VII) may be attributable to the
acidity of these two modifiers. The addition of
either of these compounds resulted in a drastic
decrease in the pH of the mobile phase (Fig. 3)
to values as low as 2.2. It was previously noted
that, unlike the other co-modifiers, II and VII
caused a significant decrease in the capacity
factor k, of the uncomplexed pyrene. The
reasons for the marked decrease in retention
time of uncomplexed pyrene in the presence of
these co-modifiers are not exactly known. It
should be noted, however, that the lower pH
limit generally recommended for the operation
of C,, columns is 3.5. Below this pH, the column
could undergo undesirable changes including
stripping of the stationary phase. However, the
response of the column used here was successful-
ly restored to normal after regeneration by
washing with methanol and water. It then fol-
lows that the observed effects were due to
changes in the retention characteristics of the
column under acidic conditions.

The method of determination of formation
constants (K;) employed here [which involves

pH
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Fig. 3. Variation of pH with increasing 8-CD concentration
in the presence of several secondary modifiers. @ = tert.-
Butyl alcohol (1); A = tert.-butyl acetate (III); Bl = tert.-butyl
carbazate (V); @ = tert.-butyl carbamate (IV); ¥ = N(terz.-
butoxycarbonyl)glycine (VII); O = terz.-butyl formate (II).
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the division of the slope by the intercept (eqn.
2)] assumes that the intercept is relatively con-
stant while the slope varies with the experimen-
tal conditions. Fig. 1 confirms the changing
slopes and the relatively unchanging intercept for
the majority of the modifiers. Under these cir-
cumstances, there is a direct correlation between
the slope and the calculated K| value. In the case
of co-modifiers II and VII, the lower intercept
values compared to those for the other co-
modifiers, resulted in higher K, values which, in
turn, do not correlate with the slope of the k,
versus [B-CD] plots. Consequently, the forma-
tion constant values calculated for tert.-butyl
formate (II) and N(tert.-butoxycarbonyl)glycine
(VII) cannot be compared to those estimated for
the other modifiers. This observation suggests
that the K; values determined by the RPLC
technique are only comparable when the solutes
of interest exhibit similar k, values, a. point
already alluded to by Anigbogu et al. [26].
Although the nature of the forces contributing
to the formation of cyclodextrin inclusion com-
plexes is not fully understood, it is fair to assume
that the driving force for the process is in a large
part due to hydrophobic interactions, with some
stability conferred upon the complex by hydro-
gen bond formation. In this particular case,
several factors could influence the formation of
the pyrene-B-CD complex. As expected, the
presence of methanol as a primary organic
modifier in the bulk aqueous solvent has been
shown to adversely affect the formation constant
of the complex [9]. This may be attributed to the
competitive equilibrium which causes the pyrene
to partition between the relatively hydrophobic
bulk medium and the cyclodextrin cavity. In
reversed-phase HPLC, the competition for
pyrene is three-fold: between the cyclodextrin,
the solvent and the stationary phase. Previous
studies in our laboratory have revealed that in
this case, pyrene is retained on the C,; column,
suggesting that the formation constant for the
pyrene—B-CD complex is negligible under these
circumstances [26]. The addition of a small
amount of secondary modifier was found to
dramatically affect the retention behavior of
pyrene, and formation constant values for its
complex with 8-CD at several methanol concen-
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trations have been reported [27]. The enhance-
ment of equilibrium constants due to the sec-
ondary modifier may be attributed to the forma-
tion of a more stable ternary complex. The
stability of ternary cyclodextrin complexes may
be a result of more polar water molecules being
excluded from the cavity to accommodate the
non-polar fert.-butyl group of the secondary
modifier. Also, the formation of hydrogen bonds
between the heteroatom containing functional
groups of the co-modifier and the hydroxyl
groups of the cyclodextrin may play a role in
conferring stability upon the inclusion complex.
This could be a plausible explanation for the
enhancement of formation constants observed
upon increasing functionality of rert.-butyl
modifiers.

Effect of pH upon the retention characteristics
of the B-CD—pyrene complex in the presence of
secondary modifiers

Although ternary complex formation may be
the primary reason for the low retention times
observed, the addition of a secondary modifier
may also change the pH of the bulk mobile
phase, which may contribute to the affinity of
pyrene for the solvent. Fig. 3 depicts the vari-
ation in pH with increasing amounts of 8-CD for
several of the modifiers. As expected, the differ-
ences in pH range from 3.0 to 7.5, depending
upon the number of acid or amino groups
present. Changing the pH of the methanol-
water—£-CD bulk mobile phase in the absence of
secondary modifiers did not significantly affect
the retention of pyrene, which did not elute off
the column. This indicates that the pH difference
is not a major contributing factor to the reten-
tion characteristics observed in the presence of
the co-modifiers. It is also interesting to note in
Fig. 3 that varying the B-CD concentration does
not affect the pH of the mobile phase for each
co-modifier used, suggesting that the significant
change in pyrene retention is due to some type
of complex formation rather than pH effects.

Influence of secondary modifier concentration
on the capacity factor of pyrene

Fig. 4 shows the effect of increasing modifier
concentration on the capacity factor of pyrene
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Fig. 4. Plot of capacity factor vs. secondary modifier concen-
tration optimum co-modifier concentration. M= tert.-Butyl
alcohol (I); V =tert.-butyl acetate (III); @ = terr.-butyl
carbazate (V); A = tert.-butyl carbamate (IV); & = N(tert.-
butoxycarbonyl)glycine (VII).

for several of the compounds used in this study.
It is evident that the greatest variation in reten-
tion characteristics occurs in the 0.01-0.06 M
range for most of the modifiers. It may be
inferred from this observation that at approxi-
mately 0.06 M, all the binding sites for the
co-modifier on the inclusion complex are satu-
rated. Thus, the addition of greater amounts of
the secondary modifier are not used in ternary
complex formation, and consequently do not
affect the capacity factor.

CONCLUSIONS

The nature and polarity of the functional
group attached to the tert.-butyl moiety of the
secondary modifier appears to significantly affect
the equilibrium of pyrene between the Cg
stationary phase and the methanol-water—8-CD
mobile phase. Since under these reversed-phase
chromatographic conditions, CD inclusion com-
plexes do not appear to form in the absence of a
co-modifier, these compounds can play an im-
portant role in the cyclodextrin-aided extraction
of environmentally significant PAHs from con-
taminated sites. In addition to facilitating remov-
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al of PAHs, the use of secondary modifiers with
added functionality may reduce analysis time,
which would improve the practicality of employ-
ing cyclodextrins in industrial applications.

ACKNOWLEDGEMENTS

This research was supported by a grant from
the National Science Foundation (CHE-
9001412). The authors are grateful to G.A. Reed
of the American Maize-Products Co. for provid-
ing the cyclodextrin used in this study.

REFERENCES

1 J. Szejtli, Cyclodextrins and their Inclusion Complexes,
Akademiai Kiado, Budapest, 1982.

2 M. Vikmon, A. Stadler-Szoke, G. Hortobagyi, I. Kolbe
and J. Szejtli, Acta Pharm. Technol., 32 (1986) 29.

3 K.W. Street, Ir., J. Lig. Chromatogr., 10 (1987) 655.

4 D.W. Armstrong, F. Nome, L.A. Spino and T.D. Gol-
den, J. Am. Chem. Soc., 108 (1986) 1418.

5 L.A. Spino and D.W. Armstrong, Ordered Media in
Chemical Separations (ACS Symposium Series, No. 342),
American Chemical Society, Washington, DC, 1987, pp.
235-246.

6 R.M. Mohseni and R.J. Hurtubise, J. Chromatogr., 499
(1990) 395.

7 L.A. Blyshak, K.Y. Dodson, G. Patonay, .M. Warner
and W.E. May, Anal. Chem., 61 (1989) 955.

8 H. Lamparczyk, P. Zarzycki, R.J. Ochocka and D.
Sybilska, Chromatographia, 30 (1990) 91.

9 K. Fujimura, T. Ueda, M. Kitagawa, H. Takayanagi and
T. Ando, Anal. Chem., 58 (1986) 2668.

10 K. Uekama, F. Hirayama, K. lkeda and K. Inaba, J.
Pharm. Sci., 66 (1977) 706.

11 W.L. Hinze and D.W. Armstrong, Anal. Lett., 13 (1986)
1093.

219

12 G.M. Badger, The Chemical Basis of Carcinogenic Activi-
ty, Charles C. Thomas, Springfield, IL, 1962.

13 HV. Gelboin and P. Ts’o (Editors), Polycyclic Hydro-
carbons and Cancer, Academic Press, New York, 1978.

14 M.L. Lee, MV. Novotny and K.D. Bartle, Analytical
Chemistry of Polycyclic Compounds, Academic Press,
New York, 1981.

15 M.C. Bowman, Handbook of Carcinogens and Hazard-
ous Substances, Marcel Dekker, New York, 1982.

16 A. Nakajima, Spectrochim. Acta, 39A (1983) 913.

17 G. Nelson, G. Patonay and I.M. Warner, J. Incl.
Phenom., 6 (1988) 277.

18 S. Hashimoto and J.K. Thomas, J. Am. Chem. Soc., 107
(1985) 4655.

19 S. Hamai, J. Phys. Chem., 92 (1988) 6140.

20 G. Nelson and .M. Warner, J. Phys. Chem., 94 (1988)
576.

21 K. Uekama, F. Hirayama, S. Nasu, N. Matsou and T.
Irie, Chem. Pharm. Bull., 26 (1978) 3477.

22 Y. Nobuhara, S. Hirano and Y. Nakanishi, J. Chroma-
togr., 258 (1983) 276.

23 J. Debowski, J. Jurczak and D. Sybilska, J. Chromatogr.,
282 (1983) 83.

24 M. Tanaka, T. Miki and T. Shono, J. Chromatogr., 330
(1985) 253.

25 A. Muioz de la Pena, T.T. Ndou, J.B. Zung and .M.
Warner, J. Phys. Chem., 95 (1991) 3330.

26 V.C. Anigbogu, A. Mufioz de la Peiia, T.T. Ndou and
1.M. Warner, J. Chromatogr., 594 (1992) 37.

27 V.C. Anigbogu, A. Muiioz de la Pefia, T.T. Ndou and
1.M. Warner, Anal. Chem., 64 (1992) 484.

28 A. Munoz de la Pena, T.T. Ndou, J.B. Zung, K.L.
Greene, D.H. Live and I.M. Warner, J. Am. Chem. Soc.,
113 (1991) 1572.

29 K. Kano, 1. Takenoshita and T. Ogawa, Chem. Lett.,
(1980) 1035.

30 K. Kano, I. Takenoshita and T. Ogawa, J. Phys. Chem.,
86 (1982) 1833.

31 DW. Amstrong and G.Y. Stine, J. Am. Chem. Soc., 105
(1983) 2962.

32 T.K. Korpela and J.P. Himanen, J. Chromatogr., 290
(1984) 351.






Journal of Chromatography, 635 (1993) 221-226
Elsevier Science Publishers B.V., Amsterdam

CHROM. 24 866

High-performance liquid chromatographic analysis of
sulfonated aromatics using a B-cyclodextrin-bonded

phase

D.R. Wilder*, G.W. Tindall, L.J. Cunningham and J.L. Little
Research Laboratories, Eastman Chemical Co., P.O. Box 1972, B-150, Kingsport, TN 37662 (USA)

(First received November 30th, 1992; revised manuscript received January 8th, 1993)

ABSTRACT

A cyclodextrin-bonded phase and methanol-aqueous ammonium acetate mobile phase were used in the liquid chromatographic
analysis of a number of sulfonated aromatics. This separation system offered two advantages over the more conventional ion-pair
approach to the liquid chromatographic analysis of these highly polar compounds. It achieved the resolution of positional isomers
of sulfonated aromatics and allowed the use of thermospray liquid chromatography/mass spectrometry for the characterization of
these compounds. Chromatographic selectivity for these solutes was found to be most significantly influenced by the ionic strength

of the mobile phase mixture.

INTRODUCTION

Sulfonated aromatics are a group of polar,
water-soluble compounds that are difficult to
analyze by liquid chromatography. The conven-
tional means for separating highly ionized com-
pounds of this type is ion exchange or ion-pair
chromatography [1]. These techniques will
adequately perform separation by classes, e.g.,
mono- from disulfonated substituted aromatics,
but may not be able to resolve positional isomers
of sulfonated aromatics.

Cyclodextrin-bonded phases have demonstra-
ted an often remarkable selectivity in the liquid
chromatographic separation of isomers [2-7]. In
particular, B-cyclodextrin-bonded phases have
proven to be especially useful for the resolution
of positional isomers of a variety of disubstituted
aromatics, including aromatic carboxylic acids

* Corresponding author.

[8-12]. The same sterically driven separation
mechanism that resolves non-ionized disubsti-
tuted aromatics might also be expected to sepa-
rate positional isomers of sulfonated aromatics.

This study reports the use of a conventional
reversed-phase mobile phase system (a metha-
nol-0.1 M ammonium acetate mixture) and a
B-cyclodextrin column to accomplish the non
ion-pair separation of sulfonated aromatics. This
system possesses two advantages when compared
to the ion-pair separation of this class of com-
pounds. It achieves the separation of positional
isomers of substituted sulfonated benzenes —a
separation not obtained with the ion-pair, re-
versed-phase system. The second advantage ar-
ises from the use of the aqueous ammonium
acetate buffer as a constituent of the mobile
phase mixture. This mobile phase is the optimal
choice for the use of mass spectrometric detec-
tion using the thermospray interface and so
permits the on-line structural characterization of
sample components.
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EXPERIMENTAL

Apparatus

The B-cyclodextrin column used in this work
was a 250 mm X 4.6 mm Cyclobond I column
from Advanced Separations Technologies. A
Hewlett-Packard Model 1090 liquid chromato-
graph equipped with autoinjector and column
oven was used for solvent delivery. All data were
acquired using a column temperature of 35+
0.1°C. Sample injection size was 10 ul.

Two modes of detection were used. Monitor-
ing of UV absorbance at 220 nm was the primary
routine means of detection. This was accom-
plished using a Hewlett-Packard 1040 diode
array detector. The ability to acquire the UV
spectra of each of the components was utilized in
arriving at the optimal wavelength, 220 nm, for
the analysis. The peak purity function of the
detector was also used to assure that no unre-
solved components were present. The acquisition
and storage of individual spectra proved to be
particularly useful in the verification of peak
identity during the separation optimization por-
tion of this work. Elution order changes made it
imperative that some means of definitively iden-
tifying each component peak be employed. In
addition, the UV spectra assisted in subsequent
structural characterization of several unknown
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sample components. A Finnigan model 4600
mass spectrometer with a Vestec thermospray
LC-MS interface constituted the second means
of detection employed in this work. It was used
to provide mass spectral data to help definitively
identify unknown sample components. The inter-
face was used in the discharge mode and positive
ions were monitored to produce the mass chro-
matogram.

Chemicals and reagents

All sulfonated samples were produced at
Eastman Chemicals. Reference samples of ortho
and para sodium phenolsulfonate and 4,4'-dihy-
droxydiphenolsulfone were laboratory prepared
and purified and characterized by NMR.

The methanol, ammonium acetate and acetic
acid used to prepare mobile phase mixtures were
obtained from J.T. Baker (Phillipsburg, NIJ,
USA) and were “HPLC” grade. Millipore (Mil-
ford, MA, USA) Milli-Q filtered, deionized
water was used in the ammonium acetate and
acetate buffer solutions.

RESULTS AND DISCUSSION
Sodium phenolsulfonates (SPSs) are useful

industrial intermediates. A knowledge of the
levels of the three positional isomers in reaction
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Fig. 1. Chromatogram of a reaction mixture sample of sodium phenolsulfonate. Conditions: column, 250 X 4.6 mm I.D.
Cyclobond I, mobile phase, methanol-0.1 M aqueous ammonium acetate (43:57); temperature, 35°C; flow-rate, 1 ml/min;

detection, UV at 220 nm.
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samples of sodium phenol sulfonates, as well as
the amount of disulfonated material and residual
phenol, is important in optimizing the reaction to
produce these materials. A liquid chromato-
graphic method was developed to provide in-
formation for process control and product purity
determinations. Fig. 1 presents the chroma-
togram of a typical crude reaction mixture sam-
ple containing SPSs and related impurities. It can
be seen that the para- and ortho-SPS isomers are
well resolved from each other and from phenol,
disulfonated phenol (di-SPS), and two sulfone
impurities. This chromatogram was obtained
using a mobile phase mixture of methanol-0.1 M
ammonium acetate in water (43:57) at a flow-
rate of 1.0 ml/min. These conditions were opti-
mal in terms of speed of analysis and resolution
of components. Verification of known sample
components as well as identification of unknown
impurities in the reaction mixture sample was
obtained using LC-MS with a thermospray inter-
face. The choice of ammonium acetate as the
buffer was partially dictated by the need for
verification of peak identity by MS. A buffer
system containing a volatile component, like
ammonium acetate, is necessary for thermospray
LC-MS. In the course of achieving this opti-
mized separation, it was observed that the reten-
tion of three classes of components of interest
—monosulfonated phenols, disulfonated phenol
and the sulfones— were affected differently by
changes in the ionic strength of the mobile phase
mixture, percentage of methanol in the mobile
phase and temperature.

Effect of buffer ionic strength

The most striking change in retention behavior
was produced by changing the ionic strength of
the mobile phase. Ionic strength was adjusted by
the addition of ammonium acetate to the aque-
ous mobile phase component to provide concen-
trations from 0.005 to 0.300 M. The effect on
retention time for three of the classes of com-
pounds in this separation, i.e., monosulfonated
phenols, disulfonated phenols and sulfones, vs.
concentration of ammonium acetate can be seen
in Fig. 2. It may be seen from the plot that a
decrease in concentration of ammonium acetate,
and hence a decrease in the ionic strength of the
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Fig. 2. Variation of retention time with change in ammonium
acetate buffer concentration. Column, Cyclobond I; mobile
phase, methanol-ammonium acetate buffer (43:57) at differ-
ent concentrations; temperature, 35°C; flow-rate, 1 ml/min;
detection, UV at 220 nm; = para-SPS; A =2,4-di-SPS;
O = 4,4'-bis-diphenolsulfone.

mobile phase, produces an increase in retention
time for each of the three solute classes. The
increase is most pronounced for the ionizable
solutes with the disulfonated phenol showing a
greater effect than the monosubstituted phenol.
At ammonium acetate concentrations below 0.02
M, the disulfonated phenol is essentially non-
eluted. The monosulfonated phenols show a
qualitatively similar behavior, but still may be
eluted (although with a retention time of 17 min)
at an ammonium acetate concentration of 0.005
M. The uncharged bis-sulfone displays a much
smaller change in retention time with change in
buffer concentration. Recent work by Beeson
and Vigh [13] has shown that ionized carboxylic
acids may be more strongly retained than the
unionized acids on a B-cyclodextrin bonded
phase. This is in agreement with our findings in
this study.

Effect of methanol content

The plot of change in retention time with
change in methanol cosolvent content at a fixed
buffer concentration (0.1 M) is shown in Fig. 3.
No attempt was made to keep the buffer ionic
strength constant; that is, the addition of
methanol was allowed to effectively dilute the
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Fig. 3. Variation of retention time with change in percent
methanol. Column, Cyclobond I; mobile phase, methanol at
different concentrations—-0.1 M ammonium acetate buffer;
temperature, 35°C; flow-rate, 1 ml/min; detection, UV at 220
nm; O=p-SPS; A =2,4-di-SPS; O = 4,4'-bis-diphenolsul-
fone.

agueous ammonium acetate buffer concentra-
tion. It may be seen that the effect of methanol
on retention time is less dramatic than that seen
in Fig. 2 when buffer ionic strength was ad-
justed. An interesting trend is seen, however, in
the different response obtained for the sulfone
vs. sulfonic acid-containing solutes. The sulfone
behaves as one would expect when an uncharged
solute molecule is subjected to a “stronger”
eluent, i.e., one richer in methanol; its retention
time decreases. The retention times for the
sulfonated solutes increase and the increase is
roughly consistent with the dilution of the am-
monium acetate buffer (and hence dilution of
ionic strength) by methanol.

Effect of temperature

The effect of temperature on retention was
also investigated. Fig. 4 displays a plot of tem-
perature vs. retention time of the three solute
classes. The neutral sulfone undergoes the
largest change in retention time, with the
charged solute classes relatively less affected by
temperature.

These data suggest that the neutral sulfone
solute behaves according to accepted and well
documented theory for the inclusion complexa-
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Fig. 4. Variation of retention time with change in tempera-
ture. Column, Cyclobond I; mobile phase, methanol-0.1 M
ammonium acetate buffer (43:57); temperature, 31-65°C;
flow-rate, 1 ml/min; detection, UV at 220 nm; I = p-SPS;
A =2,4-di-SPS; O = 4,4’-bis-diphenolsulfone.

tion of solutes in the cyclodextrin cavity. The
equilibrium for this inclusion complexation is
shifted, as expected, when the mobile phase
environment is altered by the change in the
methanol content and change in temperature.
The retention mechanism for the sulfonated
solutes, however, is less straightforward and
appears to be dominated by a quantitatively
stronger interaction, perhaps ion exchange. It
has been documented that ions may be separated
on a B-cyclodextrin bonded phase [14,15]. It is
not clear from the data whether this effect works
in concert with the conventional complexation
mechanism or is an extraneous artifact produced
by ion-exchange groups on the surface of the
silica gel. The fact that we are able to separate
positional isomers of the sulfonated phenol sug-
gests at least some contribution to retention and
resolution from the cyclodextrin moiety. The
preparation of the bonded phase does not in-
volve the use of potentially ionizable, e.g.,
amine, functionalities that may act as fixed ion-
exchange sites [16]. It is possible that a dynamic
ion exchange mechanism may be involved. This
might arise through inclusion of cationic con-
stituents of the mobile phase —in the present
case ammonium ion— in the cyclodextrin cavity,
which then acts as a partially encapsulated ion-
exchange site. We have not found literature
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evidence for a strong ion-exchange effect inter-
nal to the cyclodextrin cavity —one in which a
charged mobile phase ion (for example, am-
monium) is trapped in the cyclodextrin cavity—
but the results obtained in this work makes such
an explanation attractive.

Effect of stronger electrolyte

To further explore the possibility of an ion-
exchange retention mechanism for the sulfonic
acid-containing solutes, the use of a stronger (in
the context of ion exchange) mobile phase elec-
trolyte was examined. Ammonium sulfate re-
placed ammonium acetate in the aqueous por-
tion of the mobile phase solution. Theory indi-
cates that sulfate should have more affinity for a
hypothetical - anion-exchange site than would
acetate and so sulfate would be less easily
displaced than acetate by sulfonate-containing
solutes [17]. This would result in a reduction of
retention time for the sulfonated solutes. Fig. 5
shows retention of the three classes of solutes as
a function of ammonium sulfate concentration.
The retention times for the solutes are dimin-
ished at a given electrolyte concentration com-
pared to the ammonium acetate mobile phase.
The difference is particularly well displayed for
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Fig. 5. Variation of retention time with change in ammonium
sulfate buffer concentration. Column, Cyclobond I; mobile
phase, methanol-ammonium sulfate buffer (43:57) at differ-
ent concentrations; temperature, 35°C; flow-rate, 1 ml/min;
detection, UV at 220 nm; O = p-SPS; A =2,4-di-SPS; O =
4,4'-bis-diphenolsulfone.
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Fig. 6. Comparison of retention time for 2,4-disulfonated '
phenol in ammonium acetate vs. ammonium sulfate buffer.
Column, Cyclobond I; mobile phase, methanol-buffer
(43:57) at different concentrations; temperature, 35°C; flow-
rate, 1 ml/min; detection, UV at 220 nm; O = acetate; A=
sulfate.

the 2,4-disulfonated pheno! solute in Fig. 6. As
mentioned above, these data are consistent with
an ion-exchange mechanism where the stronger
sulfate anion should compete more favorably
with the sulfonic acid-containing solutes for the
anion-exchange sites.

Effect of different counter-ions

The effect of different counter-ions on reten-
tion was also investigated. All other conditions
in this investigation were unchanged and were
the same as that used to achieve the optimal
separation, i.e., 57% methanol, temperature,
35°C, flow-rate, 1 ml/min. Changing the cation
from ammonium to sodium produced very little
change in retention behavior. The substitution of
potassium for ammonium, however, had a great-
er effect. No change in the retention of the
neutral sulfones was seen, but the retention
times of sulfonated solutes were reduced, with
the effect on the disulfonated phenol being the
greatest. Its retention time was reduced from 8.5
to 6.8 min.

CONCLUSIONS

This work has demonstrated the utility of a
cyclodextrin-bonded phase for the separation of
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highly ionized organic solutes. The aqueous
ammonium acetate—-methanol mobile phase
system is particularly well suited to detection and
characterization of analyte by thermospray LC-
MS. Finally, a qualitative difference in the reten-
tion mechanism for neutral vs. ionizable solutes
was observed. An analysis of the influence of
ionic strength, percent methanol and tempera-
ture on solute retention suggests that an ion-
exchange-like mechanism may be superimposed
with inclusion complexation in the chromato-
graphic retention of the sulfonated phenols.
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ABSTRACT

A reversed-phase high-performance liquid chromatographic method was developed for the simultaneous determination of the
usually co-eluting peaks of ochratoxin A and zearalenone by fluorescence detection due to specific inclusion phenomena using
B-cyclodextrin as a mobile phase additive. Additionally four different clean-up techniques were studied in order to optimize the
recoveries of ochratoxin A and zearalenone in the range 0.5-1000 ppb (w/w) in maize, including liquid—solid extraction using
Florisil, C,, and plain silica solid-phase extraction mini-columns and a base-acid liquid-liquid partitioning clean-up procedure.

INTRODUCTION

The infection of cereal grains with several
species of fungal genera has been recognized as a
potential threat to animal and human health.
The contamination of animal feed with fungal
secondary metabolites, the so-called mycotoxins,
can cause serious reproductive problems and
feeding difficulties, especially in pig-fattening
stations and poultry farms. The effects of re-
duced litters, stillbirths, miscarriages [1], in-
creased prenatal mortality, enteritis, diarrhoea,
anorexia, kidney damages (known as mycotoxic
porcine nephropathy) [2], cessation of milk pro-
duction, hormonal disorders, sterility and
numerous other anomalies in swine and cattle
could directly be related to toxin content of the
feed [1,3].

There is also a potential risk to human health
by direct contamination of human food with
toxigenic mould or indirect contamination by

* Corresponding author.

0021-9673/93/$06.00

‘carry-over’ of toxin residues in animal tissues
[4], milk or meat [5,6] after feeding with con-
taminated feed, at the worst reported as Balkan
endemic nephropathy [4,7].

Fungal infections of corn occur preharvest by
field-growing Fusarium species and under stor-
age conditions by Aspergillus and Penicillium
species. The most frequently isolated field-grow-
ing fungi on Austrian corn are Fusarium sacchari
var. subglutinans and Fusarium graminearum
(Table 1) [8], producing mycotoxins of the tri-
chothecene family [especially deoxynivalenol
(DON)], zearalenone (ZON) and the two dias-
tereomers a- and B-zearalenol (ZOL) (Fig. 1),
which have been suggested as precursors in
biosynthetic ~pathway leading to ZON.
a-Zearalenol possesses even 3—4 times more
estrogenic activity than ZON, although it has
been found only at low levels on Austrian maize.
Ochratoxin A and B (Fig. 2) contamination,
especially by Penicillium verrucosum, can appear
when corn of high moisture content (23-40%) is
stored at low temperatures [9], although such

© 1993 Elsevier Science Publishers B.V. All rights reserved
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TABLE I
FUSARIUM SPECIES AND MYCOTOXINS MOST FREQUENTLY FOUND ON AUSTRIAN CORN
Taken in part from ref. 8. Fusarium strains were isolated from 48 samples of oats, wheat and maize harvested in 1985-87 in

different Austrian production areas and were tested for the production of mycotoxins on autoclaved moistened maize. The
original grain samples were also analysed for Fusarium mycotoxins [8].

Fusarium Deoxynivalenot Zearalenone Zearalenol

species positive/total positive/total positive/total
range (ppb) range (ppb) range (ppb)

F. graminearum 36/38 (25-310) 38/38 (5-1200) 9/38 (1-125)

F. culmorum 0/1 1/1 (25) 1/1 (2)

F. sambucinum 1/1 (25) 1/1 (5) 0/1

F. avenaceum 0/27 0/27° 0/27

F. sacchari var. subglutinans 0/25 0/25 0/25

F. tricinctum 0/10 0/10 0/10

F. poae 0/22 0/22 0/22

F. verticillioides 0/4 0/4 0/4

F. oxysporum 0/3 0/3 0/3

F. equiseti 0/1 0/1 0/1

storage conditions are rare in Austrian maize
cultivation regions, contrary to the situation in
northern parts of Germany and the Scandinavian
countries [10,11].

Many analytical methods for the determina-
tion of zearalenone and ochratoxin A have been

Fig. 1. Structures of zearalenone (ZON) (R=0), zear-
alanone (ZAON) (R = O), no double bond in position 1 and
the two diastereomers a- and g-zearalenol (ZOL) (R = OH),
which can be classified as 6-(10-hydroxy-6-oxo-trans-1-unde-
cenyl)-B-resorcyclic acid lactones. IUPAC name: zearal-
enone = 3,4,5,6,9,10-hexahydro- 14,16 -dihydroxy - 3- methyl -
[S-(E)]-1H-2-benzoxacyclotetradecin-1,7(8H)-dione.

N
H
CHs
R

Fig. 2. Structures of ochratoxin A (R = Cl) and ochratoxin B
(R=H), both closely related derivatives of isocoumarin
linked to r-phenylalanine: (R)-N-[(5-chloro-3,4-dihydro-8-
hydroxy-3-methyl-1-oxo-1H-2-benzopyran-7-yl)carbonyl]-
L-phenylalanine.

developed, including thin-layer chromatography
(TLC) [12-15], high-performance liquid chroma-
tography (HPLC) [16-19], gas chromatography
(GC) [20-24], enzyme immunoassay (EIA) [25]
and enzyme-linked immunosorbent assay
(ELISA) [26], but for highly sensitive and reli-
able detection there is still a need for further
improvements to the existing methods.

As has been shown, HPLC can cover the
requirements of a multi-toxin simultaneous
screening method for the major toxins (DON,
ochratoxin A, ZON) [27,28] better than all the
others, but the trichothecenes possess only poor
UV absorption (DON maximum at 220 nm)
allowing determination in real samples only in
the high ppb range) [29]. A higher sensitivity for
DON can be gained by fluorescence detection
after pre- or postcolumn derivatization proce-
dures [30,31], but this complicates the overall
analytical procedure, which might adversely in-
fluence its ruggedness, and therefore high-sen-
sitivity trichothecenes analysis is performed these
days by GC methods using electron-capture
detection (ECD) [32-34] or MS detection
[35,36].

The simultaneous determination of aflatoxin,
ochratoxin A and ZON in feeds by HPLC with
fluorescence detection was demonstrated by
Howell and Taylor [37], incorporating selective
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sample pretreatment procedures. For improve-
ment of ochratoxin A recovery, Langseth et al.
[38] described a modified HPLC method after
purification of sample extracts using solid-phase
extraction (SPE) columns. Ochratoxin A and
ZON were eluted from the column in two
fractions and finally chromatographed using an
RP-HPLC system with separate injections.

In this paper, a method for simultaneous
determination of zearalenone (ZON), zearal-
anone (ZAON), a- and B-zearalenol (ZOL),
ochratoxin A (OA) and ochratoxin B (OB) in a
single HPLC run with fluorescence detection is
described. Two basic approaches are covered:
chromatographic separation of mycotoxins in a
single run and improvement of sample pretreat-
ment procedures, including extraction and clean-
up.

The separation of all toxins in a single run was
achieved by forming inclusion complexes with

I I I
5 10 15

TIME (min)

Fig. 3. HPLC of mycotoxin standard solution demonstrating
the separation of 500 ng of B-zearalenol (1), 8 ng of
ochratoxin B (2), 80 ng of a-zearaleno! (3), 90 ng of
zearalanone (4), 8 ng of zearalenone (5) and 4 ng of
ochratoxin A (6) on a Merck LiChrospher 60, RP Select-B, 5
um, 125x4 mm I.D. column. Mobile phase: methanol-
water (45:55), pH 2.5 (12 mM phosphoric acid), containing
0.2 mM B-cyclodextrin. Fluorescence detection: A_, =315 nm
and A_, = 465 nm.
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B-cyclodextrin added to the mobile phase (Fig.
3), which renders possible a more accurate
determination of the major toxins OA and ZON
without interferences from related compounds
(ZAON, ZOL, OB). In addition, four different
clean-up procedures were developed and com-
pared for optimization of the recovery of OA
and ZON from maize in the range of 0.5-1000
ppb. Evaluation of the final assay for recovery
and accuracy of the other related mycotoxins,
which, however, are of minor importance in
Austrian feeds [8], will be the subject of further
investigations.

EXPERIMENTAL

Instrumentation, chromatography

HPLC was performed using a Jasco 880-PU
intelligent HPLC pump and a Jasco 820-FP
intelligent spectrofluorimeter (A,, =315 nm and
Aem = 465 nm). Separations were achieved on a
Merck LiChroCART 125 x4 mm 1.D. column
filled either with LiChrospher 60, RP-18 Select-
B, 5 um, or alternatively with LiChrospher 100,
RP-18, 5 um, or on a Shiseido Capcell PAK Ciss
SG 120, 5 pm, 250 X 4.6 mm L.D. column. All
columns were thermostated at 65°C in a water-
bath. Samples were injected on to the column by
a Rheodyne Model 7125 six-port valve equipped
with 20-u1 loop. Peak areas were calculated with
a Merck-Hitachi D-2500 chromato-integrator.
The mobile phase was methanol-phosphoric acid
(5.95%, pH 1) (45:55) with addition of 0.1 mM
B-cyclodextrin. The eluent was filtered and de-
gassed before use and the flow-rate was set at 1.0
ml/min.

Standards and reagents

All solvents were of HPLC grade from Merck.
C,s SPE columns (200 mg) and silica SPE
columns (500 mg) were Bond Elut from Varian
(Darmstadt, Germany). Florisil (0.15-0.25 mm,
60-100 mesh) was obtained from Serva (Heidel-
berg, Germany). Ochratoxin A, zearalenone,
zearalanone, «-zearalenol, f-zearalenol and
B-cyclodextrin (cycloheptaamylose, water con-
tent = 7.0 mol/mol) were purchased from Sigma
(Deisenhofen, Germany). Ochratoxin B was
obtained from R.A. Learmonth (Food Science
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and Technology, Pretoria, South Africa).
Methanolic standard solutions were stored at 5°C
in a freezer.

Sample preparation

Maize samples were stored in a dry room at
ambient temperature, conditions that did not
allow any growth of toxigenic mould. An amount
of at least 500 g of maize was finely ground in a
grain mill prior to each sample clean-up and
analysis.

Extraction and clean-up

A 5-g amount of maize was weighed into a
50-mi centrifuge tube and after adding 3.35 g (19
mmol) of ascorbic acid (pH 2.5-3.0, 0.6 M), was
extracted with 30 ml of methanol-water (90:10)
for 30 min with automatic shaking. After cen-
trifugation (5 min, 3000 rpm) the process was
repeated with another 20 ml for 15 min. The
combined extracts were transferred into a 50-ml
volumetric flask and diluted to volume with
methanol-water (90:10).

Florisil. An aliquot of 5 ml of the methanolic
extract was concentrated by rotary evaporation,
dissolved in 2 ml of chloroform and transferred
into a glass column (I.D. 9 mm; 5 ml) filled with
500 mg of Florisil [prerinsed with 2 ml of
chloroform-methanol (70:30) and 4 ml of chlo-
roform]. The mycotoxins were eluted with 20 ml
of chloroform-acetic acid (90:10), and after
evaporation to dryness by a gentle stream of
nitrogen the residue was dissolved in 500 ul of
mobile phase.

Silica. An aliquot of 5 ml of the methanolic
extract was concentrated to dryness and the
residue was dissolved in 2 ml of chloroform and
transferred into a glass column (I.D. 9 mm; 5
ml) filled with 250 mg of silica gel 60 (0.040—
0.063 mm), prerinsed with 2 ml of chloroform-
methanol (70:30) followed by 4 ml of chloro-
form. The mycotoxins were eluted with 16 ml of
chloroform-acetic acid (90:10) and, after evapo-
ration to dryness, the residue was dissolved in
500 w1 of mobile phase.

Alternatively, a commercially available SPE
column was used. The column, after addition of
2 g of anhydrous Na,SO, to the top, was
connected to a vacuum manifold and precon-
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ditioned with 5 ml of chloroform—methanol-
acetic acid (70:25:5) and 5 ml of dichlorome-
thane. The residue was dissolved in 2 ml of
dichloromethane and quantitatively transferred
on to the column; according to protocol I the
column was then washed with 2 ml of chloroform
and the mycotoxins were eluted with 5 ml of
chloroform-methanol-acetic acid (70:25:5).

Another washing and elution procedure
(protocol II), reported by Langseth et al. [38],
was also applied, whereby the SPE column was
preconditioned with 5 ml of hexane and 5 ml of
dichloromethane. After sample loading the
column was washed with 10 ml of dichlorome-
thane, 10 ml of hexane and 10 ml of toluene.
Mycotoxins were eluted with 6 ml of toluene—
acetic acid (9:1).

C,s- An aliquot of 5 ml of the extract was
adjusted to ca. pH 7 (checked by pH paper
strips) with 30% sodium hydroxide solution and
concentrated by rotary evaporation. This should
prevent any matrix interactions with the myco-
toxins, especially observed under acidic condi-
tions (for discussion, see later). The residue was
dissolved in 2 ml of 5% acetic acid and trans-
ferred onto a C,; SPE column (prewashed with 4
ml of 5% acetic acid). The column was first
washed with 200 wl of methanol-water—acetic
acid solution (50:46:4) (pH 2.9) and the myco-
toxins were eluted with 4.8 ml of methanol-
water—acetic acid (80:15:5). The final extract was
concentrated to dryness by a gentle stream of
nitrogen and the residue was dissolved in 500 pl
of mobile phase prior to HPLC injection.

pH-controlled liquid—liquid partition. A 30-g
amount of finely ground sample was weighed
into a 500-ml erlenmeyer flask and, after adding
20 ml of water and 5 g (28 mmol) of ascorbic
acid (pH 3.2, 0.1 M), extracted by tumbling for
15 min with 250 ml of chloroform. A 100-ml
volume of the organic extract was filtered into a
centrifuge tube and centrifuged for 5 min at 3000
rpm. A 50-ml volume of the clear chloroform
extract was transferred into a 250-ml separating
funnel and, after adding 10 ml of aqueous
saturated sodium chloride solution, treated with
50 ml of aqueous sodium hydroxide (2%). After
complete phase separation, the lower (organic)
phase was discarded. For analysis of mixed feed
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an additional washing step with 50 ml of chloro-
form is recommended. The upper alkaline phase
was mixed with 8.6 g of ascorbic acid and 6 ml of
phosphoric acid (pH 1) to adjust the pH to ca.
2-2.5 and extracted twice with 50 m! of dichloro-
methane. The combined organic phases were
dried over 2 g of sodium sulphate and the clear
extract was concentrated to dryness. The residue
was dissolved in 500 ul of mobile phase.

RESULTS AND DISCUSSION

Extraction

Chloroform-water (250:20) with 0.1 M ascor-
bic acid or methanol-water (90:10) with 0.6 M
ascorbic acid turned out to be an effective
extraction medium for zearalenone and ochra-
toxin [27,28,37,38], ensuring complete conver-
sion of the possibly ionized ochratoxin A to the
non-ionized form (estimated pK 3.5, similar to
the pK values of phenylalanine-containing dipep-
tides). The use of ascorbic acid should protect
the phenolic OH groups of the molecules from
oxidation and interactions with the sample ma-
trix, which might occur when using strong inor-
ganic acids such as phosphoric acid alone. This
was especially true for zearalenone; the re-
coveries fell below 50% after concentration of a
phosphoric acid-acidified extract (no added as-
corbate) prior to SPE clean-up. Acidification
with acetic acid (no added ascorbate) was also
successful in extracting all toxins without deterio-
ration of zearalenone, but an additional neutrali-
zation step before solvent evaporation is recom-
mended.

Clean-up

The recoveries of the toxins and the effective-
ness of purification using a liquid-liquid and
three different liquid—solid (Florisil, C,,, silica)
clean-up techniques were studied. The use of
silica SPE columns together with chloroform—
acetic acid (90:10) elution required frequent
exchange of the guard columns of the HPLC
system, although showing no interferences from
the maize matrix. The recovery was 85% at high
ppb levels, but it dropped to 61% for ochratoxin
A and 64% for zearalenone at low ppb levels.
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Also, the elution volume of 16 ml is rather high
(Fig. 4A).

The use of a commercially available silica SPE
column and elution with only 5 ml of chloro-
form—methanol-acetic acid (70:25:5) (protocol
I) resulted in an increased ochratoxin A recovery
of 75%.

“Clean” chromatograms and an increased life-
time of the guard columns were obtained by
washing the silica SPE clean-up column with
dichloromethane, hexane and toluene (protocol
IT) as reported by Langseth et al. [38]. However,
the use of B-cyclodextrin as a mobile phase
additive in HPLC analysis allowed the elution of
both toxins in a single fraction of 6 ml of
toluene—acetic acid (9:1) from the SPE column.
The recoveries were 68% of zearalenone and
59% of ochratoxin A within a 1-50 ppb range.
In addition, we would recommend using less
Na,SO,, as a drastic loss of mycotoxins was
observed owing to inclusion phenomena with
moistened Na,SO,.

Single or combined purification techniques
with Florisil and C,; SPE mini-columns were
very successful in removing matrix interferences
from maize samples, as also demonstrated for
the GC-ECD determination of trichothecenes in
maize [34]. Using chloroform—acetic acid (9:1)
together with a Florisil SPE column the elution
volume was high (20 ml; see Fig. 4B) and the
toxin recoveries were still unsatisfactorily low in
the low ppb range (ochratoxin A 49%:;
zearalenone 96%). Elution with 12 ml of chloro-
form-acetic acid—methanol (9:1:1) (Fig. 4C)
gave recoveries of 66% for ochratoxin A and
87% for zearalenone.

A clean-up with a C,; SPE column allowed the
removal of co-eluting interferents in the final
HPLC system (Fig. 5) by successively washing
the cartridge with 4 ml of 5% acetic acid and 200
w1l of methanol-water—acetic acid (50:46:4). The
final elution was performed with methanol-
water—acetic acid (80:15:5) (Fig. 4D), yielding
an 83% recovery for both toxins. Reproducibility
tests of this SPE clean-up procedure indicated a
relative standard deviation (R.S.D.) of 3.9% for
ochratoxin A and 6.5% for zearalenone.

A pH-controlled base-acid liquid-liquid parti-
tioning technique reported for zearalenone and
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Fig. 4. Elution profiles of mycotoxins (O} ochratoxin A and (<) zearalenone eluted with (A) chloroform-acetic acid (9:1) from a
silica gel 60 SPE column; (B) ochratoxin A and zearalenone eluted with chloroform—acetic acid (9:1) from a Florisit SPE column;
(C) chloroform-methanol-acetic acid (9:1:1) from a Florisil SPE column; (D) methanol-water—acetic acid (80:15:5) from a C,,

SPE column.

zearalenol by Bagneris et al. [9] could easily be
adapted to the additional ochratoxin A determi-
nation, giving recoveries of 43% and 88% for
ochratoxin A and zearalenone, respectively. So-
dium chloride was added to break emulsions that
appeared with mixed feed extracts. Acceleration
of phase separation was performed by washing
warm tap water around the separating funnel.
The resulting chromatograms showed fewer in-
terferences than obtained in all the other purifi-
cation techniques, but the procedure is labour
intensive and hardly suitable for automation.
Precision data were evaluated for the pH-
controlled liquid-liquid partitioning procedure in
comparison with a clean-up with C,; SPE
columns, revealing better repeatability of the
SPE technique. The R.S.D. of independent test
results from a single maize sample was 3.9% for
ochratoxin A and 6.5% for zearalenone with C,,
SPE clean-up; using the pH-controlled liquid-
liquid partitioning purification technique for

ochratoxin A and zearalenone R.S.D. values of
8.7% and 7.5%, respectively, were obtained.

Quantification was performed by external
standard calibration owing to the good linearity
and correlation of the results obtained from
spiked maize samples in the range 0.5-1000 ppb.
The correlation coefficients for ochratoxin A
were 0.995 for C,; SPE clean-up and 0.989 for
the liquid-liquid partitioning procedure.

Chromatographic separation

The formation of inclusion complexes between
mycotoxins and B-cyclodextrin (a cyclic oligosac-
charide, consisting of seven a-1,4-linked glucose
units arranged in a torus [39]) molecules is
mainly responsible for altering mycotoxin reten-
tion in the RP-HPLC system. The formation of
an inclusion complex depends on the shape, size
and geometrical properties of the solute, the
diameter of the CD cavity (6.4 A for 8-CD) and
other factors [39,40]. There have been some
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Fig. 5. HPLC of maize spiked with 20 ng/g each of
zearalenone (Z) and ochratoxin A (O), after clean-up with
C,; SPE columns, performed on a Merck LiChrospher 60,
RP Select-B, 5 pm, 125 X4 mm I.D. column. Mobile phase:
methanol-water (45:55), pH 2.5 (12 mM phosphoric acid),
containing 0.2 mM B-cyclodextrin. Fluorescence detection:
A, =315 nm and A, =465 nm.

reports relating stability constants of inclusion
complexes to retention characteristics [41-44].
For optimization of the chromatographic toxin
separation, some parameters (B-cyclodextrin
concentration, column temperature and mobile
phase composition) that might have an influence
on the ability to form inclusion complexes and
on the secondary equilibria in the RP-HPLC
system with B-cyclodextrin (B-CD) were
studied. Changing only the 8-CD concentration
between 0.1 and 5 mM revealed no significant
effect on toxin resolution (Fig. 6). Between 0.2
and 1 mM B-CD, surprisingly a slight increase in
retention was observed compared with higher
B-CD concentrations owing to specific phenom-
ena of adjustment of secondary equilibria on the
surface of the column packing material. How-
ever, lower B-CD concentrations with careful
setting of equilibria are recommended in order
to keep the system back-pressure reasonable.
Raising the column temperature to 65°C resulted
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Fig. 6. Influence of B-cyclodextrin concentration on separa-
tion of ((0) ochratoxin A and (<) zearalenone. Analytical
column: RP-8 Select-B, 5 pum, thermostated at 60°C in a
water-bath. Mobile phase: methanol-water (45:55), pH = 2—
3 (12 mM phosphoric acid), with B-cyclodextrin as mobile
phase additive.

in a decrease in retention times (Fig. 7) but with
no loss of resolution combined with an improve-
ment in peak shape.

The methanol content of the mobile phase
turned out to be a crucial parameter for toxin
separation using B-CD as a mobile phase addi-
tive (Fig. 8). Above 50% methanol no separa-
tion of zearalenone and ochratoxin A could be
achieved, which can be explained by competition
of mycotoxins and methanol for the formation of
an inclusion complex with 8-CD [45]. Lowering

ink'

36}

L 1 1

2 L . : I
2.9 2.96 3 3.06 3.1 3.16 3.2 3.26 3.3

1/T x 1000

Fig. 7. Influence of column temperature on separation of
(O) ochratoxin A and (<) zearalenone using B-cyclodextrin
as mobile phase additive. Analytical column: RP-8 Select-B,
5 pm. Mobile phase: methanol-water (45:55), pH = 2-3 (12
mM phosphoric acid).
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Fig. 8. Influence of methanol content of mobile phase on
separation of (0) zearalenone and (<) ochratoxin A using a
constant amount of 8-cyclodextrin as mobile phase additive.
Analytical column: RP-8 Select-B, 5 pum, thermostated at
60°C in a water-bath. Mobile phase: methanol-water, pH =
2-3 (12 mM phosphoric acid).

the methanol content was directly related to an
increase in resolution. A Shiseido Capcell PAK
C,s analytical column (polymer-coated RP ma-
terial) gave similar results to conventional RP
columns (LiChrospher 100, RP-18 or LiChro-
spher 60, RP-8 Select B).

A mobile phase composition of methanol-
water (45:55) proved to be the best compromise
of a good resolution of zearalenone and ochra-
toxin A and a short analysis time. The resulting
separation factor («) of 1.2 was sufficient for the
simultaneous detection of zearalenone and och-
ratoxin A even when there was a large difference
in concentration [Fig. 9: (a) 0.4 ng absolute
amount per injection of zearalenone and 100 ng
of ochratoxin; (b) 0.1 ng of ochratoxin and 100
ng of zearalenone]. This improvement gives rise
to a marked increase in confidence in terms of
determining especially zearalenone in addition to
ochratoxin A, particularly because the fluores-
cence signal of zearalenone is 5-10 times lower
than that of ochratoxin A.

In addition, a slight increase of 15% in the
fluorescence sensitivity of ochratoxin A was
observed with the use of B-cyclodextrin accord-
ing to a higher UV absorption in the range
310-350 nm. Without 8-CD in the mobile phase,
all the RP-HPLC systems tested were not able to
resolve these two mycotoxins and therefore all
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Fig. 9. HPLC of mycotoxin standard solution demonstrating
the separation of (a) 100 ng absolute amount per 20 ul
injection volume of zearalenone (Z) and 0.1 ng of ochratoxin
A (O) and (b) 0.4 ng of zearalenone (Z) and 100 ng of
ochratoxin A (O) on a Merck LiChrospher 60, RP Select-B,
5 pm, 125 X4 mm L.D. column. Mobile phase: methanol-
water (45:55), pH 2.5 (12 mM phosphoric acid), containing
0.2 mM B-cyclodextrin. Fluorescence detection: A, = 315 nm
and A, =465 nm.

techniques rely totally on a perfect and selective
preseparation of zearalenone and ochratoxin A
in the course of sample clean-up and pretreat-
ment prior to the final HPLC analysis. Even
when the separation of both toxins seems to be
possible, as reported for an Econosphere Cig,
5 pm, 150x4.6 mm I.D. analytical column
(Alltech) [28], the use of B-CD as a mobile
phase additive can improve the ruggedness of the
RP-HPLC system, allowing also the use of all
conventional RP-C,; analytical columns.

CONCLUSIONS

Using the above-described HPLC system and
sample work-up procedure, we were able to
reach detection limits of 400 pg absolute amount
per 20-ul injection volume of zearalenone and 50
pg per 20 ul of ochratoxin A (A, =315 nm and
A, =465 nm), resulting in limits of determina-
tion of 5 ppb of zearalenone and 0.5 ppb of
ochratoxin A in naturally contaminated maize.
Mycotoxin detection could be improved by the
use of a detector allowing time-programmed
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setting of the excitation wavelength to the
specific absorption maxima of 270 nm for
zearalenone and 320 nm for ochratoxin A, giving
a 20% increase in sensitivity for zearalenone and
10% for ochratoxin A (note: these values are
strongly dependent on the physical properties of
the light source in the fluorescence detector;
therefore, diffferent values have been reported
for different equipment [9,17,18,27,37,38]). An
excitation wavelength of 315 nm was the best
compromise for the highly sensitive and selective
detection of zearalenone and ochratoxin A for
the routine analysis of maize.

The method was successful in detecting zear-
alenone in several maize samples from southern
parts of Austria in the range 28-660 ppb (mean
= 274 ppb). Ochratoxin A and «-zearalenol
were found at trace levels only. Ochratoxin B,
zearalanone and B-zearalenol were not detected.
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ABSTRACT

The cytochrome P-450 enzyme geraniol 10-hydroxylase (G10H) was purified from a suspension culture of Catharanthus roseus,
grown on an alkaloid production medium. The cholate-solubilized G10H was purified in a four-step procedure, consisting of
chromatography on DEAE-Sephacel, hydroxyapatite Ultrogel, w-aminooctylagarose and TSK Phenyl-5SPW. On DEAE-Sephacel
a virtually complete separation of the cytochrome P-450 enzyme from NADPH:cytochrome P-450 (cytochrome c) reductase (EC
1.6.2.4) was achieved. The G10H activity of P-450-containing fractions was reconstituted by addition of the reductase and a lipid
extract. Although a substantial loss of GI10H activity occurred on solubilisation and the activity was much lower in the
reconstituted system compared with solubilized preparations, the enzyme was remarkably stable during the later stages of its
purification. An efficient separation of G10H from contaminating proteins was achieved by hydrophobic interaction chromatog-
raphy on a high-performance TSK Phenyl-5PW column that was presaturated with non-ionic detergent. The G10H peak fractions
from this column showed a single band on sodium dodecyl sulphate polyacrylamide gel electrophoresis with silver staining,
corresponding to an M, of 56 000. The purified enzyme catalyses the hydroxylation of both geraniol and nerol, and has a specific

cytochrome P-450 content of 4.7 nmol/mg protein.

INTRODUCTION

. The conversion of geraniol into its 10-hydroxy
derivative, catalysed by the enzyme geraniol 10-
hydroxylase (G10H, monoterpene hydroxylase),
represents one of the initial steps in the bio-
synthesis of the monoterpenoid indole alkaloids
in the plant family of the Apocynaceae. G10H
was characterized as a membrane-bound cyto-
chrome P-450 monooxygenase by Meehan and
Coscia [1]. The hydroxylation of geraniol, or of
its cis isomer nerol, was among the first cyto-
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chrome P-450-catalysed reactions discovered in
higher plants. It has now been demonstrated that
plant cytochrome P-450 enzymes are involved in
a variety of biosynthetic pathways, e.g., those
leading to benzophenanthridine alkaloids [2],
lignins and flavonoids, phytoalexins, cutins and
suberins, phytohormones and steroids (for re-
views, see refs. 3—-6). In addition, the metabo-
lism of exogenous compounds by plant cyto-
chrome P-450 enzymes has been described (for
reviews, see refs. 7 and 8). The substrate
specificity of cytochrome P-450 enzymes and the
regulation of their expression have been exten-
sively studied in mammalian systems and in
microorganisms, but the knowledge of plant
P-450 enzymes is still limited. Only recently was
the first cDNA sequence encoding a plant P-450
enzyme reported [9]. This concerned a ripening-
related c¢cDNA from avocado fruit (Persea

© 1993 Elsevier Science Publishers B.V. All rights reserved
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americana). The polypeptide predicted from the
nucleotide sequence shares some common fea-
tures with animal P-450 proteins and probably
the clone represents a P-450 enzyme that was
purified to homogeneity from avocado mesocarp
by O’Keefe and Leto [10]. Among the few other
P-450 proteins that have been purified partially
or to homogeneity from a plant source are trans-
cinnamate 4-hydroxylase (EC 1.14.13.11) from
Helianthus tuberosis [11], digitoxin 128-hydroxy-
lase from Digitalis lanata [12], a P-450 with
unknown enzyme activity from Tulipa gesneriana
[13] and 3,9-dihydroxypterocarpan 6a-hydroxy-
lase (EC 1.14.13.28) from Glycine max [14]. The
latter was purified to homogeneity and its sepa-
ration from trans-cinnamate 4-hydroxylase pro-
vided the first real evidence for the existence of
different types of P-450 proteins in a higher
plant.

Madyastha et al. [15] described the isolation of
G10H from seedlings of Catharanthus roseus. By
ion-exchange chromatography the P-450 enzyme
could be separated from NADPH:cytochrome
P-450 (cytochrome c¢) reductase (EC 1.6.2.4), an
enzyme that is essential for any cytochrome
P-450-catalysed reaction, as it functions in the
transfer of electrons from NADPH to the P-450
protein. The purification of the reductase to
homogeneity and its characterization were de-
scribed [16]. G10H activity could be reconsti-
tuted with the reductase, the partially purified
cytochrome P-450 and a lipid fraction [15,17].
McFarlane et al. [18] proposed that a feedback
inhibition at the level of G10H might be one of
the regulatory mechanisms in alkaloid biosyn-
thesis, as they observed that this enzyme is
inhibited by catharanthine, an end-product of
the pathway. GlO0H was also regarded as a
potential site for regulatory control by Schiel et
al. [19], who observed an increased G10H activi-
ty in cultures transferred to an alkaloid pro-
duction medium and a close relation of G10H
activity to the pattern of alkaloid accumulation.
A detailed investigation of the expression of
G10H and NADPH:cytochrome P-450 reductase
on the protein and transcriptional level will help
to gain a better insight into the regulation of
alkaloid biosynthesis and will attribute to the
knowledge of plant cytochrome P-450 systems in
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general. The purification of G10H is a first step
in this direction. Here we describe the purifica-
tion of this cytochrome P-450 enzyme from cell
cultures of Catharanthus roseus by an efficient
procedure consisting of four chromatographic
steps.

EXPERIMENTAL

Materials

Geraniol (96%), nerol (95%) and citral (97%)
were obtained from Fluka (Buchs, Switzerland).
NaB’H, (>100 Ci/mol) was from NEN Du Pont
(’s-Hertogenbosch, Netherlands). [1-’H]Farnesyl
pyrophosphate (40 Ci/mol) and [4-’H]squalene
(10 Ci/mol) were gifts from Dr. D.R. Threlfall
(University of Hull, UK). CHAPS {3-[(3-chol-
amidopropyl)dimethylammonio]propane - 1 - sul -
phonic acid}, CHAPSO {3-[(3-cholamidopro-
pyl)dimethylammonio]- 2 -hydroxypropane-1-sul-
phonic acid}, polyvinylpyrrolidone (PVP) (in-
soluble form), leupeptin, cytochrome ¢ (type III
from horse heart) and w-aminooctyl agarose
were purchased from Sigma (St. Louis, MO,
USA). Sodium cholate was from Merck (Darm-
stadt, Germany). Renex 690 was a gift from ICI
Specialty Chemicals (Rotterdam, Netherlands).
Glucose-6-phosphate  dehydrogenase (lyophil-
ized, from yeast) was obtained from Boehringer
(Mannheim, Germany). Bovine serum albumin
standard was obtained from Bio-Rad Labs.
(Veenendaal, Netherlands). The TSK Phenyl-
SPW column, DEAE-Sephacel, 2',5'-ADP-
Sepharose 4B and low-molecular-mass markers
were purchased from Pharmacia LKB Biotech-
nology (Woerden, Netherlands), hydroxyapatite
Ultrogel from IBF (Villeneuve la Garenne,
France) and Extracti-gel D from Pierce (Rock-
ford, IL, USA). Organic solvents were of
analytical-reagent grade or distilled before use.
All other chemicals were of the highest purity
commercially available.

Synthesis of 10-hydroxygeraniol and
10-hydroxynerol

10-Hydroxygeraniol was synthesized essential-
ly as described by Madyastha et al. [15] and
Schiel et al. [19]. A 7.5-ml portion of geraniol
was acetylated with 4.85ml acetic anhydride
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(95%) and 4.15ml pyridine for 15h at room
temperature. After addition of water, geranyl
acetate was extracted with ethyl acetate. The
organic phase was washed with 1 M HCI and
subsequently with 6.6% (w/v) NaHCO,. After
evaporation of the solvent under vacuum,
geranyl acetate was subjected to SeO, oxidation
to yield a mixture of 10-oxogeranyl acetate and
10-hydroxygeranyl acetate. The reaction was
performed with 5.5 g of SeO, in 100 ml of boiling
ethanol (96%) under reflux for 6 h. After evapo-
ration of the solvent under vacuum, the product
was applied to a silica gel 60 (Merck) column to
remove selenium. The product was eluted with
dichloromethane—methanol (8:2, v/v) and sub-
jected to LiAlH, reduction to yield 10-hydroxy-
geraniol. The dried acetates were dissolved in 50
ml of sodium-dried diethyl ether and added
dropwise with stirring to 2.5 g of LiAIH, in 100
ml of sodium-dried diethyl ether at 0°C and
under reflux. After 45 min, excess of LiAlH, was
removed by the dropwise addition of 25 ml of
water. The reaction mixture was extracted with
10% (w/v) NH,Cl and the aqueous phase was
washed twice with diethyl ether. The combined
ether phases were dried under vacuum and
applied to a silica gel 60 column. After elution of
unreduced acetates with chloroform—ethyl ace-
tate (3:1, v/v), 10-hydroxygeraniol was eluted
with methanol. 10-Hydroxynerol was synthesized
from nerol by the same procedure.

The structures of 10-hydroxygeraniol and 10-
hydroxynerol were confirmed by PMR spectros-
copy [15] with tetramethylsilane as reference
compound. 10-Hydroxygeraniol: & (ppm)
[C®HCL,], 1.670, 1.674 (3H, s, H-4; 3H, s, H-9),
2.10 (4H, m, H-5, H-6), 3.98 (2H, s, H-10), 4.14
(2H, d, J 6.9 Hz, H-1), 5.38 (2H, m, H-2, H-7).
10-Hydroxynerol: & (ppm) [C*HCl,], 1.65 (3H,
d, J 1.4 Hz, H-9), 1.75 (3H, d, J 1.2 Hz, H4),
2.14 (4H, m, H-5, H-6), 3.98 (2H, s, H-10), 4.06
(2H, dd, J 7.3 and 0.7 Hz, H-1), 5.44 (2H, m,
H-2, H-7).

Synthesis of labelled substrates

The synthesis of [1-’H]geraniol and [1-*H]-
nerol was modified from Van Aller and Nes [20].
A 300-mg portion of citral [geranial-neral
(65:35)] in 1 ml of ethanol was added slowly to
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14.5 mg of NaB’H, in 1 ml of ethanol on ice.
After 30 min, the reaction mixture was diluted
with diethyl ether and washed with 0.5 M HCL
The organic phase was concentrated under a
stream of nitrogen and the products were
purified by TLC on silica gel 60 F,;,s (0.5 mm
thickness, 20 X 20 cm, with a 4 cm concentration
zone) (Merck). The plates were developed twice
with hexane—ethyl acetate (4:1, v/v). By GC
analysis less than 3% nerol was detected in the
geraniol fractions and vice versa.

[1->H]Farnesol (40 Ci/mol) was obtained from
[1-’H]farnesyl pyrophoshate by hydrolysis with
calf intestinal alkaline phosphatase.

[1-’H]Geranyl pyrophosphate (0.5 Ci/mol)
and [1-’H]geranyl monophosphate (0.5 Ci/mol)
were synthesized from [1-’H]geraniol as de-
scribed by Cornforth and Popjak [21]. The
products were purified by TLC on silica gel H
(0.5 mm thickness, 20 X 20 cm) (Merck) with
2-propanol-ammonia  solution-water  (6:3:1,
viviv).

Plant material

Cell suspension cultures were grown in the
light at 25°C on gyratory shakers at 120 rpm.
Cultures of Catharanthus roseus (L.) G. Don
were subcultured every 7 days and Taber-
naemontana cultures every 14 days by a fourfold
dilution. C. roseus cultures were grown in LS
medium [22] containing 3% sucrose, 2 mg/l
1-naphthaleneacetic acid and 0.2 mg/l kinetin.
The alkaloid production medium was as de-
scribed by Berlin et al. [23]. Cultures of Taber-
naemontana divaricata (L.) R.Br. ex Roem. et
Schult. and Tabernaemontana pandacaqui Poir.
were grown in MS medium [24] containing 3%
sucrose, 1 mg/1 2,4-dichlorophenoxyacetic acid
and 1 mg/1 kinetin.

Enzyme preparation

For purification of G10H, 7-day-old C. roseus
cultures were diluted - five-fold in 500 ml of
alkaloid production medium and grown in 2-1
erlenmeyer flasks for 5-6 days. The cells were
harvested by filtration under suction, washed
once with water and frozen in liquid nitrogen.
Cells were kept at —80°C for storage. Liquid
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nitrogen-frozen cells were homogenized in a
Waring blender equipped with a stainless-steel
beaker at maximum speed for 1 min, rapidly
thawed in two parts of homogenization buffer
containing 50 mM potassium phosphate (pH
7.6), 0.3 M sucrose, 1 mM EDTA, 1 mM
dithiothreitol (DTT) and 5 pg/ml leupeptin, and
additionally homogenized with an Ultra Turrax
at medium speed for 2 min. Membranes sedi-
menting between 20 min at 1000 g and 60 min at
20000 g were suspended in an approximately
equal volume of 50 mM Tris—-HCl buffer (pH
7.8) containing 20% (v/v) glycerol, 1 mM
EDTA, 1 mM DTT and 5 pg/ml leupeptin.

In the screening experiment for G10H activity
in different cell lines, 4 g of cell material were
homogenized with 200 mg of PVP and two
volumes of homogenization buffer without
leupeptin by means of an Ultra Turrax at
medium speed for 2 min at 0°C. A 1000-20 000 g
pellet was isolated and suspended in 300 w1 of 50
mM potassium phosphate buffer (pH 7.6) con-
taining 1 mM EDTA and 1 mM DTT.

Solubilization and enzyme purification

The 1000-20000 g membrane fraction (5-10
mg/ml of protein) was solubilized at 0°C by the
dropwise addition of a 10% (w/v) sodium cho-
late solution to a final concentration of 1%.
After 30 min of gentle stirring the suspension
was centrifuged at 100000 g for 90 min.

Solubilized protein isolated from 2.7 kg of cell
material was applied on a DEAE-Sephacel
column (34x2.6 cm 1.D.), equilibrated in 50
mM Tris—HCl buffer (pH 7.8) containing 15%
(v/v) glycerol, 0.1% (v/v) Renex 690 and 0.1
mM DTT. The column was washed with 400 ml
of equilibration buffer and protein was eluted
with a KCl gradient. The cytochrome P-450 was
eluted with a linear gradient from 0 to 100 mM
KCl in 1000 ml of equilibration buffer. The
column was then washed with 400 ml of 100 mM
KCl in equilibration buffer. Subsequently
NADPH:cytochrome P-450 reductase was eluted
with 600 ml of 300 mM KCI in equilibration
buffer. The flow-rate was 0.5 ml/min and the
fraction size was 10 ml.

G10H (cytochrome P-450)-containing fractions
from DEAE-Sephacel were pooled, concen-
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trated by ultrafiltration (Omega 30K membrane,
Filtron) and applied to a hydroxyapatite Ultrogel
column (24 X 1.6 cm 1.D.) equilibrated in 10 mM
potassium phosphate buffer (pH 7.7) containing
15% (v/v) glycerol, 0.2% (w/v) sodium cholate
and 0.1 mM DTT. The column was washed with
50 ml of equilibration buffer. Elution was with a
linear gradient from 10 to 500 mM potassium
phosphate in 250 ml of equilibration buffer. The
flow-rate was 0.25 ml/min and the fraction size
was 7.5 ml.

The G10H pool from hydroxyapatite Ultrogel
was concentrated by ultrafiltration (Omega 30K
membrane, Filtron). Phosphate and cholate con-
centrations were reduced by repetitive dilution
with aminooctyl equilibration buffer (see below),
followed by concentration. The concentrate was
applied to an w-aminooctylagarose column (23 X
1.6 cm I.D.) equilibrated in 50 mM potassium
phosphate buffer (pH 7.7) containing 15% (v/v)
glycerol, 1 mM EDTA and 0.1 mM DTT. The
column was washed with 100 ml of equilibration
buffer. Elution was with a linear gradient from 0
to 0.2% (v/v) Renex 690 in 300 ml of equilibra-
tion buffer. The flow-rate was 0.25 ml/min and
the fraction size was 7.5 ml.

The G10H pool from w-aminooctylagarose
was concentrated by ultrafiltration (Omega 30K
membrane, Filtron) and applied to a TSK
Phenyl-5PW HPLC column (7.5 X 0.75 cm 1.D.).
The column was equilibrated in 20 mM potas-
sium phosphate buffer (pH 7.7) containing 15%
(v/v) glycerol, 0.1% (v/v) Renex 690, 1 mM
EDTA and 0.1 mM DTT until the absorbance at
280 nm (absorption of Renex 690) had reached a
constant level. About 180 ml of equilibration
buffer were required to saturate the column with
detergent. After sample application the column
was washed with 10 ml of equilibration buffer.
Elution was with a linear gradient from 0.1 to
0.6% (v/v) Renex 690 in 35 ml of equilibration
buffer. The flow-rate was 0.5 ml/min and the
fraction size was 1 ml.

All chromatographic steps were performed at
4-7°C, except for the TSK Phenyl-5PW chroma-
tography, which was performed at room tem-
perature. The absorbance of the effluent was
monitored at 280 and 405 nm. Purified enzyme
preparations were stored at —80°C.
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Determination of cytochrome P-450

Cytochrome P-450 concentrations (¢ =91 1
mmol ™' cm™ for absorbance at 450-490 nm)
were determined from dithionite-reduced CO-
difference spectra according to Omura and Sato
[25].

Determination of G10H activity

The assay for G10H activity, based on the
conversion of [1-°H]geraniol into [1-*H]-10-hy-
droxygeraniol, was modified from Madyastha et
al. [15]. The incubation mixture (total volume
550 wl) contained 12.5 nmol of [1-’H]geraniol
(127 Ci/mol) in 10 ul of acetone, 1 L.U. of
glucose-6-phosphate dehydrogenase, 2.5 wmol of
glucose-6-phosphate, 0.5 pumol of NADP™ and
the enzyme preparation (10-50 pg of protein for
1000-20000 g membrane fractions) in 50 mM
potassium phosphate buffer (pH 7.6) containing

1 mM EDTA, 1 mM DTT, 10 uM FAD and 10

wM FMN. The geraniol concentration in the
assay is approximately five times higher than the
apparent K_ reported by Madyastha et al. [15].
The incubations were started by the addition of
[1->H]geraniol, after a preincubation for 5 min at
30°C. After 60 min at 30°C, the mixture was
extracted with 3 ml of ethyl acetate. The organic
phase was dried under a stream of nitrogen,
dissolved in 100 wl of acetone and a 10-ul
aliquot was subjected to TLC (silica gel 60, 0.5
mm thickness, 20 X20 cm). The plates were
developed with toluene—ethyl acetate—acetone
(6:4:1, v/v/v). Reference 10-hydroxygeraniol
was rendered visible with anisaldehyde-acetic
acid-methanol-sulphuric acid (1:20:170:10, v/v)
spray reagent. The radioactivity in 10-hydroxy-
geraniol was determined by liquid scintillation
spectrometry. Emulsifier-Safe scintillation fiuid
(Packard) was used.

The above-described assay for G10H activity
was used during G10H purification and for all
other experiments with the exception of the
screening experiment for G10H activity in differ-
ent cell suspension cultures. For this experiment
a GC-based assay modified from Schiel et al. [19]
was used. The incubation mixture (total volume
380 wl) contained 1.5 pmol of geraniol in 5 ul of
ethanol, 0.5 pwmol of NADPH and 75 ul of
enzyme preparation (1000-20 000 g pellet, 5-10

241

mg/ml of protein), in 50 mM potassium phos-
phate buffer (pH 7.6) containing 1 mM EDTA
and 1 mM DTT. After 30 min at 30°C the
reaction was stopped with 75 ul of 2 M KOH.
As an internal standard 1,10-decanediol (10
nmol in 20 ul of ethanol) was added and the
mixture was extracted twice with 1 ml of ethyl
acetate. The organic phase was dried under a
stream of nitrogen and silylated with 50 ul
of N-methyltrimethylsilyltrifluoroacetamide at
room temperature for 15 min. The silylated
samples were analysed by GC under the follow-
ing conditions: 10 m x0.22 mm I.D. WCOT
CP-Sil 5cb fused-silica column, film thickness
0.13 pm (Chrompack); carrier gas, nitrogen at
100 kPa; splitting ratio 1:50; detector tempera-
ture, 290°C; injector temperature, 275°C;
column temperature programme, 120°C for 3
min then increased from 120 to 195°C at 15°C/
min and from 195 to 290°C at 30°C/min, then
isothermal at 290°C for 10 min; detection, flame
ionization.

Reconstitution of G10H activity

The G10H activity of P-450-containing frac-
tions was reconstituted by addition of NADPH:
cytochrome P-450 reductase and C. roseus lipids.
The lipid fraction was extracted from 1000-
20000 g membrane fractions with chloroform-
methanol (2:1, v/v) and dissolved in incubation
buffer (see below) with a Branson microtip
sonicator. To cytochrome P-450-containing frac-
tions were added 360 pkat of reductase (from
DEAE-Sephacel) and 10 ug of C. roseus lipids,
in that order. Incubation buffer consisting of 50
mM potassium phosphate (pH 7.6), 1 mM
EDTA, 1 mM DTT, 10 uM FAD and 10 uM
FMN, was added to make a total volume of 200
wl. This mixture, followed by 300 ul of incuba-
tion buffer, was applied to a 250-u1 column of
Extracti-gel D detergent-removal gel. The eluate
was collected and 50 ul of incubation buffer,
containing 1 I.U. of glucose-6-phosphate dehy-
drogenase, 2.5 pmol of glucose-6-phosphate and
0.5 wmol of NADP* was added. After 5 min of
preincubation at 30°C the reaction was started
with [1-’H]geraniol (12.5 nmol in 10 ul of
acetone). After incubation for 60 min the
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radioactivity in 10-hydroxygeraniol was deter-
mined as in the G10H assay described above.

Determination of NADPH:cytochrome c
(P-450) reductase activity

The assay for NADPH:cytochrome ¢ (P-450)
reductase was modified from Madyastha et al.
[15]. The incubation mixture (total volume 1.0
ml) consisted of 20 ul of enzyme solution and 50
nmol of cytochrome c¢ (type III, from horse
heart), 0.15 pwmol of NADPH, 0.5 pmol of
KCN, 5 nmol of flavin mononucleotide and 5
nmol of flavin-adenine dinucleotide (FAD) in
buffer containing 0.5 M Tris~HCI buffer (pH
7.5). The reactions were started by the addition
of enzyme and the reduction of cytochrome ¢
was monitored for 3—4 min at 550 nm (¢ =211
mmol ' ¢cm™) and at 20°C.

Determination of trans-cinnamate 4-hydroxylase
activity

trans-Cinnamate 4-hydroxylase activity was
assayed by an HPLC method according to Dr.
M. Petersen (University of Diisseldorf, Ger-
many; personal communication). The incubation
mixture (total volume 500 wl) consisted of 0.5
pmol of frans-cinnamate in 20 wl of 50%
ethanol, 0.5 wmol of NADPH and the enzyme
preparation (50-200 ug of protein for 1000-
20 000 g membrane fractions) in 0.1 M Tris—HCI
buffer (pH 7.5) containing 20 mM DTT. After
incubation for 30 min at 30°C, the reaction was
stopped by the addition of 100 ul of 6 M HCI
and the mixture was extracted twice with 1 ml of
ethyl acetate. The organic phase was dried under
a stream of nitrogen and the residue was dis-
solved in 150 ul of methanol-water (50:50, v/v),
containing 100 wl of H,PO, (85%) per litre.
HPLC was carried out at room temperature on a
250 X 4.6 mm I.D. Hypersil ODS column (par-
ticle size 5 wm) at a flow-rate of 1.5 ml/min. The
analytical column was used in combination with
a 20 mm X2 mm I.D. precolumn (Upchurch)
hand-packed with Perisorb RP-8 (Merck) with a
particle size of 30-40 um. The mobile phase
consisted of methanol-water containing 100 w«l
of H,PO, (85%) per litre and elution was with a
linear gradient from 40 to 60% (v/v) methanol in
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10 min, followed by 60% methanol for 3 min.
The injection volume was 20 wpl and detection
was at 309 nm.

trans-Cinnamate 4-hydroxylase activity was
reconstituted in an analogous manner to the
method described for G10H. Incubation times
up to 4 h were used in reconstitution experi-
ments.

Gel electrophoresis, isoelectric focusing and
N-terminal protein sequence analysis

Gel electrophoresis and isoelectric focusing
were performed with a PhastSystem (Pharmacia
LKB Biotechnology). Sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE)
was carried out in PhastGel gradient medium
10-15 or PhastGel homogeneous medium 12.5.
Protein staining was done according to the in-
structions for the PhastGel silver kit. Isoelectric
focusing was with PhastGel IEF 3-9. N-Terminal
sequence analysis by Edman degradation of
protein electroblotted onto a polyvinylidene
fluoride membrane was performed by Euro-
sequence (Groningen, Netherlands).

Alkaloid analysis

A 50-mg portion of freeze-dried cell material,
50 wl of internal standard (1.0 g/l dihydroqui-
nine), 1 ml of buffer (pH 10) consisting of 62.5
mM glycine, 62.5 mM NaCl and 0.0375 M
NaOH, 57.5 ul of 1 M NaOH and 5 ml of
CH,Cl, were mixed thoroughly for 1 min on a
vortex apparatus. After centrifugation, the or-
ganic phase was evaporated under vacuum. The
residue was dissolved in 0.5 ml of eluent consist-
ing of 50 mM sodium phosphate (pH 3.9)-aceto-
nitrile-2-methoxyethanol (80:15:5, v/v/v) and
100 wl were injected on to a 300 mm X 3.9 mm
I.D. uBondapak Phenyl (Waters, Milford, MA,
USA) column [26]. The flow-rate was 2 ml/min
and a Waters 990 photodiode-array detector was
used.

Protein determination
Protein was determined according to Peterson
[27] with bovine serum albumin as a standard.
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RESULTS AND DISCUSSION

G10H activity in Catharanthus roseus and
Tabernaemontana species

To select a suitable source for G10H purifica-
tion we determined G10H activity levels in cell
suspension cultures of Catharanthus roseus,
Tabernaemontana divaricata and Tabernaemon-
tana pandacaqui, three members of the
Apocynaceae family that produce related ter-
penoid indole alkaloids. During this screening
experiment we also studied the relationship
between the activity of G10H and the accumula-
tion of terpenoid indole alkaloids. G10H activity
was measured in a membrane fraction sediment-
ing between 1000 and 20000 g. In addition to
organelles such as mitochondria and plastids, this
pellet contains provacuolar membranes, in
which, according to Madyastha et al. [28], the
G10H from C. roseus is localized. In agreement
with their results, we found that the bulk of
G10H activity in C. roseus was present in this
fraction. Only about 15% of the total activity
was detected in a 100 000 g microsomal fraction.
The same distribution pattern was found for
G10H from T. divaricata. Both in C. roseus and
in T. divaricata we could also demonstrate the
activity of the cytochrome P-450 enzyme trans-
cinnamate 4-hydroxylase in the 1000-20000 g
pellet. In C. roseus trans-cinnamate 4-hydroxy-
lase, like G10H, appeared to occur predominant-
ly in this fraction, whereas only about 25% was
found to be associated with microsomes.

G10H activity was monitored during growth of
several suspension cultures. In a cell line of C.
roseus that accumulates tryptamine, but no ter-
penoid indole alkaloids, G10H activity could not
be detected. The enzyme, however, became
induced when the culture was transferred to an
alkaloid production medium. The terpenoid in-
dole alkaloid ajmalicine appeared just after
G10H activity had reached a maximum (Fig. 1).
An increase in the activity of this enzyme in a C.
roseus cell line on production medium was also
observed by Schiel et al. [19].

In a cell line of T. divaricata maximum G10H
activity was present during the first week of
growth. The enzyme activity could no longer be
detected when the stationary phase was reached.
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Fig. 1. G10H activity and ajmalicine accumulation in cell
cultures of Catharanthus roseus on alkaloid production
medium. Erlenmeyer flasks (250 ml) containing 50 ml of
medium were inoculated with 5 g of cell material, filtered
over a sterile glass filter. At each time point one flask was
harvested. Cell material was homogenized in two volumes of
50 mM potassium phosphate buffer (pH 7.6), containing 0.3
M sucrose, 1 mM EDTA, 1 mM DTT and polyvinyl-
pyrrolidone (50 mg/g cell material). G10H was measured in
a 1000-20 000 g membrane fraction.

This cell line produced a variety of terpenoid
indole alkaloids, with vallesamine and O-
acetylvallesamine as major and voaphylline,
tubotaiwine, apparicine and several acylindole
alkaloids as minor components. Maximum levels
were reached after the peak in G10H activity
(Fig. 2).

During the growth of a cell suspension culture
of T. pandacaqui no G10H activity could be
detected. This cell line produced no terpenoid
indole alkaloids. Only tryptamine (0.03-0.1 mg/
g dry mass) and large amounts of a tryptamine
derivative, probably 5-hydroxytryptamine, were
present (at approximately ten times the level of
tryptamine). G10H activity in this cell line was
also found to be absent when in a later stage
enzyme extractions were performed in the pres-
ence of leupeptin, a protease inhibitor which
increased substantially the recovery of G10H
from C. roseus cells.

Parallel to the experiments described here, cell
line characterizations were performed, in which
the activities of tryptophan decarboxylase and
strictosidine synthase were measured during
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Fig. 2. G10H activity and alkaloid accumulation during
growth of cell cultures of Tabernaemontana divaricata. The
cultures reached stationary phase at day 11. Experimental
details as in Fig. 1.

growth [29]. It appeared that the C. roseus line
on growth medium and the T. pandacaqui line,
in both of which G10H and terpenoid indole
alkaloids were. not detected, did possess trypto-
phan decarboxylase and strictosidine synthase
activity. The absence of indole alkaloids in these
cell lines seems therefore to be correlated with a
shortage of terpenoid precursors. The fact that
G10H activity could not be detected supports the
arguments of McFarlane et al. [18] and Schiel et
al. [19] to regard this enzyme as a potential site
for control in the pathway for secologanin bio-
synthesis. However, other unknown regulatory
enzyme activities in the secologanin pathway
may also represent bottlenecks in alkaloid pro-
duction.

The presence of induced levels of G10H activi-
ty in C. roseus suspensions rapidly after transfer
to alkaloid production medium was found to be
reproducible, and this cell material was consid-
ered the best source for G10H purification.
Madyastha et al. [15] had reported partially
purified G10H to be highly labile. After selection
of the C. roseus cell material for G10H purifica-
tion, we therefore tried to optimize the extrac-
tion procedure for this enzyme source in order to
obtain a membrane preparation with high G10H
specific activity as starting material. In the
above-described screening experiments for
G10H activity, enzyme extractions were per-
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formed in the presence of PVP (insoluble form)
to bind phenolics and in the presence of the
protease inhibitor EDTA. The addition of PVP
(insoluble or soluble form), however, appeared
not to be benificial. Several protease inhibitors
were tested. With leupeptin (5 pg/ml), a fivefold
increase in G10H activity was observed. Phenyl-
methylsulphonyl fluoride was not effective and
benzamidine improved the recovery of G10H
slightly. Leupeptin, however, was more effective
alone than in combination with the other
protease inlibitors. For purification of G10H,
the C. roseus cell material was homogenized in
the presence of only EDTA and leupeptin. In
this way membrane preparations were obtained
with a ten-fold higher G10H specific activity than
the membrane fractions isolated by Madyastha et
al. [15] from C. roseus seedlings.

Solubilization

The ionic detergent sodium cholate is often
used for solubilization of cytochrome P-450
systems, since it causes little conversion of cyto-
chrome P-450 to the catalytically inactive cyto-
chrome P-420. Moreover, in contrast to most
non-ionic detergents, cholate is only slightly
inhibitory to the enzyme activity, even at the
high concentrations necessary for solubilization
[30]. Solubilization of cytochrome P-450 with the
zwitterionic detergent CHAPS has also been
successful [31]. We tested cholate, CHAPS, and
CHAPSO for solubilization of G10H in the
concentration range 0.2-1.2% and at a protein
concentration of 5 mg/ml. In all instances most
of the activity remained unsolubilized at concen-
trations below the critical micellar concentration
(0.5% for CHAPS and CHAPSO, 0.6% for
cholate). The solubilized activity was maximum
when concentrations above the critical micellar
concentration were used, but under those condi-
tions the total of unsolubilized and solubilized
activity was always less than 10% of the original
activity. Enzyme solubilized with CHAPS or
CHAPSO had to be passed through detergent-
removal gel (Extracti-gel D) to measure G10H
activity. This treatment had no effect on cholate-
solubilized enzyme. Sonication with a microtip
sonifier prior to cholate solubilization did not
improve the yield of solubilized activity at any of
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the detergent concentrations tested. In cholate-
solubilized preparations the activity of trans-cin-
namate 4-hydroxylase was also more than 90%
lower than in the membrane fraction. With all
the detergents tested about 100% of the
NADPH:cytochrome ¢ reductase activity could
be solubilized. The loss of monooxygenase ac-
tivity on solubilization can be explained by an
inactivation or denaturation of the enzyme or by
a less efficient interaction between the cyto-
chrome P-450 and the reductase, possibly owing
to their distribution over different micelles.

Separation of G10H from NADPH :cytochrome
P-450 reductase and reconstitution of G10H
activity

The cholate-solubilized protein was subjected
to DEAE-Sephacel chromatography and eluted
with a KCl gradient. Although the use of cholate
has advantages for solubilization, cytochrome
P-450 can be separated more completely from
NADPH:cytochrome P-450 (cytochrome c) re-
ductase in the presence of a non-ionic detergent
[30]. Therefore, ion-exchange chromatography
was performed in the presence of 0.1% Renex
690, a non-ionic detergent of the polyoxyethyl-
ene nonylphenol type, which is non-denaturing
with respect to cytochrome P-450 [30]. A good
separation of the two proteins was achieved. The
cytochrome P-450 eluted between 25 and 35 mM
KCI and the reductase could be ecluted after a
stepwise increase in the KCl concentration from
100 to 300 mM. No NADPH:cytochrome c
reductase activity was associated with the P-450
peak. The reductase fractions contained only
traces of cytochrome P-450.

After the separation of the P-450 component
and the reductase, G10H activity can only be
measured in a reconstituted system, in which the
protein components are integrated into lipo-
somes. Reconstitution of G10H activity could be
achieved by the addition of partially purified
reductase (DEAE-Sephacel fraction) and a
crude extract of C. roseus lipids to the P-450-
containing fraction. To avoid the sensitivity of
the G10H assay becoming limiting during sub-
sequent purification steps, it was ecssential to
optimize the conditions of the reconstitution
method. We found that the efficiency of reconsti-
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tution could be improved when the mixture of
cytochrome P-450, reductase and lipid was
passed through a small column of Extracti-gel D
for detergent removal. When the Extracti-gel D
step was omitted, more than 80% reduced G10H
activities were observed. A similar decrease in
activity was found on addition of 0.1% Renex
690 to the reconstituted.system after the Extrac-
ti-gel treatment. The dependence of G10H ac-
tivity on the concentrations of cytochrome P-450
and reductase was investigated. Omitting either
of the protein components resulted in a complete
loss of G10H activity. To allow us to determine
the recovery of G10H activity during purifica-
tion, a saturating reductase concentration was
used in the reconstitution assay, which made
G10H activity linearly dependent on the concen-
tration of (geraniol-specific) cytochrome P-450.
The reconstituted system was optimized with
respect to lipid composition and concentration.
Reconstitution with a crude extract of C. roseus
lipids (10-250 wg) stimulated G10H activity.
The highest (two-fold) increase was with 10 ug,
and this amount was chosen for the routine
procedure. A stimulation (1.5-2-fold) could also
be effected with 10 ug of purified phospholipids
[dilauroylphosphatidylcholine or a mixture of
phosphatidylcholine and phosphatidylinositol
(9:1)], but these were inhibitory at higher con-
centrations.

The highest G10H activity achieved in the
reconstituted system was always less than 10% of
the activity of the solubilized membrane fraction.
A low G10H activity after reconstitution was
also reported by Madyastha et al. [15]. Similar
results were obtained with reconstitution of
digitoxin 128-hydroxylase [12] and trans-cinna-
mate 4-hydroxylase [32], but 3,9-dihydroxyptero-
carpan 6a-hydroxylase [14] could be reconsti-
tuted with a much higher yield of activity.
Madyastha et al. [15] assumed that the low
activity after reconstitution was probably due to
the highly labile nature of cytochrome P-450. In
contradiction to this, we found that the recovery
of G10H activity was remarkably high during all
subsequent chromatographic steps in our purifi-
cation procedure. Moreover, we did not observe
conversion of cytochrome P-450 to the P-420
form during these steps. Loss or denaturation of
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protein may partly explain the initial decrease in
activity. However, we consider it more likely
that this is mainly caused by other effects, such
as an incomplete removal of inhibitory detergent
and a less efficient interaction between reductase
and P-450 in the reconstituted system. Such
differences in the efficiency of catalysis of the
hydroxylation complicate the interpretation of
the purification scheme (Table I). We believe
that DEAE-Sephacel forms an efficient purifica-
tion step, because there was virtually complete
separation of P-450 and reductase, and the total
P-450 was enriched seven-fold. A less efficient
catalysis in the reconstituted system may explain
the decrease in specific GI0H activity.

Purification of G10H

The G10H pool from DEAE-Sephacel was
subjected to hydroxyapatite Ultrogel chromatog-
raphy. G10H and cytochrome P-450 eluted in a
broad peak between 150 and 450 mM potassium
phosphate, with the highest amounts at 250 mM.
A three-fold increase in the specific activity of
G10H was achieved. On this column the non-
ionic detergent Renex 690 was exchanged for
cholate, because Renex interferes with the bind-
ing of G10H to w-aminooctyl agarose, which was
planned as the next purification step, as amino-
octyl has been described as an efficient ligand for
the iron(III) form of cytochrome P-450 [33]. The
G10H pool from the hydroxyapatite column was
applied to an w-aminooctylagarose column and

TABLE I
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G10H was eluted with a gradient from 0-0.2%
Renex 690.

The GiOH pool from w-aminooctylagarose
was further purified by hydrophobic interaction
chromatography on a high-performance TSK
Phenyl-5PW column. Protein purification by hy-
drophobic interaction chromatography usually
involves binding of protein to the matrix under
high-salt conditions and elution with a decreasing
salt gradient. To elute strongly bound proteins,
addition of a (poly)alcohol or detergent may be
necessary. G10H, however, appeared to have
such a high hydrophobicity that it could even be
bound in the presence of detergent. Before the
application of protein, the TSK Phenyl-5PW
column was washed with buffer, containing 0.1%
of the non-ionic detergent Renex 690, until the
absorbance of the effluent at 280 nm reached a
constant level. This presaturation of the column
with detergent made the TSK Phenyl-SPW chro-
matography a very efficient purification step, as
it prevented most of the protein in the sample
from binding, while G10H was still retained on
the column. G10H could be eluted by further
increasing the detergent concentration with a
linear gradient of Renex 690 from 0.1 to 0.6%
(Fig. 3a). Four of the peak fractions showed an
electrophoretically homogeneous protein with an
M, of 56000 on SDS-PAGE with silver staining
(Fig. 3b). The pl of this protein was 8.3. In
earlier fractions of the peak a second band with a
slightly lower molecular mass was present, and
the later fractions contained minor impurities.

PURIFICATION OF THE CYTOCHROME P-450 ENZYME G10H FROM CATHARANTHUS ROSEUS

The table is based on purification from 2.7 kg (fresh mass) of C. roseus cell material, harvested 5-6 days after transfer of

suspension cultures to alkaloid production medium.

Purification step Protein Cytochrome  Specific cytochrome  G10H Specific Purification Recovery
(mg) P-450 P-450 content activity activity (-fold) (%)
(nmol) (nmol/mg) (pkat) (pkat/mg)
20000 g Membrane fraction  1891.2 483.5 0.26 154668.6  81.8 1.00 100.00
Cholate solubilization 600.6 61.1 0.10 5978.0 10.0 0.12 3.87
DEAE-Sephacel 55.1 38.8 0.70 358.1 6.5 0.08 0.23
Hydroxyapatite Ultrogel 15.7 34.5 2.20 303.6 19.3 0.24 0.20
w-Aminooctylagarose 6.1 17.8 2.92 308.6 50.6 0.62 0.20
TSK Phenyl-5PW 0.36 1.7 4.72 187.0 519.4 6.35 0.12
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Fig. 3. TSK Phenyl-5PW chromatography of GI10H. (a)
Elution profile from TSK Phenyl-5PW. The column was
equilibrated in 20 mM potassium phosphate buffer (pH 7.7)
containing 15% (v/v) glycerol, 0.1% (v/v) Renex 690, 1 mM
EDTA and 0.1 mM DTT. Elution was with 10 ml of
equilibration buffer, followed by a linear gradient from 0.1 to
0.6% (v/v) Renex 690 in 35 ml of equilibration buffer. The
fraction size was 1 ml. (b) SDS-PAGE of fractions from TSK
Phenyl-5SPW. SDS-PAGE was performed with a PhastSystem
in PhastGel homogeneous medium 12.5. Detection was with
silver staining. M = low-molecular-mass markers; S = sample
applied on TSK Phenyl-5PW; 25-37 = fractions from TSK
Phenyl-5PW [elution profile in (a)]; fractions 31-34 were
pooled.

The four homogeneous fractions were pooled.
The purification scheme is given in Table I
N-Terminal sequence analysis indicated that the
M, 56000 protein band consisted of a single
polypeptide. A partial amino acid sequence of
sixteen residues starting with methionine was
obtained. The sequence consisted of hydropho-
bic residues, which is in agreement with a func-
tion as membrane insertion signal peptide.

In the crude G10H membrane preparation at
least one other cytochrome P-450 species is
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present, trans-cinnamate 4-hydroxylase. In the
G10H pool from DEAE-Sephacel trans-cinna-
mate 4-hydroxylase activity could be measured
after reconstitution with NADPH:cytochrome
P-450 reductase and lipid by the same method as
used for G10H. Analogous with G10H activity, a
low trans-cinnamate 4-hydroxylase activity was
realised in the reconstituted system. On hydroxy-
apatite Ultrogel and w-aminooctylagarose, trans-
cinnamate 4-hydroxylase co-purified with G10H,
with high recovery. The G10H pool from TSK
Phenyl-5PW, however, was free of trans-cinna-
mate 4-hydroxylase activity. We verified that the
high concentrations of Renex 690 present in TSK
Phenyl-5PW fractions do not interfere with re-
constitution of trans-cinnamate 4-hydroxylase
activity. Possibly this enzyme is bound more
tightly to TSK Phenyl-5SPW than G10H, as the
activity was also not detected in the other frac-
tions, eluting between 0.1 and 0.6% of the
Renex 690 gradient, or in the unbound fraction.

The specific activity of the purified G10H for
geraniol was 519 pkat/mg, measured in the
reconstituted system. The purified enzyme also
accepted nerol, the cis isomer of geraniol, as a
substrate. Conversion of the structurally related
C,s and C,, terpenoids farnesol and squalene
under the standard assay procedures was not
observed. Licht et al. [34] reported that no
hydroxylation of the pyrophosphates of geraniol
or nerol was observed with G10H from both C.
roseus or animal membrane preparations. We
tested geraniol monophosphate and geraniol
pyrophosphate as substrates for crude G10H and
observed no hydroxylation of these compounds.

The purified G10H had a specific P-450 con-
tent of 4.7 nmol/mg protein, which was much
higher than that for the homogeneous 3,9-dihy-
dropterocarpan 6a-hydroxylase from Glycine
max (0.64 nmol/mg protein) [14], but lower than
that for purified cytochrome P-450 from Tulipa
gesneriana (6.7 nmol/mg protein) [13] and
Persea americana (17.5 nmol/mg protein) [10].
Specific contents reported for highly purified
cytochrome P-450 isoforms from animal sources
vary between ca. 4 and 18 nmol/mg protein [35].
The specific content can show slight variations
between individual purifications, owing to differ-
ences in the loss of haeme. A CO-difference
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Fig. 4. CO-difference spectrum of purified G10H. A sample
of the pooled G10H-containing fractions from TSK Phenyl-
SPW was diluted to 8.2 pg/ml in 20 mM potassium phos-
phate buffer (pH 7.7) containing 15% (v/v) glycerol and a
difference spectrum (dithionite-reduced versus dithionite-
reduced, CO-saturated) was measured.

spectrum of the purified enzyme preparation is
shown in Fig. 4.

The described purification procedure was re-
producible. In terms of enzyme activity the
recovery was low, but probably this was due to
incomplete removal of inhibitory detergents or a
less efficient interaction between NADPH:cyto-
chrome P-450 reductase and cytochrome P-450 in
the reconstituted system. Despite the low yield
of enzyme activity, the amounts of purified
G10H protein obtained from C. roseus cultures
grown on alkaloid production medium were
relatively high for a membrane-bound plant
enzyme. The purification of cytochrome P-450-
dependent G10H is the first step towards cloning
of the corresponding gene, which will permit
further studies concerning the regulation of this
enzyme.

CONCLUSIONS

The membrane-bound cytochrome P-450 en-
zyme geraniol 10-hydroxylase (G10H) was
purified from Catharanthus roseus cell cultures
by an efficient procedure consisting of four
chromatographic steps. The purified enzyme had
an M, of 56000, a specific cytochrome P-450
content of 4.7 nmol/mg and catalysed the hy-
droxylation of both geraniol and nerol. The
N-terminal amino acid residues of the purified
protein were hydrophobic and may serve as a
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membrane anchor. As cytochrome P-450 en-
zymes in plants are present at low levels, an
important step in G10H purification was the
selection of cell cultures from which membrane
preparations with a high G10H specific activity
could be obtained. C. roseus cells grown on
alkaloid production medium were identified as a
suitable enzyme source. After cholate solubiliza-
tion an almost complete separation of cyto-
chrome P-450 and NADPH:cytochrome P-450
reductase was achieved by ion-exchange chroma-
tography on DEAE-Sephacel. Reconstitution of
G10H activity by the addition of the reductase
and a C. roseus lipid extract was found to occur
most efficient when Extracti-gel D was used to
remove detergent. Further purification of G10H
was achieved by chromatography on hydroxy-
apatite Ultrogel, w-aminooctylagarose and TSK
Phenyl-5PW. The hydrophobic nature of the
enzyme allowed the application of hydrophobic
interaction chromatography in a highly efficient
manner. Presaturation of TSK Phenyl-5PW ma-
trix with non-ionic detergent created conditions
that prevented most of the contaminating pro-
teins in the sample from binding, while G10H
was still retained on the column. Subsequent
elution of G10H by further increasing the de-
tergent concentration resulted in an electrophor-
etically homogeneous protein preparation. Ap-
plication of this method may be useful for the
purification of other membrane-bound enzymes.
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ABSTRACT

A method for the determination of tissue levels of free coenzyme A (CoASH) and long-chain acyl-CoA was developed using
reversed-phase high-performance liquid chromatography and fluorescence detection. CoASH in acid-soluble and processed
acid-insoluble liver homogenates was derivatized with the fluorescent agent monobromobimane, which selectively binds
sulphydryl groups. The optimum requirements for sample preparation and conditions for derivatization with monobromobimane
are discussed. The separation of the CoA—bimane adducts was achieved with a 3-um Hypersil ODS C,; column (150 X 4.6 mm
1.D.) using gradient elution with tetrabutylammonium hydroxide, acetic acid, phosphoric acid and acetonitrile. The detection
limit was lower than 3 pmol. The method is more specific and more sensitive than the existing HPLC method with UV
spectrophotometric detection. Furthermore, the method perfnits the detection and determination of other tissue thiols such as
cysteine, cysteinylglycine and glutathione simultaneously.

in rat livers have been shown to increase after
starvation and repeated administration of peroxi-
some proliferator compounds such as clofibrate
and tiadenol [4-9]. A similar phenomenon was
observed in our laboratory with peroxisome

INTRODUCTION

Tissue levels of acyl-coenzyme A (acyl-CoA)
and particularly the ratios of long-chain acyl-
CoA to free CoASH are known to act as

intercellular regulators in several steps of inter-
mediary metabolism [1-3]. For example, the
levels of long-chain acyl-CoA and free CoASH

* Corresponding author.

0021-9673/93/$06.00

proliferating hypolipidaemic sulphur-substituted
fatty acid analogues [10]. Furthermore, excess
long-chain acyl-CoA levels in tissue have been
implicated as potentially harmful amphiphiles
with possible adverse effects on cellular metabo-
lism through interaction with membrane struc-
tures [11]. It is of importance, therefore, to have

© 1993 Elsevier Science Publishers B.V. All rights reserved
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reliable, sensitive, specific and reproducible
means to determine these compounds.

The separation and detection of tissue levels of
free CoA and long-chain acyl-CoA by high-per-
formance liquid chromatography (HPLC) with
UV spectrophotometryic detection, developed
originally by Ingebretsen and Farstad [12] and
subsequently modified by Berge er al. [13,14], is
frequently used. The present paper describes a
major modification of this procedure in terms of
the reagent used to hydrolyse the thio—ester
bond and the HPLC conditions for separation
and detection of tissue levels of both free CoA
and long-chain acyl-CoA. The principle of the
detection of the CoASHs in this method is based
on derivatization of the free sulphydryl groups
with the fluorescent agent monobromobimane
[15]. The method is superior in terms of sensitivi-
ty and specificity over the existing method.
Moreover, other cellular protein-bound thiols
such as glutathione, cysteine and cysteinylglycine
can be determined in one run from the tissue
precipitates.

EXPERIMENTAL

Materials

N-Ethylmalemide, N-ethylmorpholine, dithio-
erythritol (DTE), cysteine, -cysteinylglycine,
glutathione, sodium tetrahydroborate (NaBH,)
and coenzyme A (CoASH) were obtained from
Sigma (St. Louis, MO, USA). 5-sulphosalicylic
acid dihydrate, dimethyl sulphoxide (DMSO),
hydrogen bromide (HBr), perchloric acid, acetic
acid, phosphoric acid and methanol from Merck
(Darmstadt, Germany), monobromobimane
(mBrB) from Calbiochem, Behring Diagnostics
(La Jolla, CA, USA), tetrabutylammonium hy-
droxide from Janssen Chimica (Beerse, Belgium)
and Hypersil ODS (3 wm) from Shandon (Run-
corn, UK). Columns for reversed-phase HPLC
(150 x 4.6 mm 1.D.) were packed with 3-um
Hypersil ODS at 9000 p.s.i. (1 p.s.i. =6894.76
pa) using a Shandon column packer.

A mixed standard solution was prepared by
dissolving 40 uM cysteine, 10 uM cysteinylgly-
cine, 320 uM glutathione and 80 uM CoASH in
a 5% solution of sulphosalicylic acid containing
50 uM DTE.
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Principles of determination of long-chain
acyl-CoA

The method was essentially developed first by
using palmitoyl-CoA as a prototype of long-
chain acyl-CoA. The thio—ester bond of pal-
mitoyl-CoA was cleaved after incubation with
sodium tetrahydroborate. Optimum assay condi-
tions were developed by using different concen-
trations of sodium tetrahydroborate, incubation
temperatures and incubation times. Subsequent-
ly, the free sulphydryl group of the CoA moiety
was derivatized with mBrB as described below.
In acid precipitates of tissue, the method can
also cleave the protein-bound thiols and hence
can also be used to determine them simulta-
neously.

Tissue preparation for determination of long-
chain acyl-CoA

Livers from male Wistar rats obtained from
Mpgllegaard Breeding Laboratory (Ejby, Den-
mark) were used when they were ca. 4 weeks
old, weighing 170-180 g. The animals were
killed under light halothane anaesthesia and the
livers from individual rats were homogenized
immediately in ice-cold 5% sulphosalicylic acid
in 50 uM DTE to obtain 10% (w/v) liver
homogenates. Aliquots of 500 ul of tissue
homogenates were centrifuged at 600 g for 10
min. The resultant supernatants were used to
measure the acid-soluble CoASH, while the
tissue precipitates were washed twice with 5%
sulphosalicylic acid and once with distilled water
and processed further.

The tissue precipitates were incubated with 25
w1 of octanol (to prevent foaming) and 250 ul of
either 1.4 or 2.0 M NaBH, for 30 min at 37°C in
a water-bath. After incubation the samples were
left on ice for 10 min and then 250 ul of 5%
sulphosalicylic acid were added to neutralise the
excess of NaBH,. Subsequently, the samples
were centrifuged at 600 g for 10 min and the
supernatants were used to determine the hydro-
lysed CoASH and other thiols.

Precolumn derivatization

The principle of the derivatization of free
sulphydryl groups with mBrB described below
was a further development of a previously pub-
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lished method for the determination of various
thiols in red blood cells [15] and plasma [16]. To
60 ul of either pretreated palmitoyl-CoA, un-
treated CoASH or tissue homogenates prepared
as described above were added 30 ul of 20%
sulphosalicylic acid, 130 ul of 140 mM HBr in
65% DMSO, 50 ul of 1.0 M N-ethylmorpholine
and 10 ul of 20 mM mB1B in 100% acetonitrile
in that order. After 10 min of incubation at
ambient temperature in the dark, 20 ul of 10%
perchloric acid were added to stop further re-
action.

Chromatography

Volumes of 10 ul of derivatized samples were
injected into a 150 X 4.6 mm 1.D. column packed
with 3-um particles of Hypersii ODS (Cy,),
equipped with a guard column packed with
Pelliguard LC-18. Elution solvent A consisted of
10 mmol of tetrabutylammonium phosphate, 2.5
ml of glacial acetic acid and 0.675 ml of ortho-
phosphoric acid diluted to 1 1 with distilled water
and adjusted to pH 3.4 with 2.0 M NaOH,
solvent B was 200 ml of acetonitrile, 10 mmol of
tetrabutylammonium phosphate, 2.5 ml of glacial
acetic acid and 0.675 ml of orthophosphoric acid
diluted with to 1 1 distilled water and the pH
adjusted to 3.25 with 2.0 M NaOH and solvent C
was acetonitrile—water (75:25). Elution was car-
ried out at ambient temperature at a flow-rate of
1.5 ml/min. The profile of the elution with a
mixture of solvents A and B was as follows: 0-13
min, 4-22% B; 13.1-23 min, isocratic, 40% B;
23.1-30 min, 40-60% B; and 30.1-41.5 min,
isocratic, 95% B. After each run the column was
washed for 5 min with solvent C to remove
late-eluting fluorescent material.

Instrumentation

A Spectra-Physics SP 8800 solvent-delivery
system coupled to a Gilson 232-401 automatic
sample processor was used. The detector was a
Shimadzu RF 535 spectrofluorimeter equipped
with concave diffraction grating excitation and
emission monochromators operating at an excita-
tion wavelength of 400 nm (13 nm bandpass) and
an emission wavelength of 475 nm (15 nm
bandpass). The sensitivity of the detector was
enhanced about three-fold with a Hamamatsu R
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982:08 photomultiplier. The integrator was a
Spectra-Physics Chromjet SP 4400.

RESULTS AND DISCUSSION

Fig. 1A shows a typical HPLC trace of a
standard mixture containing CoASH, cysteine,
cysteinylglycine and glutathione that had been
treated with NaBH, before derivatization with
mBrB. With the gradient system adopted, a
baseline separation of the CoA-bimane adduct
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Fig. 1. Chromatograms obtained from monobromobimane-
derivatized samples of (A) standard solution containing 80
uM CoASH, 40 uM cysteine, 10 wM cysteinylglycine and
320 uM glutathione dissolved in a 5% solution of sul-
phosalicylic acid containing 50 uM DTE; (B) standard
solution of palmitoyl-CoA (150 uM) treated with 2.0 M
NaBH,; (C) acid-soluble liver extract obtained from 10%
liver homogenates in 5% sulphosalicylic acid containing 50
#M DTE; and (D) acid-insoluble liver precipitates incubated
with 2.0 M NaBH,. Peaks: 1 = cysteine; 2 = cysteinylglycine;
3 = glutathione; 4 = CoASH.
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and the other thiol-bimane adducts from the
reagent peaks was achieved. The retention times
for the bimane derivative of CoASH was 40-41
min and for those of cysteine, cysteinylglycine
and glutathione 7.0, 8.0 and 29 min, respective-
ly. In a subsequent experiment in which a
standard sample of palmitoyl-CoA was treated
with NaBH,, a CoA-bimane adduct with a
retention time of 40-41 min was also observed
(Fig. 1B).

The method was further developed to deter-
mine CoASH and long-chain acyl-CoA in bio-
logical samples. A CoA-bimane adduct with a
similar retention time was also observed in
chromatograms from both acid-soluble (Fig. 1C)
and acid-insoluble (Fig. 1D) liver extracts
treated in the same way as the palmitoyl-CoA
standards. Thus, this method can be used with-
out any modification for the determination of
CoASH (in the acid-soluble extract) and long-
chain acyl-CoA (in the acid-insoluble extract) in
tissues. The detection limit for both free CoASH
and long-chain acyl-CoA was about 3 pmol per
injection with a signal-to-noise ratio of 3.

In another experiment, we investigated
whether any materials co-eluted with the CoA—-
bimane adduct. A liver extract was spiked with a
standard solution containing both CoASH and
palmitoyl-CoA, treated with NaBH, before de-
rivatization. The standards co-eluted exactly with
the peaks from the tissue extracts (data not
shown).

Calibration graphs obtained with different
concentrations of pure CoASH and palmitoyl-
CoA are shown in Fig. 2A and B, respectively.
The correlation coefficent (r) between the areas
of peaks measured at 475 nm and the concen-
trations of CoASH and palmitoyl-CoA used was
0.988. It is worth noting, however, that the
addition of 50 ul of DTE was neccessary in order
to obtain a linear calibration graph, especially at
lower concentrations. Furthermore, as shown in
Fig. 2A, the yield of the CoA-bimane adduct
was higher following treatment of the standard
CoASH solution with NaBH, than without. This
may be explained by the fact that NaBH, acts as
a reductant, thereby minimizing the possible
oxidative degradation of the CoASH molecule
during processing.
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The optimum concentration of NaBH, re-
quired to cleave completely the thio—ester bond
between the CoA and acyl moiety was studied by
determining the yield of the CoA-bimane ad-
duct obtained after incubating palmitoyl-CoA in
different concentrations of NaBH, for different
times (Fig. 3). The results indicated that NaBH,
at a concentration of 2.0 M and incubation for 30
min were the optimum assay conditions. At
concentration below 2.0 M the recovery of the
CoASH from the long-chain acyl-CoA was low,
mainly owing to incomplete bond cleavage. Simi-
larly, a low recovery was obtained at concen-
trations higher than 2.0 M, mainly owing to the
interference of the NaBH, with either the forma-
tion or the stability of the CoA—bimane adduct.

As shown in Fig. 4, a parallel experiment in
which palmitoyl-CoA was incubated with 2.0 M
NaBH, at different temperatures for various
times showed a maximum yield of the adducts at
37°C with incubation for 30 min. Higher tem-
peratures increased the effervescence of NaBH,
and were therefore impractical and the yield at
lower temperatures was erratic and low. Table 1
shows the recoveries obtained for free CoASH
and palmitoyl CoA after incubation with 1.4 or
2.0 M NaBH, at 37° for 30 min, confirming the
above findings.

The determination of long-chain acyl-CoA in
10% liver homogenates prepared in 5% sul-
phosalicylic acid containing 50 uM DTE is
shown in Table II. In agreement with the experi-
ment mentioned above, higher yields were ob-
tained with tissue incubated with 2.0 M than

220
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Fig. 4. Yield of CoA-bimane adducts from a 150 uM

solution of palmitoyl-CoA in 5% sulphosalicylic acid contain-

ing 50 uM DTE at different incubation temperatures and

times. O = 20°C; O = 30°C; A =37°C.
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TABLE 1

RECOVERIES OF FREE CoASH AND PALMITOYL-
CoA FOLLOWING TREATMENT WITH (A) 1.4 M OR
(B) 2.0 M NaBH, AT 37°C FOR 30 min

Type of Treat-  Calculated Recovery (%)
compound ment concentration _—
(mM) 25°C 37°C
Free CoASH A 1.0 98 98
B 1.0 98 98

Palmitoyl- A 1.0 68 85

CoA B 1.0 87 95
“Mean (n = 6).
TABLE II

LEVELS OF ACID-SOLUBLE CoASH AND ACID-IN-
SOLUBLE LONG-CHAIN ACYL-CoA in LIVERS OB-
TAINED AFTER INCUBATION WITH (A) 1.4 M OR (B)
2.0 M NaBH, AT 37°C FOR 30 min, AND (C) LEVELS
OBTAINED WITH THE PREVIOUS UV METHOD [13]

Type of Concentration (nmol/g)”
compound
A B C
Acid-soluble 156.7+£10.2 159.2+14.2 107 £ 23
CoASH
Long-chain 81.7x 6.5 98.8+ 9.0 88 +10.2
acyl-CoA

“Means * standard deviations (n = 4).

with 1.4 M NaBH,. Furthermore, larger
amounts of free CoASH and long-chain acyl-
CoA were obtained from liver homogenates with
the present method than with the older UV
method.

To test the reproducibility of method, we
prepared three aliquots of a liver tissue homoge-
nate as described above and derivatized the
samples on three different days. The variations
in the levels of both acid-soluble CoASH and
acid-insoluble CoA between the samples were
found to be less than 10% (data not shown).

In conclusion, the present method is more
sensitive and more specific than the previous UV
method for the detection and determination of
tissue levels of CoASH. In addition, it can be
used to measure protein- and non-protein bound
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thiols such as cysteine, cysteinylglycine and
gluthatione in biological specimens simulta-
neously.
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ABSTRACT

The separation of some metal cations in the form of their oxalate complexes was investigated in a reversed-phase system with
tetrabutylammonium cation (TBA™) as an ion-interaction agent. The analyte retention is governed by the ion-interaction
mechanism and is predominantly affect by the oxalate concentration and by the other eluting anion (perchlorate) concentration
and also by the TBA* concentration. Further, the analyte retention and separation can be influenced by the mobile phase pH and
by the addition of an organic modifier to the mobile phase. The dependences of the analyte capacity factors on the
above-mentioned mobile phase parameters have a similar character, which were observed in common anion separations by

ion-interaction chromatography.

INTRODUCTION

At present, high-performance liquid chro-
matographic (HPLC) methods have a major role
in metal determinations [1]. Metal cations are
usually separated on special low-capacity cation
exchangers by ion-exchange chromatography
(IEC) [2-4]. The separation may also occur on
non-polar stationary phases with the addition of
the ionogenic, ion-interaction agents to the
mobile phase [5] (reversed-phase ion-interaction
chromatography, RP-IIC).

Some metals may be separated and deter-
mined in the form of anionic complexes by either
IEC or RP-IIC. For example, platinum group
metals and other noble metals have been de-
termined in the form of the cyano or chloro
complexes [6,7] and transition and heavy metals
have been separated in the form of anionic
complexes with ethylenediamintetraacetic acid
(EDTA) and related complexometric agents [8—
10]. Excellent separations were obtained recently
by Jones et al. [11], who successfully separated

0021-9673/93/$06.00

all rare earth elements as oxalate complexes by
RP-IIC. After a minor modification, this proce-
dure was used to determine the light rare earth
elements in ceria-based polishing powders [12].

The aim of this work was to verify the ap-
plicability method of Jones et al. [11] to the
separation of other metal cations, especially
divalent metal cations. Factors that influence the
analyte retention (eluting ion concentration in
the mobile phase, pH, addition of organic
modifiers) were studied.

EXPERIMENTAL

Apparatus

The liquid chromatograph consisted of an HPP
5001 high-pressure pump, an LCI 30 injection
valve with a 20-ul sampling loop, a TZ 4261
chart recorder (all from Laboratorni Pfistroje,
Prague, Czechoslovakia) and a Model 732 870
UV-Vis spectrophotometric detector (Knauer,
Berlin, Germany) operating at 254 nm. In some
instances postcolumn derivatization was used for

© 1993 Elsevier Science Publishers BV. All rights reserved
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detection, in which event the apparatus was
supplement with another HPP 5001 pump and an
RE-2M postcolumn reactor (Laboratorni Piist-
roje). Detection was carried out at 520 nm. A
glass column (150 X 3 mm 1.D.) packed with an
octadecyl-bonded silica gel, Separon SGX RPS
(5 pm), was used for the separation. A satura-
tion column (30 X 3 mm I.D.) packed with silica
gel Separon SGX (7 pm) (all columns from
Tessek, Prague, Czechoslovakia) was connected
between the pump and the injection valve to
presaturate the mobile phase with dissolved silica
and to prolong the lifetime of the analytical
column. Before measurements the columns were
washed with methanol and water and then with
the mobile phase at a flow-rate of 0.1 ml min~"
overnight.

The mobile phase was deareated in an ul-
trasonic bath before measurement. Measure-
ments were carried out at laboratory tempera-
ture (22 +2°C).

Chemicals

Stock solutions of 0.1 mol 17" tetrabutylam-
monium hydroxide (TBA-OH) (Fluka, Buchs,
Switzerland), oxalic acid and sodium perchlorate
were prepared. Mobile phases were prepared by
mixing these stock solutions in the required
proportions, with additions of organic modifier
(methanol, propanol, butanol) and with pH
adjustment using dilute NaOH solution. In addi-
tion, stock solutions of 0.1 mol 17} MnCl,,
CuCl,, NiCl,, CoCl, and Ce(NO,), were pre-
pared; these solutions were subsequently diluted
to concentrations of 1 mmol 17" (MnCl,, NiCl,
and CoCl,), 0.2 mmol 17" [Ce(NO,),] or 0.02
mmol 17! (CuCl,) before measurement. A solu-
tion of 0.2 mmol 17! 4-(2-pyridylazo)resorcinol
(PAR) in 1 mol 17! acetic acid-3 mol 17" am-
monia solution was used as the postcolumn
derivatization agent [5,13].

All chemicals were of analytical-reagent grade
from Lachema (Brno, Czechoslovakia), except
TBA-OH. The solutions were prepared in redis-
tilled water.

RESULTS AND DISCUSSION

Metal cations are separated on a C,; column
using a mobile phase containing the quaternary
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ammonium cation (Q"), oxalate ions and, as the
case may be, another eluting cation (perchlorate,
E7). It is assumed that metal ions are retained
on the stationary phase surface by an ion-inter-
action mechanism in the form of anionic com-
plexes. Such a system, however, is comparatively
complex and, depending on the conditions of the
respective measurement (concentration, pH,
metal-to-ligand ratio), a number of side-reactions
may take place:
dissociation of oxalic acid:

H,L—H"+HL" (1)
HL =—H"+L1* )

complex-forming equilibria of metal cations
with oxalate anions (HL~ or L*>~, depending on
the degree of dissociation):

K
M** + HL™ — MHL" (3a)
K
MHL* + HL™ == M(HL), (3b)
K
M(HL), + HL ™ —= M(HL); (3¢)
etc., or
Kj
M** +L* =ML (3a’)
2— K3 2- '
ML +L> =ML} (3b")

etc. For the total concentrations of the metal
(cy) and oxalate (c,) in the mobile phase, we
have

¢y = [M*"]1+ [MHL*] + [M(HL),] + - - -
+ [M(HL)2™"] + [ML] + [ML3 7] + -~
+[ML2™"] 4
¢, =[L*7]+[HL™]+ [H,L] + [MHL"]
+2[M(HL),] + - - - + n[M(HL);™"]
+[ML] +2[ML2 ]+ -+ -+ n[ML2>"]  (5)

In the presence of the quaternary ammonium
cation, negative charge-bearing complexes can
be retained by the mechanism under considera-
tion. A purely general solution of the retention
model is difficult. For simplicity, we shall assume
that, under certain conditions (at constant pH),
only one type of ligand and of the anionic
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complex prevail in the mobile phase. Let us
assume first that in an acidic medium, where
oxalic acid is not fully dissociated, HL ™ is the
prevailing oxalate anion, and the metal ions are
retained in the form of an anionic complex
M(HL), (hereafter referred to as X™). In the
course of the retention of analytes by an ion-
interaction mechanism, particularly two types of
equilibria [14-16] are effective: sorption of the
ion-interaction agent on the stationary phase
surface and ion exchange among ions of the
analyte and eluting ions. The processes that
occur can be expressed by the following equa-
tions (the dynamic ion-exchange model):

A, +Ql==(Q"), (6)
(@), + E; == (QB), ™
(Q"), + HL, == (QHL), ®)
(@), - X5 = (QX), (9)

where the subscripts m and s refer to the mobile
and stationary phases, respectively, and A  rep-
resents the free adsorption sites on the stationary
phase.

The capacity K, of the column is given by the
sum

K, =[A]J+[(QE) ]+ [(QX),] (10)
Further, it holds for the capacity factor that
, [(QX),
k'=q- c—)] (11)
M

where ¢ is the phase ratio.

After the above simplification and using eqn. 4
as a basis, the total concentration of a metal can
be expressed by means of the respective stability
constants:

| 1 L
m XN K AL T T KK HL T
1
+———————K3[HL_] +1) (12)

Combining eqns. 10-12 and rearranging, we
obtain a relationship describing the dependence
of the reciprocal of the capacity factor on the
mobile phase composition:
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1
=
1 1 1
KleKs[HL_]3 ’ Ksz[HL_]2 " K;[HL] i
9K,
1 KJE] KJHL] __
% <K4K7[Q+] " K, K; tIX ])

(13)
Eqn. 13 expresses a comparatively complex
dependence of the capacity factor on the concen-
tration of oxalate ion that acts simultaneously as
both a complexing agent and eluting ion. Fortu-
nately, under normal conditions where the oxa-
late concentration is markedly higher than that
of the metal ions, lower complexes may be
neglected and eqn. 13 acquires the following
form:

1

kl
1 < 1 N KJ{E"] K HL™]
9Ky \K,K.[Q] K, K;

+x])
(14)

According to eqn. 14, the reciprocal of the
capacity factor is directly proportional to the
concentration of the eluting ions E~ and HL™
and to the reciprocal of the concentration of the
quaternaly ammonium cation Q" in the mobile
phase. Eqns. 13 and 14 express also the depen-
dence of the capacity factor on the analyte
concentration. This dependence applies, how-
ever, only in those cases when the analyte
concentration is very high. This dependence may
be neglected under the common conditions of
HPLC analysis, which is obvious directly from
eqn. 10 if the last term on the right-hand side is
neglected. Eqn. 14 is analogous to a relationship
derived by Xianren and Baeyens [16] for the
separation of monovalent anions.

When the measurement is carried out at higher
pH, it is necessary to assume that the oxalic acid
is fully dissociated and the formation of com-
plexes proceeds in accordance with eqns. (3a’),
(3b’), etc. Now, let us assume that the prevailing
anionic complex is ML2™ (henceforth denoted
X*7). Equations describing the processes taking
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place on the column have to be modified as
follows:

K;

2(Q"), + Ly ==(Q,L), (8)
K;

2(Q+)s + szn_ == (Q,X), 9")

In this case eqns. 6 and 7 also hold true. Solving
the system of equations yields

= q

1 1
o KT ey )
y {[ K;(1+ KK [Q ][ET])’
AKQ (K G[L* ] + K [X*7])
. 2K,K ]0-5
KL ]+ Kj[X>]
__(K)™(1+ KK[Q[ET]) }2 (15)
2K,[Q I(KLPIP + K3[X2])

indicating that if polyvalent ions participate in
processes taking place on a column, the depen-
dences of analyte retention on the composition
of the mobile phase may be complicated.

The dependences of the capacity factor on
mobile phase parameters were studied ex-

perimentally with the divalent cations Mn®*,

Co®*, Ni** and Cu** and, for comparison, also
with the Ce’* cation.

In Fig. 1 are shown the dependences of 1/k’
on the concentration of perchlorate in the mobile
phase at constant concentrations of oxalate,
TBA" and pH. The dependences are linear,
consistent with observations acquired with ana-
logicous systems when separating monovalent
inorganic anions [16,17]. Fig. 2 illustrates the
dependences of 1/k’ on oxalate concentration at
constant pH and TBA" concentration; perchlo-
rate ions were not present. These dependences
are also linear over a fairly wide range. Hence
the dependences in Figs. 1 and 2 satisfy the eqn.
14 well in spite of the fact that the conditions on
which the derivation of this equation was based
(e.g., degree of dissociation as given by the pH
value) were not fully satisfied during the mea-
surements. It is also worth noting that no signifi-
cant difference was observed between the
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1/k’

0 2 4 6 8 10 12

[NaCIO4] (mM)

Fig. 1. Effect of perchlorate concentration on analyte reten-
tion. Mobile phase: 2 mmol 17 TBA-OH-2 mmol 17" oxalic
acid-NaClO, (pH 4.5). O =Mn’*; + =Co*"; x=Ni’*; x =
Cu**; O=Ce*.

1/k’

1.2

0.8

0.6~

0 1 1 i L 1 1 1

o 2 4 6 8 10 1 14 18
[OXAL] (mM)

Fig. 2. Effect of oxalate concentration on analyte retention.
Mobile phase: 2 mmol 17 TBA-OH-oxalic acid (pH 4.5).
Symbols as in Fig. 1.

behaviour of di- and trivalent cations (see also
ref. 12).

The 1/k’ vs. 1/[TBA"] dependences at con-
stant pH and eluting ion concentration are dem-
onstrated in Fig. 3. It can be seen that the
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1

1.4
0.8}

/k’
—

[

o 0.5 1 1.5 2 25

1/[TBA+] (I/mmol)
Fig. 3. Effect of ion-interaction agent (TBA®) on analyte
retention. Mobile phase: TBA-OH-2 mmol 17" oxalic acid
(pH 4.5). Symbois as in Fig. 1.

experimental dependences deviate from the
linearity predicted by eqn. 14 at higher concen-
trations of the ion-interaction agent. Similar
deviations were observed in the separation of
inorganic anions and are connected with the
limited capacity of the stationary phase (for a
more detailed discussion, see ref. 16).

The pH of the mobile phase significantly
affects the retention of analytes in the systems
examined. The effect of pH can manifest itself
particularly in two ways: the degree of dissocia-
tion of the mobile phase (oxalic acid) and hence
also its eluting capacity increase with increase
in pH; and the pH influences the course of
complex-forming reactions, the composition of
complexes and thus also the capability of the
complexes to be retained on the column.

The first of the above effects can be inter-
preted best with the aid of the dual species
approach [18-20]. A mathematical description,
however, is complicated in this instance. The
experimental dependences shown in Fig. 4 are at
least in qualitative agreement with this model.

Analyte retention in the RP-IIC may be affect-
ed by the addition of an organic modifier to the
mobile phase. Organic modifiers influence espe-
cially the sorption of the ion-interaction agent on
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pH
Fig. 4. Effect of mobile phase pH on analyte retention.
Mobile phase: 2 mmol 7' TBA-OH-10 mmol 17" oxalic acid,
pH adjusted with NaOH. Symbols as in Fig. 1.

the non-polar stationary phase. Jandera et al.
[21] expressed the relationship between the
capacity factor and the organic modifier concen-
tration ¢ as

logk’'=A— Bc (16)

Both the constants A and B were discussed by
Zou et al. [22] and the equation was verified
for separations of various phenylamine- and
naphthylaminesulphonic acids on a C,; column
in the presence of the TBA" cation.

It can be seen from Fig. 5 that the dependen-
ces of the capacity factor on methanol concen-
tration satisfy eqn. 16 comparatively well. An
addition of higher alcohols affects the retention
of analytes more strongly than the addition of
methanol. Whereas adding 10% of methanol
permits a very good separation within a reason-
able time, addition of 5% of propanol or butanol
renders the separation almost impossible. An
example of separation is shown in Fig. 6; nega-
tive peaks belong to anions injected with the
sample and separated by the conventional IIC
mechanism.

Direct spectrophotometric  detection as
adopted in the present study is hardly universal.
It can be used advantageously for the detection
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0 2 4 6 8 10 12
% methanol
Fig. 5. Effect of methanol concentration on analyte reten-

tion. Mobile phase: 2 mmol 17! TBA-OH-10 mmol 17" oxalic
acid-methanol (pH 4.5). Symbols as in Fig. 1.

0.088 AY

N

S |
[ 1 20

t, min
Fig. 6. Separation of the ions (1) Mn**, (2) Co**, (3) Ni**
and (4) Cu®>". Mobile phase: 2 mmol 1”' TBA-OH-2 mmol
17! oxalic acid-10% (v/v) methanol (pH 4.5). Detection at
254 nm.

of Mn®>*, Co**, Ni**, and particularly for Cu**

(the detection limits are 3-5 ng for the former
three ions and about 0.1 ng for Cu®*). When a
more universal method of detection, postcolumn
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TABLE I

CAPACITY FACTORS (k') OF SOME METAL CATIONS
WITH MOBILE PHASE CONTAINING 2 mmol 17
TBA-OH, 2 mmol 1" OXALIC ACID AND 5% (v/v)
METHANOL (pH 4.5)

Cation k' Cation k'
Mn** 0.86 cd** 0.87
Co** 3.14 pPb>* 2.00
Ni?* 6.57 Zn** 4.86
Cu?* 28.00

derivatization with PAR, is used, other metal
cations can also be determined in the given
system. In this instance the sensitivity of detec-
tion (slope of the calibration line) is higher, but
at the same time the noise of the baseline
becomes greater, so that the detection limits are
at the ng level. The retention characteristics of
some cations are presented in Table I. Of the
elements detectable with PAR, Fe®", Fe**, Hg2+
and Bi’>" ions do not form any peaks within a
reasonable time. The alkaline earth elements
and some other cations (AI’*, Cr**) cannot be
detected using PAR [23], so they do not interfere
with the determination. An example of the
separation is given in Fig. 7.

S 2
<
§I
S
5
L ] L
0 10 t,min 20

Fig. 7. Separation of the ions (1) Cd**, (2) Pb**, (3) Co*",
(4) Zn** and (5) Ni**. Mobile phase: 2 mmol 17' TBA-OH-
2 mmol 1™ oxalic acid-5% (v/v) methanol (pH 4.5). Detec-
tion at 520 nm following postcolumn derivatization with
PAR.
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ABSTRACT

The simultaneous determination of carbon monoxide, carbon oxide, and C,-C, hydrocarbons is demonstrated by gas -
chromatography—mass spectrometry. The analysis utilizes room temperature trapping of carbon monoxide on a Molesieve PLOT
column, while determination of other species is performed on a PoraPLOT Q column. Carbon monoxide is then eluted at an
elevated temperature. Detection limits in the low wg m~* regime are reported with a linear dynamic range that permits analysis in
the mg m > range. No interferences between analytes or with air components are reported.

INTRODUCTION

Concern over a variety of airborne pollutants
has increased from the standpoint of social
awareness as well as government regulations.
Among the concerns are those pollutants that
contain carbon, including the oxides of carbon
and light hydrocarbons. To understand the total
contribution of these impurities to the environ-
ment, it is important to be capable of determin-
ing the high (mg m™) concentration associated
with combustion emissions as well as the lower
(rg m~>) concentration associated with ambient
or indoor measurements. Often it is necessary to
determine instantaneous pollutant concentration
to correlate with specific events, as well as
measurements that represent some time span.

Air sampling using traps for hydrocarbons
such as Tenax, porous polymers, or other trap-
ping material [1-5] is very common. However,
the trapping efficiency for these materials is poor

* Corresponding author. Present address: Texas Instruments,
Inc., P.O. Box 655012, M/S 301, Dallas, TX 75265, USA.
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for hydrocarbons that are gases at room tem-
perature, necessitating cryogenic cooling for this
type of sampling [6]. Methane is not trapped at
all, even at liquid oxygen temperature. These
materials are also ineffective for sampling carbon
monoxide and dioxide. Direct analysis of air
using bombs or bags is therefore necessary. Gas
chromatography has been used in many instances
to determine individual components of interest
[7-10], but the most universal stationary phase
for this type of application is porous polymer
material such as the Porapak series (Waters) and
the Chromosorb “Century Series” (Johns-Man-
ville) [11]. However, even this separation has
severe drawbacks. First, at ambient temperature,
carbon monoxide co-elutes with air, making
quantitation with a universal detector extremely
difficult even at subambient GC temperatures.
While carbon monoxide and light hydrocarbons
can be separated from air on molecular sieves,
carbon dioxide is strongly adsorbed on this
stationary phase, making it impractical for use in
this determination. Furthermore, the most com-
mon universal detector, the thermal conductivity

© 1993 Elsevier Science Publishers BV. All rights reserved
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detector, lacks sufficient sensitivity to perform
ambient air analysis where some components of
interest may be present below 1 mg m™> levels.
A flame ionization detector in conjunction with a
methanizer is capable of detecting hydrocarbons
and carbon oxides at low levels. Unfortunately,
the metal catalysts used in methanizers are
poisoned by exposure to large quantities of
oxygen, making them impractical for repeated
air analysis. Also, percent level quantities of
oxygen have been shown to produce positive
responses with an FID [12], making quantitation
of a co-eluting carbon monoxide impossible.
Dynamic range may also be a problem, since
carbon dioxide is usually present at considerably
higher levels than the other components in most
air samples.

Detection by mass spectrometry offers a pos-
sible solution to co-elution problems mentioned
above. Operation of a mass spectrometer in the
selective ion monitoring (SIM) mode may offer
sufficient sensitivity for ambient air analysis.
However, most gas analysis applications require
relatively high carrier flow-rates necessary for
packed columns and gas sampling valves. Typi-
cally, the pressure reduction required for the
high vacuum of the mass spectrometer source is
achieved by one of several interface types [13-
27]. Unfortunately, none of these interfaces
provide the desired sensitivity with low-molecu-
lar-mass compounds (m/z <50), either due to
poor discrimination or dilution in the interface.
Direct interfacing of capillary columns to the ion
source [28,29] was one of the first methods
developed for sample introduction into the mass
spectrometer, however smaller diameter columns
are incompatible with typical sample volumes
(>0.1 ml) and flow-rates (ca. 10-30 ml min~"')
associated with the use of gas sampling valves,
requiring sample splitting [30] and severely limit-
ing sensitivity. Also the loss of column efficiency
due to the so-called vacuum effect is well
documented [31,32].

The advent of fused-silica porous layer open
tubular (PLOT) columns [33] with the porous
polymer and molecular sieve stationary phases
typically used in the analysis of low-molecular-
mass gases (including hydrocarbons) [34-37]
offers a possible compromise to a number of

these problems. Wide-bore (0.53-mm) PLOT
columns operate well at carrier flows compatible
with gas sampling valves. By using a deactivated
fused-silica interface of sufficiently small internal
diameter (0.2 mm) and sufficient length, the
analytical column can be maintained at near
atmospheric pressure, thereby preventing the
loss of column efficiency mentioned above. This
approach requires a differentially pumped mass
spectrometer with sufficient pumping capacity to
prevent high-pressure ionization effects such as
chemical ionization. Two approaches that
provide an appropriate combination of chroma-
tography with mass selective detection to achieve
this determination are described here.

EXPERIMENTAL

A Hewlett-Packard (Avondale, CA, USA)
5988A quadrupole mass spectrometer equipped
with a 5890A gas chromatograph was used for
this study. This mass spectrometer is differential-
ly pumped with an electron impact (EI) ion
source. While pumping capacity in this configura-
tion is more than adequate for typical narrow-
bore capillary carrier flows, it is marginal for a
minimum carrier flow of ca. 10 ml min~' neces-
sary for flushing a sample loop of sufficient
volume in a short enough time to prevent severe
band broadening. By separating the forelines of
the two diffusion pumps, and using a separate
400 1 min~' foreline pump (Fisher Scientific,
Pittsburgh, PA, USA) for the source diffusion
pump, pumping capacity was increased signifi-
cantly. This modified vacuum system is capable
of maintaining a nominal source vacuum pres-
sure of 2-107° Torr (1 Torr=133.322 Pa) at
carrier flows of 10-15 ml min~'. Carrier flows
were calculated from averaged linear velocity
measurements and column volume, since actual
flow-rates are expected to be significantly differ-
ent with the column end at atmospheric pressure
and high vacuum. Average linear velocity was
determined from the retention time of neon,
which is virtually unretained on these column
materials.

Both PoraPLOT Q and Molesieve PLOT 5A
(Chrompack, Raritan, NJ, USA) columns 25
m X 0.53 mm I.D. were utilized for this applica-
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tion. Timing of valve switching was controlled by
a digital valve sequence programmer combined
with digital valve interfaces for each valve
(Valco, Houston, TX, USA). The programmer
also controlled the start of the mass spectrometer
and chromatograph programs. A 5 m X 0.2 mm
I.D. deactivated fused-silica capillary was used to
directly interface the PLOT column to the mass
spectrometer source and maintain the PLOT
column at atmospheric pressure or above
throughout the column, thereby avoiding loss of
column efficiency. The direct connection was
achieved with a zero dead volume union using
special fused-silica adapter fittings (Valco). This
configuration allows the use of up to a 0.2-ml
sample loop. Sample loops with larger volumes
were not used because of the resulting peak
broadening, probably due to the limited capacity
of the fused-silica restrictor or the sample loop
not being flushed in a sufficiently short period of
time. For the application using parallel columns,
a 1:1 splitter (SGE, Austin, TX, USA) was used
to divide the sample injections between the two
columns. Carrier gas purified with a rare earth
metal getter (SAES Getters, Colorado Springs,
CO, USA) was used to lower the m/z =28
background to improve detection limits for the
molecular carbon monoxide ion.

Detection limit and linearity evaluations were
conducted using a single-stage dynamic blender
using mass flow controllers to dilute NIST (Na-
tional Institute of Standards and Technology)
traceable standards [15 ppm (v/v) methane,
ethane, ethene, ethyne, propane, propene,
propyne, and butane in nitrogen, 10 ppm carbon
monoxide in nitrogen and 10 ppm carbon dioxide
in nitrogen] (Scott Specialty Gas, Houston, TX,
USA). The dilution gas was also nitrogen. Stan-
dards were also diluted in air without the carbon
dioxide to compare response factors for the two
balance gases, as well as identify any interfer-
ences or problems with dynamic range in the
simultaneous determination of carbon dioxide
and other components.

Mass tuning and signal optimization for the
most common GC-EI-MS applications (organic
mixture analysis) are typically performed with a
compound such as perfluorotri-n-butylamine
(PFTBA) [38], often utilizing a computerized

optimization routine. These routines are typical-
ly designed to optimize performance at m/z
values significantly larger than those of interest
for this application. While mass calibration is
usually still adequate, a significant gain in sen-
sitivity was obtained by manually optimizing lens
voltages using air components (m/z 18, 28, 32)
to provide tuning masses. This is only possible
with a system in which extreme care has been
taken to maintain the air background at a suffi-
ciently low level by minimizing leaks and main-
taining sufficient carrier purity. A decrease in
electron energy from 70 to 60 eV served to
increase the molecular ion with respect to other
fragments in all cases. Filament current was also
increased from 300 to 400 uA to produce the
maximum number of ions. Lens voltages were
adjusted to attain maximum responses at these
masses.

RESULTS AND DISCUSSION

The properties of molecular sieves when used
as chromatographic stationary phases can be
modified significantly by varying the water con-
tent of the media [39,40]. By modifying the
conditioning temperature, carrier gas, and mois-
ture content of the carrier gas, retention prop-
erties of the media can be drastically modified. It
was determined empirically that 24 hours of
conditioning at 200°C utilizing helium carrier gas
with less than 1 ppb (v/v) moisture would result
in a column that was capable of reversibly
trapping carbon monoxide at room temperature.
The carbon monoxide can then be eluted by
raising the column temperature above 100°C.

Fig. 1 illustrates the first chromatographic
approach utilizing the trapping of carbon monox-
ide on Molesieve PLOT. This configuration
allows the Molesieve PLOT column to be re-
moved from the flow path leading to the mass
spectrometer. Fig. 2 illustrates SIM chromato-
grams for m/z 15, 26, 27, 28, and 44 representing
carbon monoxide and carbon dioxide molecular
ions and prominent ions for C,—C, hydrocarbons
using this approach. The m/z =27 ion chroma-
togram is used to determine ethane and ethene
to remove interference from the large nitrogen
peak at m/z =28. This chromatogram was gen-
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Fig. 1. Plumbing configuration allowing molecular sieve
column to be inserted and removed from main chromato-
graphic path. Path represented by solid line for each valve
corresponds with position described as Inj in Table L. Dotted
line represents Load position.

erated by the valve timing and GC oven tem-
perature scheme shown in Table I. The analysis
is begun with both the PoraPLOT and Molesieve
PLOT columns in line with the mass spectrome-
ter. After initial injection (valve 1 at t=0)
nitrogen, oxygen, carbon monoxide, and
methane are allowed to pass through the Pora-
PLOT to the Molesieve PLOT column. At this
low operating temperature, carbon monoxide is
virtually immobilized and methane moves very
slowly on the conditioned Molesieve PLOT
column. Valve 2 is then switched and hydro-
carbons and carbon dioxide are eluted to the

mass spectrometer. The Molesieve PLOT
1 MRz=15
LJ MiZ=28
t t T 1 | 5
2 4 Miz=26 , + f f 1
13
r ; T ] f 5 MiZ=24
’ izt e
0 5 10 15 20
|3
) 5 10 15 €

TIME (MIN)

Fig. 2. Selected ion chromatograms of 0.2-ml injection for
configuration in Fig. 1 for masses indicated. Components:
1 = methane, 2 = ethene, 3 = ethane, 4 = ethyne, 5= carbon
dioxide, 6 = carbon monoxide at approximately 1 mg mi™'

TABLE I
VALVE AND TEMPERATURE SEQUENCING

Time Valve 1 Valve 2 Temperature Rate
(min) (°C) (°C/min)
Initial Load Load 30 0

0 Inj Load 30 0

1.8 Inj Inj 30 0

6.0 Inj Load 30 25
10 Inj Load 130 0
20 End run

column is placed back in series with the mass
spectrometer, the GC oven temperature ele-
vated, and carbon monoxide is eluted. Using this
scheme, all components can be separated by a
combination of chromatography and mass selec-
tion. Nitrogen and carbon monoxide cannot be
determined by molecular ions on the PoraPLOT
alone because of inadequate mass or chromato-
graphic resolution. Carbon monoxide could be
determined at significantly higher (mg m~ %)
concentrations using m/z 12, which may be of
some benefit in evaluation of emission sources,
but is inadequate for ambient samples. By
separating carbon monoxide from nitrogen, the
higher abundance molecular ion can be used,
providing much greater sensitivity for carbon
monoxide. This configuration prevents high
levels of carbon dioxide and water from entering
the Molesieve PLOT column, minimizing the

TOMASS RESTRICTOR
SPECTROMETER
SAMPLE IN @
~ SAMPLE VENT
PORAPACK Q
HE @
IN

—@—

MOLECULAR
SIEVESA

Fig. 3. Plumbing configuration with sample splitting between
PoraPlot and molecular sieve columns. Path represented by
solid line in injection valve represents sample injection
position. Dashed line represents sample load position.
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need for thermal reconditioning. However, hy-
drocarbons with more than two hydrocarbons
require temperatures higher than ambient to
elute them from the porous polymer column,
preventing their determination with this configu-
ration, if carbon monoxide is also to be de-
termined. The possibility of extraneous peaks in
future chromatograms also exists, as these hy-
drocarbons are eventually eluted from the
Molesieve PLOT.

Fig. 3 illustrates the second chromatographic
approach. This configuration allows samples to
be split between the Molesieve PLOT column
and the PoraPLOT column. Fig. 4 illustrates
SIM chromatograms for m/z 15, 26, 27, 28, 29,
40, 41, and 44 representing carbon monoxide
and carbon dioxide molecular ions and promi-
nent ions for a number of C,—C, hydrocarbons.
This chromatogram was generated by a single
valve event (injection) and GC oven tempera-
ture scheme similar to the one used in the two
valve configuration used above. The analysis is
begun with the sample being split between the
PoraPI.OT and Molesieve PLOT columns from
the initial injection. Once again, carbon monox-
ide is virtually immobilized on the Molesieve
PLOT column while hydrocarbons and carbon
dioxide are detected by the mass spectrometer.

Jl Miza15 1! ‘m Miz=23

t t t ¥ 1 f i T T 1
g MZ=4)
°
+ 1 1

= MizZ=41
7+4 liZZ? 8 10
2
lis
MiZ=28
5 MiZ=44
7 7
e g [

TIME (MIN)

Fig. 4. Selected ion chromatograms of 0.2-ml injection for
configuration in Fig. 3 for masses indicated. Components:
1=methane, 2 = ethene, 3 = ethane, 4 = ethyne, 5 = carbon
dioxide, 6= carbon monoxide, 7= propene, 8= propane,
9 = propyne, 10 = butane at approximately 1 mg ml™".

The temperature is then elevated, and carbon
monoxide is eluted to the mass spectrometer.
While this configuration suffers from slightly
poorer detection limits because of sample split-
ting, it is much simpler to operate. Unfortunate-
ly, it also requires the Molesieve PLOT column
to be reconditioned after only a few injections of
air. It does allow the direct determination of
hydrocarbons with as many as four carbons as
well as the carbon oxides in a single run.
Because of the trapping mechanism used in
the determination of carbon monoxide, there
was some concern about quantitation, especially
at lower levels. A calibration curve generated
over four orders of magnitude of concentration
using the first configuration demonstrated linear
response, indicating the trapping process is quan-
titative under these conditions. Similar results
were obtained for carbon dioxide and the hydro-
carbons considered here. From the calibration
curves, it was possible to determine approximate
detection limits for these analytes for this con-
figuration using a response factor that would
result in a signal-to-noise level of three to one.
These approximate detection limits are listed in
Table II. While frequent calibration is always a
good practice, low variability in response factors
is desirable as a confirmation of proper instru-
ment operation. To evaluate the day-to-day

TABLE II

ANALYTE DETECTION LIMITS AND REPRODUCI-
BILITY

Analyte miz Lower R.S.D.
detection (at1mgm™)
limit (%)
(ngm™) (n=5)

Methane 15 33 4.1

Ethane 27 31 3.9

Ethene 27 28 3.6

Ethyne 26 16 2.7

Propane 29 43 4.0

Propene 41 26 31

Propyne 40 24 2.9

Butane 29 59 4.5

Carbon

monoxide 28 23 5.6

Carbon

dioxide 44 1.8 2.0
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variability of this method, response factors were
measured daily for blends of all the components
mentioned above at approximately 1 mg m™~> for
seven days. The relative change of response
factors as a percentage of the initial measure-
ment demonstrated similar performance to those
reported previously for nitrogen and sulfur ox-
ides as determined by GC-MS [41], with relative
variation over this period less than 10% for each
component.

CONCLUSIONS

The results summarized here demonstrate that
GC-MS offers a viable alternative technique to
those presently used to determine carbon oxides
and low-molecular-mass hydrocarbons. GC-MS
offers the possibility of determining species
simultaneously from a single whole air sample,
often at sensitivities not available with other
techniques. While cost and size may prevent
replacing many analyzers presently used with this
technique, GC-MS offers a new alternative
where the characteristics mentioned above are
important.
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ABSTRACT

Derivatization of amino acids by using ethyl chloroformate—ethanol-pyridine provides volatile products, N-ethoxycarbonyl
amino acid ethyl esters (ECEEs), which are easily amenable to GC or GC-MS analysis. MS behavior of these compounds under
electron-impact has been studied. The fragments observed in the spectra facilitate recognition of commonly occurring protein

amino acids and characterization of unknown analogues.

INTRODUCTION

Analysis of protein hydrolysates for the usual
amino acids by GC is now routine (for review
articles, see refs. 1-3). The foundation for the
most commonly used method was laid by Gehrke
et al. [4], who developed the procedure for quan-
titative derivatization to provide N(O,S)-
trifluoroacetyl (TFA) amino acid n-butyl esters
(TAB amino acids). Other variants include some
closely related derivatives of analogous per-
fluoroacyl alkyl esters [1,2].

Procedures for preparation of TAB and re-
lated derivatives require two reactions. Although
much progress has been made in this respect, a
procedure suitable for the quantitative and re-
producible derivatization of all protein amino
acids in a single reaction remains to be de-

* Corresponding author.

0021-9673/93/$06.00

veloped. A modified procedure using a mixture
of pentafluoropropionic anhydride (PFPA) and
hexafluoroisopropanol (HFIP) was introduced to
provide N-PFPA amino acid HFIP esters in one
step [5,6]. Because these derivatives, contrary to
what may be expected, do not form stable anions
for all amino acids, their application was mainly
restricted to the analysis of certain aromatic
amino acids in body fluids. A number of new
derivatization methods have been reported in the
past decade. These methods include silylation,
especially tert.-butyldimethylsilylation (TBDMS)
[7], an improved procedure superseding the pre-
viously employed trimethylsilylation, and the
formation of cyclic oxazolidinone derivatives by
condensation with 1,3-dichlorotetrafluoroacetone
followed by treatment with pentafluoropropionic
anhydride [8]. The TBDMS method shows
promise in the analysis of protein amino acids,
including asparagine, glutamine, and arginine;
however, the interpretation of the mass spectra

© 1993 Elsevier Science Publishers B.V. All rights reserved
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of TBDMS derivatives is somewhat more am-
biguous than is the interpretation of the mass
spectra of N-TFA amino acid alkyl esters. Rela-
tively few non-protein amino acids have been
analyzed this way. The oxazolidinone procedure
[8], though simple in operation, requires two
chromatographic columns for the resolution of
all proteic amino acids.

A completely new approach has been reported
recently by Husek and Sweeley [9-11] involving
simultaneous N(O,S)-derivatization with ethyl
chloroformate (ECF) in water—ethanol-pyridine
(Py) (reaction 1). As depicted in Fig. 1, the
derivatives, N-ethoxycarbonyl amino acid ethyl
esters (ECEE), show excellent resolution on a
capillary column and the analysis, including the
derivatization is completed within 10 min.

C1CO,EL

NH, s NHCO,Et °
]
RCHCO,# ™ RCHCO-OCO,Et
NHCO,Et
-co, 12 (1)
——=  RCHCO,Et

()

+EtOH
S A

+ EtOH + CO,

This paper reports a comprehensive study on
the mass spectrometric fragmentation of this in-
teresting family of new derivatives. Interpreta-
tion of these spectra may facilitate recognition of
individual amino acids and pave the way for the
structure elucidation of modified amino acids.

SThRE

3.
83

o
300e——> C
X

2 4 6 8 min

o

Fig. 1. Gas chromatogram of 22 ECEE amino acids. GC
conditions: DB-1701 column, 1 pm, 30 m X 0.53 mm I.D.,
programmed at 25°C/min between 130 and 300°C, 70 kPa
hydrogen. Internal standard (I1.S.): p-chlorophenylalanine.
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EXPERIMENTAL

The amino acids and ethyl chloroformate were
purchased from Sigma (St. Louis, MO, USA).
The ECEE derivatives were prepared according
to the procedure reported previously [9-11].
Analysis by GC-MS was carried out on a JEOL
AX-505H double-focusing mass spectrometer
coupled to a Hewlett-Packard 5890J gas chro-
matograph. GC separation employed DB-1701
(30 m length X 0.53 mm I.D. fused-silica capil-
lary column with a 1.0-um film coating; or 15 m
length X 0.25 mm 1.D. X 0.25 pwm film thickness)
available from J. & W. Scientific (Rancho Cor-
dova, CA, USA). Direct (splitless) injection was
used. Helium gas flow was approximately 1 ml/
min. MS conditions were as follows: interface
temperature 280°C, ion source temperature ca.
150-200°C, electron energy was 70 €V, scan rate
of the mass spectrometer was 1 s/scan over the
m/z range 50-500.

RESULTS AND DISCUSSION

In general, the interpretation of the described
electron-impact (EI) mass spectra and the as-
signment of various ions were based on the
knowledge on the fragmentation behaviors of
some other types of amino acid derivatives [3].
The assignment of molecular ions was ex-
perimentally confirmed using gas chromatog-
raphy—chemical ionization (methane) mass spec-
trometry, GC-CI(CH,)-MS, when the expected
peak was very weak or absent. Table I lists the
mass values of the characteristic peaks in the
spectra of individual amino acid derivatives.

Aliphatic amino acids

Fig. 2 shows the mass spectrum of the valine
ECEE derivative as a representative of this
group (glycine, alanine, valine, leucine, and iso-
leucine). As shown in Scheme 1, two fragmenta-
tion routes (a and b) are possible through the
rupture of a carbon-carbon bond « to the amine
group. Generally, path b is preferred over a
because "CO,Et, the fragment having higher
ionization energy compared to that of the alkyl
chain, is favored energetically to retain the un-
paired electron and to become the neutral prod-
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TABLE I

273

CHARACTERISTIC ION PEAKS IN EI SPECTRA OF ECEE DERIVATIVES OF AMINO ACIDS

Amino M, Derivative Base peak M-73 M-145 Other important
acid M™] miz ions, m/z
Gly 75 175 102 102
Ala 89 189 116 116
Val 117 217 144 144 72 116
Leu 131 231 158 158 86 102
Ile 131 231 158 158 86 102
Pro 115 215 142 142 70 98
HPr 131 231 158 158 86 68
Ser 105 (205)° 132 132 60 175,129, 101, 86
Thr 119 (219)° 129 146 74 175, 101
AHBA® 119 219 103 146 74 117, 84
1557 128 110, 83
DABA® 118 290 155 217 175, 129, 128, 115, 102, 83, 56
1724 83 99 115, 83, 70, 56
Orn 132 304 142 258,70
186* 141 113 129,97,70
Lys 146 318 156 272,226,84
Cys 121 293 220 220 148 174,114,102, 74
Cys® 240 440 188 367 220, 174, 102
Met 149 249 175 176 188, 142,129, 101, 61
Asp 133 261 188 188 116 142, 74,70
Glu 147 275 202 202 156, 128, 84
p-Glu 129 157 84 84
Asn 132 214 141 141 69 174, 102
Gin 146 246 84 173 128
Phe 165 265 176 192 120 131,102,91,74
Tyr 181 353 107 280 208 264,192
Trp 204 304 130 231 215
His 155 327 238 254 182 154, 81

“ Mass value given in parentheses indicates the absence of a molecular ion peak in the spectrum.

® AHBA = y-Amino-B-hydroxybutyric acid.
“ DABA = 2,4-Diaminobutyric acid.
¢ Minor derivatization product.
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Fig. 2. Mass spectrum of ECEE valine (M, 217). The aster-
isk in the inset of the figures throughout the text denotes a
multiplication factor.
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uct. Subsequent fragmentation of the even-elec-
tron ions (EE™) thus formed is dominated by the
loss of 72 u ("CO,Et—H"), giving rise to ions
m/z 102 and [M — 145], respectively.

Cyclic amino acids

The mass spectrum of the ECEE derivative of
hydroxyproline is shown in Fig. 3 with the corre-
sponding fragmentation pattern depicted in
Scheme 2.

Similar to the pattern obtained from the
aforementioned simple aliphatic derivatives, the
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Fig. 3. Mass spectrum of ECEE 4-hydroxyproline (M, 231).
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highest peak in this spectrum represents the ion
formed by a reaction sequence that originates in
the splitting of the ester group to yield an ion at
milz 158 (m/z 142 for Pro). This ion loses
('CO,Et — H') to produce the characteristic even

Z.-H. Huang et al. | J. Chromatogr. 635 (1993) 271-281

mass ion at m/z 86 (m/z 70 for Pro). Subsequent
loss of H,O from the latter ion results in the
formation of an ion of m/z 68.

Another example of the cyclic amino acid
series is the ECEE of pyroglutamic acid (Fig.
14), which will be discussed later in a section
regarding acidic amino acids.

Hydroxy amino acids

In Fig. 4 the mass spectrum of the serine
derivative is given, together with the fragmenta-
tion pathways shown in Scheme 3.

As discussed before, the process [M]" — [M —
73] —[M — 73 = 72]" (m/z 132 and 60 in Fig. 4)
remains prominent in the fragmentation of the
hydroxy analogues. Two additional fragment
peaks, m/z 102 and 86, are formed via re-
arrangements with concurrent removal of RCHO
(R =H for Ser) and EtOH, respectively.

Another sequence of degradation is due to a
McLafferty-type rearrangement, which is trig-
gered by a hydrogen migration originating from
the B-HO group to produce an abundant ion
peak at m/z 175. A subsequent cyclization re-
action leads to ions m/z 129 and 101. This
sequence is a common feature for all amino acid
derivatives having a labile hydrogen atom to
permit transition via a six-membered ring.

The ECEE derivative of threonine behaves in
a similar way, showing a mass shift of 14 u for
ions that retain the side-chain CH,CH(OH)- in
the fragment.

Depicted in Fig. 5 is the mass spectrum ob-
tained from a non-protein amino acid, y-amino-
B-hydroxybutyric acid (AHBA), which gives an
open-chain derivative with M** at m/z 219.

Generally, the loss of an ester group is not a

100
B2
-46 -28
? 80 1_75—— 129 —= 101
2 B Nuco,kt
i 60 HO i,
v \g)\;\ CO,Et
a .
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& a0 12, 187 508 132 =
175 |

u
n 101 *20.0
H” ]486 l l
n
c 160
° JL bl - : :

50 100 150 200 250 300 350 400

Mz

Fig. 4. Mass spectrum of ECEE serine (M, 205). Fragments
arise from M™*°, although MH™ (m/z 206) is observed.
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Fig. 5. Mass spectrum of ECEE vy-amino-B-hydroxybutyric
acid (M, 219).

significant process for y-amino acid derivatives
[3]. As indicated in Scheme 4, there are four ions
(m/z 74, 88, 103 and 117) formed by cleavage
along the carbon chain, whereas the terminal
immonium ion m/z 103, resulting from a re-
arrangement involving hydrogen-transfer, is the
base peak in the spectrum.

Another fragmentation process involves the
loss of an EtO" radical from the molecular ion,
resulting in the formation of a cyclic ion at m/z
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174 and its subsequent degradation product ions
at m/z 156 and 84 (Scheme 4).

Like other y-amino acids, AHBA undergoes
cyclization readily on treatment with ECF-Py to
yield N-ethoxycarbonyl dehydropyrrolidone
(M™" at 155) as a minor reaction product. Sub-
sequent double hydrogen rearrangement
(“McLafferty + 17 rearrangement) is likely re-
sponsible for the formation of m/z 128 and
daughter ions m/z 110 and 83 therefrom (Fig. 6;
Scheme 5).

Sulfur-containing amino acids
Figs. 7 and 8 present the mass spectra of
ECEE cysteine and methionine, respectively.
These amino acids have the same typical frag-
ments as those obtained from aliphatic amino
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Fig. 6. Mass spectrum of the minor derivatization product of
<y-amino- 8-hydroxybutyric acid (M, 155).
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acids. Additional fragments were observed due
to the presence of the sulfur atom. Thus, in the
spectrum of the cysteine derivative (Fig. 7), a
resonance-stabilized ion m/z 204 (M, -
NH,CO,Et) is formed through the McLafferty
rearrangement with charge retention on the frag-
ment that contains sulfur. The consecutive loss
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of (CO,Et—H'") and EtOH leads to another
two sulfur-containing species m/z 132 and 86
(Scheme 6).

A more prounced influence exerted by the
sulfur atom occurs in the spectrum of the
methionine derivative (Fig. 8; Scheme 7). An
intense ion peak m/z 175 (together with its
product ions m/z 129 and 101) due to the
McLafferty rearrangement is observed, which is
initiated by the transfer of the labile hydrogen,
that is activated by a-sulfur. Whereas the low
mass end of the spectrum is dominated by the
sulfonium ion CH,S=CH, (m/z 61), an ion com-
plementary to m/z 61 is displayed at m/z 188
[61 +188 =249 (M*")].

The ECEE derivative of cystine (Fig. 9) is an
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EtO,C- s/\/z ........ / —72
cozsc
m/z 293 (% ) m/z 148
-H,S / \;EtOH
_NH’cozml m/z 114 m/z 102
a? a*
CO,Et -72 CO,Et '
Et0,C-S NS — Hs/\/
m/z 204 m/z 132
~-EtOH
— CL
m/z 86
Scheme 6.
b a 9t
. NHCO,Et
CH,S Y./\1,1~mco,t:c +i__
N a HO? N OEt
YA ot
—c
m/z 249 (M%) m/z 175
and subsequent fragment
ions at m/z 129 and 101
-CH;SCH, | ¢
NHCO,Et +
CH,S=CH,
*o m/z 61
OEt
m/z 188 n/z 176
~EtoH l ~CH,SH *
m/z 142 m/z 128
Scheme 7.



Z.-H. Huang et al. | J. Chromatogr. 635 (1993) 271-281

100 B
g 220 NHCO,Et
I 8 'S\A
? CO,Et
i 2
v 60
-]
b ool 174
u
a 74
a 20 192 ! 0
n 172 278 )
: ANEN B i
TR LR 00 e P O O . O
100 200 300 400 500
MZ

Fig. 9. Mass spectrum of ECEE cystine (M, 440).

example where fragmentation occurs predomin-
antly due to the influence of the sulfur atom.
Two major peaks in the spectrum, m/z 220 and
188, are formed via homolytic fission of the
~S-S- linkage and o-cleavage induced by the
electropositive sulfur atom.

Basic amino acids

Because the basic amino acids {2,4-diamino-
butyric acid (DABA), ornithine and lysine],
after derivatization, demonstrate quite similar
degradation patterns, their fragmentations are
illustrated by the example of the ECEE deriva-
tive of ornithine (Fig. 10).

Generally, the loss of the ester function is not
a significant process for these compounds be-
cause of the competing reactions due to the
remote amino group. Typically, these ECEE
amino acids undergo consecutive loss of “CO,Et
and NH,CO,Et, which leads to the formation of
the stable cyclic immonium ions m/z 128, 142
and 156 (for n =2, 3 and 4), respectively. This
synchronic process is rationalized by a Sy; re-
action mechanism (see, for example, ref. 12) as
presented in Scheme 8.
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Fig. 10. Mass spectrum of ECEE omithine (M, 304).
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Another noteworthy feature of the spectrum
depicted in Fig. 10 is the ejection of EtOH from
the molecular ion with the formation of the
cyclic ions m/z 244, 258 and 272 (forn =2, 3 and
4), respectively (Scheme 9).

Analogous to the methionine derivative, the
ECEE DABA undergoes a McLafferty re-
arrangement to yield product ions at m/z 175,
129 and 101 (Table I).

Two minor by-product peaks are sometimes
detected in the gas chromatogram for DABA
and ornithine (Fig. 11). These compounds show
common peaks [M —45]%, [M—57]" and [M -
73]" by a mechanism that is not yet clear. The
respective ions m/z 83 and 97 are formed as a
result of ejecting NH,CO,Et from each of the
molecular ions (Scheme 10).
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Acidic amino acids

The spectrum pattern of the aspartic acid de-
rivative is simple and dominated by the ion at
m/z 188 (M, — "CO,Et) (Fig. 12). This pattern
may be explained by the formation of a stabil-
ized cyclic oxonium ion (m/z 188), which facili-
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Fig. 12. Mass spectum of ECEE aspartic acid (M, 261).
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tates the cleavage of the C~C bond connecting
the ester group (Scheme 11).

Shown in Fig. 13 is the mass spectrum of the
glutamic acid derivative. The loss of the a-
CO,Et initiates a sequence reaction leading to
the pyrrolidinone ions at m/z 156 and 84
(Scheme 12).

Fig. 14 presents the mass spectrum of another
derivatization product of glutamic acid, which is
produced as a result of dehydration to form
pyroglutamic acid followed by esterification by
ECF. Because other a-cleavages do not lead to
fragmentation, the mass spectrum is comprised
almost totally of m/z 84, which is formed by
splitting an ester radical from the molecular ion.

Fig. 15 presents the mass spectrum of the
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Fig. 13. Mass spectrum of ECEE glutamic acid (M, 275).
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Fig. 15. Mass spectrum of asparagine derivative (M, 214).

ECEE derivative of asparagine. Instead of the
usual N-ethoxycarbonylation-C-esterification, a
dehydration of the terminal carboxamide may
occur to afford the corresponding nitrile [M ™" =
m/z 214] (Scheme 13). This pattern is analogous
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Scheme 13.
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to some cases (for example, maleamic and
phthalimic acids) documented in the literature
[13]. This dehydration product undergoes further
fragmentation according to sequences a (loss of
‘CH,CN) or b (loss of "CO,Et) to give product
ions m/z 174 and 102, or m/z 141 and 69,
respectively.

The fragmentation of glutamine, a homologue
of asparagine with the "CONH, group one more
methylene from the carboxyl, takes place in a
different way (Fig. 16, Scheme 14) where the
prevailing event is the cyclization induced by
functional group interaction between 'CONH,
and the amino terminus in the EE™ species (m/z
173 =M, — "CO,Et).

Aromatic and heterocyclic amino acids

In general, ECEE amino acids with an
aromatic (Ar) or heterocyclic group in the side
chain afford much more abundant ions due to
loss of side chain (ArCH,"). Fig. 17 presents the
mass spectrum of the ECEE derivative of phen-
ylalanine. There are essentially two competing
primary fragmentation reactions: elimination of
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Fig. 16. Mass spectrum of ECEE glutamine (M, 246).
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Fig. 17. Mass spectrum of ECEE phenylalanine (M, 265).

NH,CO,Et from M™" to give a conjugated ion
m/z 176, and formation of a benzyl-type ion,
ArCH, (m/z 91 in Fig. 17) (Scheme 15).

The mass spectra and interpretation for de-
rivatives of tryptophan and histidine are given in
Fig. 18 (Scheme 16) and Fig. 19 (Scheme 17),
respectively. Different from other amino acid
derivatives, ECEE histidine affords not ArCH, ,
but ArCH; * by a six-membered ring hydrogen
transfer.
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ABSTRACT

A theoretical model of gradient multiple development is presented as a basis for the optimization of separation by planar
multi-step development and automated multiple development (AMD). A computer program for the calculation of final R values
for multi-stage development in the gradient mode for known retention vs. eluent composition relationships is reported. The
influence of various parameters on the final values of R is discussed. The predicted and experimental R values were compared

and showed satisfactory agreement.

INTRODUCTION

Thin-layer chromatography (TLC) is a very
popular method, applied in most analytical lab-
oratories; the increased interest in TLC, despite
the advent of HPLC, in recent years is due to its
numerous advantages: simplicity, small expendi-
ture of materials, low cost, wide choice of
adsorbents [1] and solvents, diversity of tech-
niques and equipment [2,3] and the possibility of
analysing several tens of samples in parallel.
Modern densitometry has made TLC an accurate
and sensitive quantitative method. TLC can also
be combined with other physico-chemical meth-
ods, e.g., mass spectrometry [4].

One of attractive modes of TLC is the method
of multiple development, especially useful in the
analysis of complex natural mixtures, e.g., plant
extracts composed of numerous solutes with
wide differences in polarity. Multiple develop-
ment (MD) can increase considerably the res-
olution, R, owing to the reconcentration of the
spots on each passage of the solvent front so that

0021-9673/93/$06.00

the spots become more compact, which leads to
lower detection limits. It is advantageous that
the process can be easily automated [automated
multiple development (AMD)], which ensures
good repeatability of results. The method has
recently become popular in analytical practice
[5] and equipment is commercially available
(Camag, Muttenz, Switzerland). However, the
optimization procedure is frequently carried out
by the trial and error method [5] owing to the
lack of a theoretical model, which would be
helpful in the description of the multiple de-
velopment process in its various modifications.
This paper is an attempt to formulate such a
physical model to describe the migration of the
solute zones, their dispersion and other
phenonema that may distort the development
process and which can be included in the model.
The model may, it is hoped, form a rational basis
of various optimization procedures. The earlier
derived equations for mobile phase gradients in
TLC [6-8] and for migration in a two-step
gradient process [9] have been utilized in the

© 1993 Elsevier Science Publishers B.V. All rights reserved
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present theoretical description of gradient multi-
ple development.

THEORETICAL

General assumptions

We assume that the plate is developed a
number of times in the same direction and that
the plate is dried after each development and the
solvent is completely removed from the adsor-
bent layer. Further assumptions are as follows:
the adsorption layer has identical properties
along the whole length (thickness, phase ratio,
activity, packing density); the elution strength of
the mobile phase is varied according to a pro-
gramme (isocratic, gradient); the development
distance is also varied according to a program
(linear, stepwise or in another way); after each
development the plate is dried and brought to
such a state that the eluent delivered in the next
step does not change its properties; the relation-
ships between the retention of solutes and the
properties of the eluents (concentration, eluent
strength) are known; the solutes are not de-
composed and their loss is insignificant; the
solvent demixing process in the case of mixed
eluents is negligible to a first approximation or
can be taken into account in the equation; and
the whole elution process can be divided into
cycles within which steps are discerned (Fig.1).
As a cycle we understand a number of steps in
which the same eluent type is used, differing
only in the concentration of the modifier; the
eluent is the solvent (containing one or more

100 %
CHZC'I2
50% fF====—— Ko
ol AN
Lz o
S
~
~,
\\\
S,
———5 10 15 20 25 STEPS

cycle cycle cycle cycle

Fig. 1. Principle of partitioning of the programme into cycles
and steps.
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components) and the modifier is the more polar
(stronger) component of the eluent.

In the practical realization of the multiple
development process, some deviations from
these simplifying assumptions may be observed.
The security of identical activity of the adsorbent
layer is possible only for full automation
(AMD). In the case of “manual” developments,
the variations in activity may cause changes in Ry
values in an unpredictable manner (although for
eluents that contain larger proportions of the
polar modifeer the effects are limited). Also,
solvent demixing effects (frontal chromatography
of the eluent), which tend to decrease the Ry
values, are pronounced only for low contents of
modifier. In each evaporation cycle some loss of
more volatile sample components may occur,
which may reduce the detectability, especially of
trace components.

These are very general assumptions of the
process of multiple development. Its variations
can be classified as follows. If we assume a
constant (full) development distance and a
mobile phase of constant composition is used,
we have the unidimensional chromatographic
(UMC) technique [10]. If the distance of de-
velopment in each step is longer than the previ-
ous one, we have incremental multiple develop-
ment.

The model does not include the programmed
multiple development (PMD) introduced by
Perry et al. [11] when the plate is in contact with
the eluent container all the time.

The following notation is used: the subscript i
denotes step number; the subscript j denotes
substance; y; denotes distance travelled in step i;
S, denotes the sum of distances travelled by
solute j in h steps; R ;, denotes the R value of
solute j in the ith step; and v, ;, denotes the
elution volume corresponding to step i and
solute j.

If we assume a programme of qualitative and
quantitative composition of the eluents used in
the consecutive steps, then for the purposes of
computer simulation we must know the relation-
ships between the retention of the sample com-
ponents and the properties (composition) of the
eluents used. For pure solvents it is simplest to
give the R, values of the solutes. On the other
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hand, when binary eluents are used, it is con-
venient to give the parameters of the retention
vs. modifier concentration plots from which the
Ry values can be calculated. For normal-phase
systems the equation that follows from the

Snyder—Soczewinski competitive  adsorption
model [12] is most frequently used:
log k; ;y =log ky(;y —m;, log c; 1)

If the retention vs. eluent composition relation-
ship cannot be described by equations following
from the model, a polynomial of a suitable
degree can be used (usually a quadratic equation
is sufficient) [13]:

log k; ;= Ay + Aq) log ¢y + Agyllog c(,.)]2
()
R . 3)

Fen = 1+kg
In simulation procedures, the R values are
introduced into the programme or are calculated
by suitable subprogrammes.

When planning a multiple development pro-
gramme, we introduce the number of cycles and
steps. Then the development distances for the
consecutive steps are to be given and then the
eluent compositions used in the consecutive
cycles and steps are also to be given. For the
programme thus planned, the subprogramme is
chosen which calculates the R values of solutes
in the consecutive steps. Let us consider the
process of multiple development for a single
n-step cycle. The migration of the solutes is
given by the following equations.

For the first step for which the development
distance is z;,, the elution volume for all solutes
is the same and is equal to v, ;. This follows
from the fact that all solutes are applied on the
starting line at an equal distance from the lower
edge of the adsorbent layer. The migration
distances (from the start line) of solutes are

Yan = ve,lRF(l,j) 4)

After development, the chromatogram is dried
so that the spots retain their positions attained
after elution. Therefore, we can write that the
sum of the paths of a given solute is equal to the
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distance travelled in the first step. For A =1 we
have
h=1

S,y = ; Ya,n=Ya.n %)

We carry out the next step according to the
programme adopted. The development distance
is now equal to z,,. We can have two cases: (a)
the distance in the second step is greater than
that in the first step (the usual case) or (b) it is
smaller [z, <z ]

(a) For the first case, z(;) >z ;- As after the
first development the solutes have various posi-
tions (distance from the start), then the elution
volume in the second step is different for each
solute, depending on the distance travelled in the
first step. Therefore,

Ve,2.) = 2@ ~ SLp (6)
The migration path in the second step is
Y. = V2. nRra.i (7)

and the total path after two steps is
h=2
Sty = ,Z Y. (®)

Introducing eqns. 6, 7 and 5 into eqn. 8, we
obtain an equation for the sum of migration
paths after two developments:

S@.n=Sa.n tze = Sa.plReq. 9)

(b) In the second case [z,y <Zzj], only those
solutes are taken into account for which the sum
of total paths is smaller than the development
distance z,, for the second step. For solutes
which remain at their positions in the second
step, we can write the following: if

S~ 2@ (10)
then

Ve,2y =0 Y =0 (11)
and

2.0 =S (12)

For these solutes the total migration distance
after the second step is the same as that after the
first step. On the other hand, for solutes for
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which s, ;) <z(,, eqns. 6 and 7 and eqns. 8 and
9 are applied. Similar considerations are applied
to further steps until the kth step. For solutes j
that fulfil the condition 2z >s,_, ; the follow-
ing equations are applied:

Ve,tk,) = 2(6) ~ Stk-1,5) (13)

Y,y = Ve, nRew, ) (14)

Yoo = [Zay = Sae-1,nR ey : (15)
h=k

Sty = 2«1 Y, (16)

and for solutes fulfilling the condition z,, <
Sk-1,5y We apply the equations

Veey =05 Yy =0 (17)
and
S,y = Ste-1,1) (18)

Analogous equations are obtained for n-step
development:

Ven,) = 2y ~ Stn-1,5 (19)
Yy = Ve, nREm, iy (20)
Y,y = [Z(n) - s(n—],j)]RF(n,j) (21)

because & = n, then
h=n
Sth,jy = _zl Yi,n = Sw-1.) T Vi)

='s(n—1,j)+[z(n)_s(n—l,j)]RF(n,j) (22)

For. solutes which do not participate in the nth
step we have

Sn,y = Stn-1,1) (24)

Analysing eqns. 22 and 24, we see that these
are typical recurrent equations, in which the
(k — 1)th value is necessary to calculate the kth
value. As the programme corresponds to n-step
development, the sum of the distances travelled
by a solute after-n-step development is equal to
the final R, value. Taking into account the two
cases , the final equations for the Ry value (Ryg;
G = gradient) are

Rec(y =Sm-1,p T [Z(n) - s(n—l,j.)]RF(n’j) (25)
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or

Reo(jy =Swm-1,)) (26)

These equations form the basis to elaborate a
computer program that simulates the multiple
development process. The program, written in
Pascal, is represented in Fig. 2. It allows not only
for the calculation of the final R values but also
for the graphical representation of the positions
of the spots on the chromatogram. The knowl-
edge of the R vs. i relationships for a chosen
program permits the investigation by computer
simulations of the effect of the number of steps,
their distances and variation of eluent composi-
tion. In combination with an equation that
determines the final widths of the zones [2], it
permits the calculation of Rg values or other
parameters that characterize the resolution and
its determination [13].

( START )

INPUT: NAME OF THE SYSTEM
NUMBER OF SOLUTES
NAMES OF SOLUTES

INPUT: NUMBER OF CYCLES
NUMBER OF STEPS
NUMBER OF THE FIRST AND LAST STEP IN THE CYCLE

INPUT: DEVELOPMENT DISTANCE
CONCENTRATION OF MODIFIER

CRLCULATION: MIGRATION DISTANCE ON EACH STEP
FINAL VALUES OF Ree

| SORTING: SOLUTES ON BASE THEIR R VALUES |

REPORTS: RESULTS
PROGRAM OF DEVELOPMENT

Fig. 2. Flow diagram of the computer programme for calcu-
lation of the final values of R, in multi-stage development.
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EXPERIMENTAL

A horizontal sandwich chamber of the DS type
[14,15] (Chromdes, Lublin, Poland) was used.
Precoated plates (silica gel Si 60; Merck, Darm-
stadt, Germany) were activated at 100°C for 1 h
and cooled in a desiccator. As eluents, solutions
of diisopropyl! ether in n-heptane or toluene were
used; the solvents were dried over a molecular
sieve (AS5). The solutes were spotted on dry
plates as (0.1% solutions in the eluent. When the
solutes were spotted behind the solvent front,
azulene was used as a marker of the mobile
phase. After each development (multiple de-
velopment) the plates were dried for 15 min in a
stream of air. When the sample was applied from
the edge of the layer, the solution of the test
mixture was pipetted in a known volume into the
eluent container, introduced into the adsorbent
layer to the last drop and a,portion of the eluent
was introduced. The solutes were visible in
daylight.

RESULTS AND DISCUSSION

The equation for the final R; value was
verified experimentally for five-step gradient
development with toluene. In the first series of
experiments, the R, values of the solutes were
determined for isocratic conditions. The second
experiment consisted in multiple development,
applying a gradual constant increase of the
development distance. The third experiment was
similar to the second, except that the distance of
the last step was considerably elongated. The
results are presented in Tables I and II. Com-
parison of the simulated and experimentally
determined R, values showed satisfactory agree-
ment. Especially in the third experiment, when
the devélopment distance of the fifth step was
considerably longer, very good agreement was
achieved.

In the next experiment binary eluents were
used, the Snyder-Soczewinski two-parameter
equation (eqn. 1) being used for the description
of retention vs. eluent composition relationships.
For this purpose a series of isocratic runs were
carried out and the R values used to determine
the constants of the equation, i.e., the slope m
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TABLE I

R, VALUES OBTAINED IN FIVE-STEP DEVELOP-
MENT

Programme: z,, =20 mm, toluene; z,, =40 mm, toluene;
Z (3, = 60 mm, toluene; z,, = 80 mm, toluene; z 5, = 100 mm,
toluene.

Solute Regeay Rrcesm ARgq
4-Dimethylaminoazobenzene  0.82 0.68 0.14
Indophenol Blue 0.14 0.13 0.01
Sudan Red G 0.38 0.34 0.04
Fat Green 0.82 0.77 0.05
Fat Orange 0.74 0.78 0.04
Blue Dark 0.76 0.71 0.05
Red 0.61 0.56 0.05
TABLE 11

R,; VALUES OBTAINED IN FIVE-STEP DEVELOP-
MENT

Programme: z,, =20 mm, toluene; 2(2)=40 mm, toluene;
Z5 = 60 mm, toluene; z ,, = 80 mm, toluene; 25, = 150 mm,
toluene.

Solute Rpgea) R r6exp AR,
4-Dimethylaminoazobenzene  0.95 0.98 0.03
Sudan Red G 0.29 0.32 0.03
Fat Green 0.73 0.73 0.00
Fat Orange 0.63 0.64 0.01
Blue Dark 0.66 0.68 0.02
Red . 0.52 0.53 0.01

and the k, value (corresponding to pure
modifier) (Table III). The computer program
was then applied to simulate the multiple de-
velopment process and to compare the data with
the experimental results.

In the first experiment a single-cycle gradient
programme was applied, the eluents being com-
posed of diisopropyl ether and n-heptane. The
results are given in Table IV. The experimental
R values are lower than the calculated values.
The cause of these discrepancies is presumably
solvent demixing: as the solvent system contains
two components that differ in polarity, a demix-
ing effect is to be expected in steps 3 and 4,
tending to decrease the final R values.

In the next experiment, a gradient programme
composed of three cycles was applied; the results
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TABLE III

THE PARAMETERS k, AND m OF THE SNYDER-
SOCZEWINSKI EQUATION LOG k,,~LOG ky,, -

LOG c,,, CALCULATED FROM A SERIES OF
1SOCRATIC'DATA FOR THE SYSTEM n-HEPTANE-
DIISOPROPYL ETHER WITH SILICA

Solute k, m r

4-Dimethylaminoazobenzene 0.051 2.27 0.9194

Indophenol Biue 0.093 2.62 0.9512
Sudan Red G 0.144 2.40 0.9589
Fat Green 0.012 3.03 0.9460
Fat Orange 0.037 2.38 0.9364
Blue Dark 0.034 2.69 0.9515
TABLE IV

MULTIPLE DEVELOPMENT IN THE SYSTEM n-
HEPTANE-DIISOPROPYL ETHER WITH SILICA

Programme: z,, =10 mm, volume fraction of diisopropyl
ether ¢, =0.9; z,, =20 mm, ¢, =0.7; z5, =30 mm, ¢, =
0.4; z(,, =40 mm, c¢,,=0.3.

Solute RFG(calc) Rigespy DRpg
4-Dimethylaminoazobenzene  0.78 0.65 0.13
Indophenol Blue 0.63 0.53 0.10
Fat Green 0.82 0.65 0.17
Fat Orange 0.80 0.70 0.10
Sudan Red G 0.59 0.50 0.09

are presented in Table V. Also in this instance
the final R, values are lower than the calculated
values, the main presumable cause being solvent
demixing [12]; for solutes of lower R values
(R <0.6) the discrepancies are less pronounced
owing to weaker demixing effects in the lower
part of the plate.

The advantages of multiple development, con-
sisting in a better distribution of the spots along
the plate and zone compression, are well known
[5]- They can be utilized for micropreparative
zonal separations. The use of eqns. 25 and 26,
corrected for the point of sample application and
shifting of the start line to the edge of the layer,
was investigated using Fat Green as the solute
(Table VI). The application of the sample solu-
tion from the edge (possible with the TLC
chamber used [14,15]) allowed a wide starting
zone to be produced. By several developments
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TABLE V

MULTIPLE DEVELOPMENT WITH THREE DIFFER-
ENT ELUENTS

Programme: cycle 1, z,;,=10 mm, ¢,,=0.9 (diisopropyl
ether in heptane); z,, =20 mm, ¢, =0.7; z,,=30 mm,
iy =04; 2, =40 mm, ¢, =0.2; cycle 2, z,,=50 mm,
;=10 (heptane); cycle 3, z, =60 mm, ¢ =1.0
(toluene).

Solute Regearo) R FG(exp) AR,
4-Dimethylaminoazobenzene  0.77 0.78 0.01
Indophenol Blue 0.45 0.44 0.01
Sudan Red G 0.49 0.50 0.01
Fat Green 0.80 0.67 0.13
Fat Orange 0.75 0.72 0.03
Blue Dark 0.74 0.63 0.11

the zone was compressed to a minimum width,
which shows that the compression effects are
stronger than dispersion spreading of the edges
of the zone.

The results obtained indicate that the compu-
ter program for simulation in multiple develop-
ment can be used for the preliminary optimiza-
tion of separation conditions.

SYMBOLS

Ca) concentration of modifier for the ith
step;

kociy capacity factor of solute j for unit

concentration of modifier (pure
modifier) for normal-phase systems and
for ¢, =0 (pure water) for reversed-
phase systems;

capacity factor of solute j for the ith
step;

m;, slope of the log-log plot for solute j;
R, value for solute j corresponding to
the ith concentration of modifier;

(U¥))

F(i,j)

Rpg(y final Ry value of solute j in gradient
development;

Vg void volume (see comment on v,);

v, elution volume [all values of v, and v,

are expressed as dimensionless mag-
nitudes related to the void volume, v,
Ve = v/vg; vy =vy/vo=1)];
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TABLE VI
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COMPARISON OF SIMULATED AND EXPERIMENTAL ZONE WIDTHS FOR MULTIPLE DEVELOPMENT

Solute: Fat Green. Distance of development: 50 mm.

Data Parameter Lower edge Upper edge
Experimental Starting position 0 mm 6 mm

End position 43 mm 44 mm

R, (initial) 0.00 0.60

R (final) 0.86 0.88
Calculated Starting position 0mm 6 mm

End position 43.04 mm 43.41 mm

Y. migration distance of solute j in the ith

step;
S6.iy total migration distance of solute j after
i steps;
Z development distance of the ith step.
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ABSTRACT

An equilibrium model has been developed to describe the pH and cyclodextrin concentration dependence of the electrophoretic
mobilities as well as the chiral selectivities observed during the capillary electrophoretic separation of the enantiomers of weak
acids. The parameters of the model can be readily derived from three specific sets of capillary electrophoretic experiments:
cyclodextrin-free background electrolytes of varying pH values are used in the first set of experiments, background electrolytes
with the same high pH but varying concentrations of cyclodextrin are used in the second set, and background electrolytes of the
same low pH but with varying concentrations of cyclodextrin are used in the third set of experiments. The model has been tested
with fenoprofen and ibuprofen as model substances and B-cyclodextrin as resolving agent, and an excellent agreement has been
found between the calculated and the measured values. Baseline separations have been achieved for the enantiomers of both

fenoprofen and ibuprofen in less than thirty minutes.

INTRODUCTION

Cyclodextrins (CDs) have been used exten-
sively as chiral resolving agents in thin-layer
chromatography [1}, HPLC [2], GC [3], and
recently, in electrophoretic separations [4-22],
including micellar electrokinetic chromatography
[4-6], isotachophoresis [7-17], free solution
capillary electrophoresis (CE) [18-20], and

* Corresponding author.

* Presented at the 16th International Symposium on Column
Liquid Chromatography, Baltimore, MD, June 14-19,
1992. The majority of the papers presented at this
symposium were published in J. Chromatogr., Vols. 631 +
632 (1993).

0021-9673/93/$06.00

capillary gel electrophoresis [21,22]. Though
elegant chiral CE separations have been
achieved with both native a-, 8- and y-cyclodex-
trins, as well as with peralkylated cyclodextrins,
mostly heptakis(2,6-dimethyl-) and heptakis-
(2,3,6-trimethyl)-B-cyclodextrins, the operation-
al parameters and background electrolyte
compositions which determine the success or
failure of a particular separation have not been
studied in great detail. Two reports [18,19]
indicate that the migration time of a solute
increases in a non-linear fashion while peak
resolution passes through a maximum as the
concentration of the native or derivatized
cyclodextrin is increased in the background elec-
trolyte. Another paper [21] used a modified

© 1993 Elsevier Science Publishers B.V. All rights reserved
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affinity electrophoresis model to describe chiral
selectivity as a function of the cyclodextrin
concentration in a capillary gel electrophoretic
system that contained B- and vy-cyclodextrins
incorporated into a polyacrylamide gel matrix.
This particular mode! predicts that the solute
migration times increase linearly, while the chiral
selectivities increase non-linearly as the cyclo-
dextrin concentration in the gel is increased.
However, the effects of other operating parame-
ters, most notably pH, were not studied.

The objective of this series of papers is to
examine in detail the effects of the primary CE
variables upon the selectivity and the efficiency
of chiral CE separations. In this part, the effects
of the pH and the concentration of cyclodextrin
in the background electrolyte will be studied
experimentally using non-steroidal antiinflam-
matory drugs, ibuprofen and fenoprofen, as
model substances. A theoretical model, based on
simultaneous multiple equilibria will be pre-
sented to account for the observed solute migra-
tion times, apparent and true solute mobilities,
and chiral selectivities. It will be shown that for
the substances studied, the chiral selectivities are
at their highest values in low pH background
electrolytes (where the acids are hardly disso-
ciated at all), an entirely non-intuitive conclusion
considering the coulombic nature of the CE
separation process and our knowledge of the
chiral separation of profens by HPLC on native
B-cyclodextrin silica stationary phases [23].

THEORY

The model

In order to account for the effects of both the
pH and the CD concentration of the background
electrolyte on the mobility of the individual
enantiomers and the resulting chiral separation
selectivity, both protonation equilibria and com-
plexation equilibria must be considered simulta-
neously.

Let us copsider a background -electrolyte
which contains a weak acid, HB, and its conju-
gate base, B~, as the buffer components and
cyclodextrin, CD, as the chiral resolving agent.
The enantiomers of the chiral weak acid analyte
to be separated from each other are HR and HS.
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Let us assume that the analytical concentration
of the buffer is much higher than that of either
the CD or the enantiomers of the analyte, HR
and HS. Cyclodextrin will form complexes with
both components of the buffer and the analyte.
When the concentration of the buffer is much
higher than that of the CD and the concentration
of the CD is much higher than that of the
analyte, then practically all the CD will be tied
up in the CD -buffer complex, unless the com-
plex formation constants are uncharacteristically
small. Because the analyte concentration is low
with respect to that of the CD, and also, because
there is a sufficiently high excess of uncomplexed
buffer, the analytical concentration of CD is
practically the same as the analytical concen-
tration of the CD -buffer complexes, and re-
mains more or less constant whether the analyte
is present or not. Therefore, in a first approxi-
mation, the CD-buffer equilibria can be omitted
from our considerations. For the sake of sim-
plicity, the terms CD and [CD] will be used in
lieu of the more proper, but cumbersome terms
of CD -buffer complex and its concentration
[CD - buffer].

Once in solution, both solute enantiomers,
HR and HS, undergo acid dissociation according
to eqns. 1 and 2:

HR+H,0 =2 H,0"+R~ 1
HS+H,0 =2 H,0"+S~ (2)

Cyclodextrin will complex with both the proton-
ated and the deprotonated forms of the analyte
enantiomers:

HR+CD = HRCD (3)
HS+CD = HSCD (4)
R +CD = RCD~ (5)
S"+CD = SCD~ (6)

The equilibrium expressions which describe
these reactions are as follows:

Kyur =[R7][H;0")/[HR] (7
Kys =[S7][H;0"]/[HS] )
Kyurcp = [HRCD]/[HR][CD] 9
Kysen = [HSCD]/[HS][CD] (10)
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Kgrcp-=[RCD]/[R7][CD] (11)
Kscp-=[SCD]/[S"][CD] (12)

The mass balance equations of the HR and the
HS related species are, in terms of their analyti-
cal concentrations, ¢y and cyg:

¢y = [HR] + [R7] + [HRCD] + [RCD"]  (13)
cus = [HS] + [S7] + [HSCD] + [SCD ] (14)

The respective mole fractions of the negatively
charged species R™, RCD ", S*, SCD " are:

ag-=[R7]/eyr (15)
ag- = [S7)/eys (16)
agcp- = [RCD ™ [/eyg (17)
scp- = [SCD V/eys (18)

An analytical expression can be obtained from
eqns. 7-12 for the species concentrations [R™],
[S7], [RCD7], and [SCD], as well as [HR],
[HS], [HRCD], and [HSCD)]. Substitution of
these expressions into eqns. 13-18 yields:

ap-= )
[H,0"]
1+ Kgcp-[CD] + K (1+ Kyren[CD])
HR
(19)
ag- = .
[H,0"]
1+ Kyep-[CD] + 32— (1 + Kyscp[CD])
HS
(20)
Qrcp- =
Kgcp-[CD]
[H,07]
1+ Kgep-[CD] + T Koo (1+ KHRCD[CD])
HR
(21)
Oscp- T
Kscp-[CD]
[H,07]
1+ Kgep-[CD] + 3 (1+ Kusco[CD])

(22)
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The effective mobilities of the two enantio-
mers can be expressed as the sums of the mole
fraction-weighted ionic mobilities of the respec-
tive species [24}:

eff _ 0 o
MR = Mp-Qg- t Prep-¥rep- (23)

f_ 0 0
Ks = Mg-Os-+ Pgcp-scp- (24)

Combining eqns. 19-22 with eqns. 23-24 we
obtain:

eff

R
#(1)1' + I"‘ORCD‘KRCD_[CD]
[H,07]
1+ Kgep-[CD] + 2 (1 + KyypeplCD))
HR
(25)
Meff —
s
IJ«g° + :U’gCD —KSCD-[CD]
[H,07]
1+ Kscp-[CD] + X (1 + KyscplCD])
HS
(26)

or, after factoring out the ionic mobilities of the
uncomplexed species, pun- and ug-:

eff _

R
0
R e Y (o)
Mo B MR-
* [H,07]
1+ KRCD-[CD] + K—HR 1+ KHRCD[CD])
(27)
eff —
s
Mcn-
1+ SgD Ksep-[CD]
“0_ Mg -
> [H;0"]
1+ KSCD—[CD] + K—HS (1 + KHSCD[CD])

(28)

It can be seen that the effective solute mobility is
a function of the ionic solute mobilities of both
the free and the CD complexed species, the acid
dissociation constants, the complex formation
constants of both the ionic and the non-disso-
ciated forms of the enantiomers, as well as the
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pH and the CD concentration of the background
electrolyte.

Separation selectivity (chiral selectivity, Ags,
in this case) in CE can be expressed as the ratio

of the effective mobilities [23]:

eff
78
Agis= % (29)

S

Substitution of eqns. 27-28 into eqn. 29 yields:

0
I,L -
o 1+= 6 Kgep-[CD]
I S
R/ST 0 0

Hem 4 Bseo g o [CD]
Ms-

[H 0’]
1 + KSCD [CD] + (1 + KHSCD[CD])

[H30+]

1+ Knep-[CD] + —1—

(1+ Kircn[CD))
(30)

As long as the base background electrolyte
(sans CD) behaves as an isotropic medium, the
ionic mobilities of the two enantiomers are
identical: u%-=pu3-=u’. The acid dissociation
constants of the two enantiomers are also identi-

cal: K;r = Kys = K. Thus, eqn. 30 is simplified
to:
HRrep-
1+ = 0 Keco-[CD]
Agss= ,‘LO = ~
1+ =3~ Kscep-[CD]
w
[H 07]
1+ Kscp-[CD] + % (1 + Ky5cp[CD))
[H 0+]
1+ Kgcp-[CD] + (1 + KygrcplCD))
(31)

Eqn. 31 indicates that the chiral selectivity in a
CD-based CE system depends on a combination
of both thermodynamic parameters (solute
specific parameters) and extensive parameters
(operator-dependent parameters). The solute
specific parameters include the ionic mobilities of
the free and the complexed enantiomers (u’,
Mecn- and udes-), the acid dissociation constant
of the analyte (Kj), the complex formation
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constants of the ionic enantiomers (K- and
Kcp-), and the complex formation constants of
the protonated enantiomers (Kygrcp and
Kyscp-)- The operator-dependent extensive pa-
rameters are the CD concentration and the pH
of the background electrolyte.

Discussion of the model

It can be seen from eqn. 31 that in CD-based
chiral CE separations chiral selectivity varies
according to three fundamentally different situa-
tions depending on whether (i) only the non-
ionic forms of the two enantiomers, (ii) only the
ionic forms of the two enantiomers, or (iii) both
forms of the two enantiomers interact differently
with CD.

Type I enantiomers. The separation of Type I
enantiomers is the easiest to achieve. Because
only the non-ionic forms of the enantiomers
interact differently with CD, Kycp- and Keep-
are identical. In all probability, u%.,- and
R3cp- are also identical:

= Kscp- = Kacp- (32)

= F&CD - (33)

Thus, the first term of eqn. 31 is reduced to
unity, and the Ay, expression is simplified to:

Agjs=
1+ K,p-[CD] +

KRCD‘

0 _ 0
MRrcp- = Mscp-

[H,07]
Ky

[HO]

(1+ Kysep[CD])

1+ K,cp-[CD] + (1+ KurcolCD))

(34)

It can be seen that the value of the chiral
selectivity factor will be different from unity and
its magnitude will depend on the values of
Kurcps Kuscps Kacp-> Ku, [CD] and pH. If
[CD]}=0, Ay, is reduced to unity: there is no
chiral separation because the resolving agent,
CD, is not present. Ay,s changes monotonously
as the hydronium ion and the cyclodextrin con-
centrations are increased. The migration order of
the enantiomers cannot be changed by varying
either the concentration of CD or the pH. The
theoretical chiral selectivity maximum, Ag,q=
Kuscen/Kyurep €an be realized when the “selec-
tive complexation” terms (the third term in both
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the numerator and the denominator) become
much larger than the “parasitic complexation”
terms (second term in both the numerator and
the denominator) as the concentrations of CD
and H,0" are increased ad infinitum. This
limiting value can be approximated reasonably
closely as soon as

[H,07]
KH

>100(1 + K, cp-[CD)) (35)

i.e.

(1+ Kyscn[CD])

100K, — [H,0"]
[H,0"][CD]

100Ky,
[H3O +] ACD™

=
HSCD &

(36)

If the hydronium concentration is expressed as a
multiple of the acid dissociation constant
value,

[H,0%}=nK 37)
(i.e., pH = pKy — log n), then egn. 36 becomes

100 —» 100

Kysep = n[TD] + n Kycp- (38)
By taking [CD] =15 mM, a conservative value
that can be safely maintained yet one that is
close to the solubility limit of 8-CD, the highest
pH values that lead to maximized chiral selec-
tivities at the fastest migration rates can be
calculated from eqn. 38. A few representative
Kyscp> Kacp- and pH combinations are listed in
Table I. The minimum Ky¢-p requirement out-
lined in rows 1 and 2 of Table I is often fulfilled
for Type I chiral acids (vide infra) resulting in a
simple expression for chiral selectivity:

A — 1+ KHSCD[CD] (39)

RIS 14 Kygceo[CD]

These considerations explain the surprising,
non-intuitive, but valid observation that in- cer-
tain CE separations of chiral weak acids, chiral
selectivity increases with decreasing pH, because
the parasitic non-selective complexation of the
ionic enantiomers is reduced as the ionic species
is gradually turned into the selectively complex-
ing nonionic species. In the case of Type I
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TABLE 1

REPRESENTATIVE COMPLEXATION CONSTANT
AND MAXIMUM pH VALUE PAIRS LEADING TO
MAXIMUM CHIRAL SELECTIVITY FOR TYPE I AND
TYPE II WEAK ACIDS

n pH Type I acid,
minimum Kyqcp

at[CD] = 15 mM

Type Il acid,
minimum Ky, cp
at [CD] =15 mM

1000 pKy;—3 0.1K, .- — 60 0.1Kgcp- — 60
100 pKy—2 Kaco- Ksep-
10 pK,—1 600 + 10K, ., - 600 + 10K .-
1 PKy 6600 + 100K, - 6600 + 100K, -

enantiomers there is no reversal in the migration
order, i.e. Ay,  only varies between unity and its
maximum value. This makes optimization of the
separation simple: the pH of the background
electrolyte must be decreased until the selectivity
becomes sufficiently high so that the desired
peak resolution is realized with the available
separation efficiency resulting, automatically, in
the shortest possible separation time. Any pH
lower than that will result in very rapidly increas-
ing separation time.

Type Il enantiomers. The separation of Type
II enantiomers is more difficult to achieve.
Because only the dissociated forms of the enan-
tiomers interact differently with CD, Kypcp and
Kyscp are identical:

Kyrep = Kusep = Kuaco (40)

peen- and I’«(s)cn— may be equal or different,
depending on the volume of the respective ionic
enantiomer - CD complex. Thus, eqn. 35 is sim-
plified only slightly:

0
1+ —“Z%”‘ Krep-[CD]

Agis=

0
1+552- g [CD]
m
[H,0"]
KH
[H,07]
KH

1+ Ksep-[CD] + 1+ KyacolCD))

1+ Kgep-[CD] + (1+ KyacolCD))

(41)
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Note that the R enantiomer related values are in
the numerator in the first term and in the
denominator in the second term of eqn. 41.
Therefore, Ay, <1, Ag,s=1,and Ag,i>1 are
possible depending on the relative values of the
equilibrium constants and the ionic mobilities, as
well as the hydronium and the cyclodextrin
concentrations. This also means that the migra-
tion order of the enantiomers can be reversed by
varying the concentrations of the CD and the
hydronium ion.

For Type II enantiomers chiral selectivity can
be maximized by forcing the entire second term
in eqn. 41 to assume a value of unity. This can
be achieved by increasing the value of the non-
selective complexation term relative to the selec-
tive complexation term by increasing the concen-
tration of the hydronium ion, i.e.:

[H,0"]
Ky
= 100(1 + Kgep-[CD]) (42)

(1+ KyacolCD])

or

100K,, — [H,0%]
[H,07][CD]

100Ky
[H3O +] SCD™
(43)

HACD =

If the hydronium concentration is once again
expressed as a multiple of the acid dissociation
constant value as in eqn. 37 (i.e. pH = pK}; —log
n), eqn. 43 becomes:

100—»n 100
Kyacp = n[CD] + n Kscp- (44)

Except for the different subscripts, this relation
is formally analogous to the one in eqn. 38. By
taking once again [CD] = 15 mM, the highest pH
values that lead to maximized chiral selectivities
for Type II acids can be calculated from eqn. 44.
A few representative Ky,cp, Kscp- and pH
combinations are listed in Table I. Once again,
the minimum Ky, p requirement shown in rows
1 and 2 of the last column of Table I is easily
fulfilled for Type II chiral acids (see below)
resulting in a reasonably simple expression for
chiral selectivity:
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0
1+ ”*;%"’ Kgep-[CD]

o (45)
1+ ;COD Kgcp-[CD]

Ags=

Again, these considerations explain the sur-
prising, non-intuitive, but valid observation that
in certain CE separations of chiral weak acids,
chiral selectivity increases with decreasing pH.
However, chiral selectivities are generally lower
than those seen for Type I acids, because unlike
in eqn. 39, the selective complexation terms
(Krcp-[CD] and Ky -[CD]) are now multiplied
by the mobility ratios (ucp-/u’ and
Recn-/1), which are generally around 0.1 or
lower due to the larger size of the cyclodextrin-
complexed enantiomer. This decreases the effect
of the selective complexation terms with respect
to 1 both in the numerator and the denominator.
Optimization of the separation is still simple: the
pH of the background electrolyte must be de-
creased until the selectivity becomes sufficiently
high so that the desired peak resolution is
realized with the available separation efficiency.

However, in the case of Type II acids, there is
another alternative that could lead to chiral
resolution, namely one could suppress the pH
dependent part of second term in eqn. 41. This
would occur when

0*]

1+ Kycp-[CD] =100 E;(— (1 + Ky acnlCD))
) (46)
that is, when
100[H,O0 "] — K,  100[H,0"]

SCD~ =

KH[CD] + KH KHACD
(47)

Using the same [H,0 "] =nK,, approach as be-
fore, eqn. 47 becomes:

100n — 1
Ksco->—cp] * 1007Kunco (48)

By taking [CD] =15 mM, the lowest pH values
that also lead to alternative maximized chiral
selectivities, albeit possibly ‘at altered migration
orders, can be calculated from eqn. 48. A few
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TABLE II

REPRESENTATIVE COMPLEXATION CONSTANT
AND MINIMUM pH VALUE PAIRS LEADING TO
ALTERNATIVE MAXIMUM CHIRAL SELECTIVITIES
FOR TYPE II WEAK ACIDS

n pH Minimum K-
at[CD]=15mM

1 pKy 6600 + 100K}, cp

0.1 pKy+1 600 + 10Ky 4 cp

0.01 pK +2 Kiyaco

0.001 pKy+3 0.1K}jzcp — 60

representative Ky ,cp, Kscp- and pH combina-
tions are listed in Table II. Only the minimum
Kscp- requirement shown in the last row of
Table II is likely to occur in practice. In this case
the expression for chiral selectivity becomes:

0
1+ 22 Krep-[CD)

1+ KSCD_[CD]
1+ Krcp-[CD]

Agis=

0
1+ "” Kyep-1CD]

(49)

Because the less-than-unity mobility ratio multi-
pliers (poacp-/p” and udc,-/n’) are absent in
the second term of eqn. 49, chances are that the
Ag,s value will be dominated by the second term
meaning that in the high pH background elec-
trolyte the migration order of the enantiomers
will be reversed with respect to the one observed
at low pH. However, unless this reversal is very

important for a particular analysis, the use of the -

high pH background electrolyte is disadvantage-
ous, because the two terms in eqn. 49 counteract
each other resulting in a chiral selectivity that is
lower than what could have been achieved in the
low pH electrolyte (eqn. 45).

Type 11l enantiomers. The separation of Type
III enantiomers is the most difficult of all to
predict. Because both the dissociated and non-
dissociated forms of the enantiomers interact
differently with CD, eqn. 31 cannot be simplified
and an a priori selection of the ‘“best” back-
ground electrolyte pH is not possible. The migra-
tion order may change as either the pH or the
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CD concentration is varied. These reversals, as
well as the actual selectivities, depend on the
particular set of complex formation constants
and ionic mobilities. A detailed study of the pH
is essential if the optimum separation conditions
are to be determined. However, from a practical
point of view, the use of a low-pH electrolyte
seems the most promising approach, because this
would maximize the value of the second term in
eqn. 31.

Determination of the model parameters

Generally, only u’ and K, are available of
the model parameters, if at all. However,
reasonable parameter estimates can be obtained
from specifically designed sets of experiments
and a few simple assumptions, as follows.

If there is no cyclodextrin in the background
electrolyte, then the effective ionic mobilities
and the acid dissociation constants of the two
enantiomers are identical and both can be de-
termined from electropherograms taken at dif-
ferent pH values. Specifically, when [CD]=0,
eqns. 27 and 28 are simplified to eqn. 50:

eff eff eff
B MR Mg 1
0o - 0__ 0__ HO+
Bl MR- Ms 1+[ ,07]
KHR
1 Ky
[H,0°]  Kn+[H,0'] (50)
1+-—
KHS
or:
1 1 [H,07]
W=t o (51)
p= p- p_Ky

from which the u’ and the K, values can be
determined by plotting 1/u™ as a function of
[H,O"]. Naturally, =" is calculated by correct-
ing the observed mobilities with the electro-
osmotic mobilities.

When pH=pK,+3, [HR]<<[R7] and
[HS] << [S7], then eqns. 13 and 14 become:

¢z =[R7]+[RCD] (52)
cs=[S"]+[SCD] (53)
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and with these, eqns. 19-22 simplify to:

af =R __ L (54
R =R J+[RCD | 1+ Kpep(CD] ¥
. _ (57] _ 1
*-=[S]+[SCD ] 1+ KigicD]
wi o RO KaOD] oo
RCD™ [RT]+[RCD7] 1+ Kgep-[CD]
wi o ISCDTT KiplCD
SCDT T [ST]+[SCD7] 1+ Kyp-[CD]
Substitution into eqns. 23-24 yields:
MR = Hr-ati-+ Brep-@ncn-
_ I*(r)r + ,Uv?zCD-KRCD—[CD] 58
T+ Knep-[CD] =
Mgﬁ = ﬂg-a .-+ FngD-a scp-
_ “g- + “(S)CD—KSCD-[CD] (59)

1+ Kgcp-[CD]

If Kiep-[CD]>>1 and Kyp-[CD]>>1, and
the CD concentration is close to saturation (18
mM), that is, the enantiomer anions are suffi-
ciently strongly complexed by CD (Kycp-=
500), then eqns. 58 and 59 can be rearranged to
yield:

0
eff _ MR- 1 0
R~ Keen- [CD] * Krep- (60)
0
eff _ __Ms- 1 0
" Ksep-  [CD] + Mscp- (61)

Both ppcp- and Kgpop- can be determined by
plotting ug' and wg" as a function of 1/[CD],
because u’ is known from the previous calcula-
tions. With these values Kyzcp and Kygep can
be obtained explicitly from eqns. 27 and 28 as:

Kigep = al
R0 = [H,0°](CD]
(1% = 15 + K -[CD) ken- = 13

H3O+ eff
B (©)
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Kuscp = R
P H,0")(CDRS"

((M‘l — #5") + Ksep-[CDI(ksep- = 15"

H3O ’ eff
~E2 ) ()

If, on the other hand, Kip-[CD]<<1 and
Kscp-[CD] << 1, while the CD concentration is
close to saturation (18 mM), that is, the enan-
tiomer anions are very weakly complexed by CD
(Krcp- =<95), then eqns. 58 and 59 can be rear-
ranged to yield:

pr =Mz~ + krep-Krep-[CD] (64)
Mgﬂ = I~L(s)' + “‘(S)CD'KSCD'[CD] (65)

from which the multiples ppcp-Kgep- and
pecn-Ksep- can be determined. Assuming that
[H,0"]=100K,;, and that Kyr.p[CD]>>1,
substitution of these multiples into eqns. 27 and
28 results in eqns. 66 and 67,

#;“[H30+] — P*(1 . 1 I‘"?{CD_KRCD_
Ky Kyreo [CD] Kyurep
(66)
N;“[H3O+] _ M(l . 1 #gCD—KSCD—
Ky Kusco [CD] Kyscp
(67)

which permit the determination of Kyp-p and
Kyscp from plots of the effective mobilities
observed at low pH as a function of 1/[CD].

Once the ionic mobilities, the acid dissociation
constants, and the complex formation constants
are known, the effective mobilities of the in-
dividual enantiomers and the chiral selectivity of
the given system can be calculated using eqns. 27
and 28 and 31. The calculated values then can be
compared with the measured values to test the
validity of the model proposed here. Also, the
trends observed in these calculations can be used
to predict the directions in which the background
electrolyte parameters should be changed in
order to achieve (or improve) a particular chiral
CE separation.
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EXPERIMENTAL

Two electrophoretic systems were used for
these experiments. The first unit was built in our
laboratory according to Jorgenson et al. [25]
using a Model 200 variable UV detector (Linear
Instruments, Reno, NV, USA), a Model PS/
EH30R03.0 high-voltage power supply (Glass-
man, Whitehouse Station, NJ, USA), a custom-
designed dual-loop liquid thermostatting system,
a Perspex-glass safety box, a 1-k{} resistor and
an Omniscribe strip chart recorder (Industrial
Scientific, Austin, TX, USA) to monitor the
current during the separation, a Chrom-1 AT
data acquisition board (Keithley-Metrabyte,
Tauton, MA, USA) installed in a 3865X-20 NEC
personal computer, and our ChromPlotl data
acquisition—data analysis software [26]. The sec-
ond unit was a commercial electrophoretic in-
strument, a P/ACE 2100 system, equipped with a
variable wavelength UV detector (Beckman In-
struments, Fullerton, CA, USA). The electrode
at the injection end of the capillary was kept at
negative potential; the electrode at the detector
end of the capillary was at ground potential.

Untreated, 25 pm 1.D., 150 um O.D. fused-
silica capillaries (Polymicro Technologies,
Phoenix, AZ, USA) were used in both systems
(35 cm from injector to detector, 40 cm total
length in the custom-built unit, 39 cm from
injector to detector, 45.8 cm total length in the
P/ACE unit). Before each and every series of
measurements the capillaries were washed with 1
M NaOH, rinsed by deionized water and equili-
brated by the background electrolyte (5 min, 5
min and 15 min, respectively).

The samples were injected electrokinetically;
the injection and separation potentials were
identical. The sample concentrations were kept
at minimum (generally less than 0.1 mM) and
the injection time was varied to insure similar
sample loadings. In each run, a non-charged
electroosmotic flow marker (a dilute solution of
nitromethane) was injected at the detector end
of the capillary at the same time that the sample
was injected at the injection end, providing us
with the accurate corrected mobilities. All sepa-
rations were completed at a thermostatting liquid
bath temperature of 37 °C. The UV detectors
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were set at 209 nm in the home-built unit and
214 nm in the P/ACE unit.

The field strength used for the separations was
varied between 150 V/cm and 750 V/cm, de-
pending on the actual conductivity of the back-
ground electrolyte. Power dissipation was kept in
the 80 to 100 mW range to insure linear potential
vs. current plots (Ohm-plots).

Native B-cyclodextrin was obtained from
American Maize Products Corporation (Ham-
mond, IN, USA). Reagent-grade morpholino-
ethanesulfonic acid monohydrate (MES), sodi-
um hydroxide, racemic and S(+)-ibuprofen
(IBU) were obtained from Aldrich (Milwaukee,
WI, USA), racemic fenoprofen (FEN) from
Sigma (St. Louis, MO, USA), 250MHR PA
hydroxyethyl cellulose (HEC) from Aqualon
Company (Wilmington, DE, USA). All chemi-
cals were used as received without further purifi-
cation. All solutions were freshly prepared using
deionized water from a Millipore Q unit (Milli-
pore, Milford, MA, USA). The background
electrolytes were prepared by weighing the re-
quired amount of MES, CD and HEC into a
volumetric flask. The flask was first filled with
deionized water to 90% of its final capacity,
stirred until all the components were dissolved,
degassed, and made up almost to mark. Then
the pH was adjusted to the desired value by
adding a few ul of a 10 M NaOH solution and
the flask was made up to mark with deionized
water. The background electrolyte was degassed
again prior to loading into the electrolyte res-
ervoirs.

RESULTS AND DISCUSSION

In order to learn how chiral selectivity de-
pends on the composition of the complex back-
ground electrolyte, and to test the validity of the
model presented in the Theory section, the
parameters were varied individually in small
increments, over relatively broad ranges, while
all the other parameters were kept constant
providing a very precise description of both
mobility and chiral selectivity.

The acid dissociation constants, K;; of feno-
profen and ibuprofen were determined using
background electrolytes which contained 0.2%
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(w/w) HEC and 200 mM MES. The pH of the
background electrolyte was varied in the 4.1 to
7.1 range by adding NaOH. The effective
mobilities of ibuprofen and fenoprofen, cor-
rected for the electroosmotic flow, u", were
determined in triplicate. The reciprocal effective
mobilities are plotted in Figs. 1 and 2 as a
function of the hydronium ion concentration
according to eqn. 51, for a power load of 95 mW
and thermostatting liquid temperature of 37°C.

8000

6000 [

1/pef  (Vs/em2)

4000 . . ;
0 10 20 30 40

;041 (M)

Fig. 1. Reciprocal effective mobility vs. hydronium ion

concentration plot for fenoprofen in 200 mM MES, 0.2%

HEC background electrolyte at a thermostatting liquid tem-

perature of 37°C and power load of 95 mW. + = Measured

values; solid line = least-square best fit line.

10000

8000 |

1/peff  (Vsiem2)

6000 [

4000 . L )

0 10 20 30 40
H30¢] (uM)
Fig. 2. Reciprocal effective mobility vs. hydronium ion
concentration plot for ibuprofen. Conditions as in Fig. 1.

+ = Measured values; solid line = least-square best fit line.
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The solid lines represent the least-square best fit
lines. The ionic mobilities, u(i, and acid dissocia-
tion constant values, K, are listed in the first
four lines of Table III, along with the literature
values of K;; determined at 25°C in pure aqueous
solutions [27].

Because the background electrolytes used in
these studies have a high concentration (in
excess of 100 mM), accurate activity coefficient
values cannot be calculated using the simple
Debye—Hiickel approach suggested by Beckers
et al. [28]. In addition, ibuprofen was reported to
adsorb on hydroxyalkylated cellulose [29] dis-
solved in an electrolyte. Therefore, the acid
dissociation constants determined in our mea-
surements are concentration-based apparent dis-
sociation constants, rather than thermodynamic,
infinite dilution values. No ionic mobility values
were found in the literature for fenoprofen and
ibuprofen. However, the measured mobilities
compare favorably with the ionic mobility of
the structurally similar 4-fert.-butylbenzoic acid,
w’ =232-10"° cm?®/Vs, as reported by Hiro-
kawa et al. [30].

Next, the effects of cyclodextrin concentration
were tested in a high-pH (pH = 7.1) background
electrolyte in which both fenoprofen and ibu-
profen were almost completely dissociated.
When the effective mobilities were plotted
against the reciprocal CD concentration accord-

TABLE III

IONIC MOBILITY AND APPARENT EQUILIBRIUM
CONSTANT DATA FOR FENOPROFEN AND IBU-
PROFEN

Conditions as in Figs. 1 to 4.

Parameter Fenoprofen Ibuprofen
12 (107 em?/Vs)  21.77+0.03 21.32+0.05
K, (4.57+0.14)-10°  (3.31%0.05)-10°
pK,, 4.34 4.48
pKy [27] 4.50 5.10
I‘L(l)ICD - = Mgep-
(107°cm®/Vs)  6.54%0.05 6.60 = 0.04
Kycp-=Kdep-  325%7 1280 %5
Kiren 608 + 18 1869 + 48
Kusco 636 = 20 1954 + 49
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ing to eqns. 60 and 61, estimates could be
obtained for u&cp-, Mocp-» Kacp- and Kgep-
from the limiting slopes and the intercepts.
These estimates were then used to find the best
fit between the measured values and the values
calculated by eqns. 58 and 59. The u}cp-,
wep-, K&ep- and Kacp- parameters obtained
for both fenoprofen and ibuprofen are listed in
Table III. The effective mobilities calculated by
eqns. 58 and 59 and the best-fit parameters are
shown in Figs. 3 and 4 as solid lines. The
agreement between the measured and calculated
values is very good.

Table III shows that the limiting ionic
mobilities of the CD-complexed fenoprofen and

25

peff (10-5 cm2/Vs)
[}
[~

15 . )
0 10 20
[CD] (mM)
Fig. 3. Effective jonic mobility of fenoprofen as a function of

the B-cyclodextrin concentration in a pH=7.1 background
electrolyte. Conditions as in Fig. 1. + =Measured values;

solid line = calculated values using the parameters in Table -

III.

25

neff (10-5 em2/Vs)
™
=]

15 . S

0 20

10
[CD] (M)

Fig. 4. Effective ionic mobilities of ibuprofen as a function of
the B-cyclodextrin concentration in a pH=7.1 background
electrolyte. Conditions as in Fig. 1. + =Measured values;
solid line = calculated values using the parameters in Table
II1.
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ibuprofen are almost identical, in agreement
with the observation that at high pH these
complexed ions co-migrate. The complex forma-
tion constant for fenoprofen is almost four times
lower than that of the ibuprofen. This relation-
ship is reminiscent of the retention trend that
were observed on B-cyclodextrin silica columns
(Cyclobond 1, ASTEC, Whippany, NJ, USA),
when these columns were operated with high-pH
eluents in the reversed-phase mode [23,31,32].

Finally, a series of mobility measurements
were carried out in a pH 4.52 background
electrolyte in which both fenoprofen and ibu-
profen are only partially dissociated. The CD
concentration was varied between 0 and 18 mM
while all other conditions were kept the same as
in Figs. 3 and 4. In another series of measure-
ments the CD concentration was kept constant at
15 mM, while the pH of the background elec-
trolyte was varied between 4.0 and 5.6. The
complex formation constants of the non-disso-
ciated profen enantiomers (Kyrcp, Kuscp) were
calculated using the effective mobility values,
eqns. 62 and 63, the respective parameters from
the first six lines of Table III, and the actual
[CD] and [H,07] values. The results are listed
in the last two lines of Table III. Interestingly,
the complex formation constants of both proto-
nated profens (Kyrcp, Kuscp) are about two
times larger than the respective complexation
constants of the anions (Kypcp-, Ksep-)- This
behavior is once again similar to what has been
observed recently in the HPLC separation of
profens on various cyclodextrin silica stationary
phases, namely that in organic modifier-free
eluents the protonated profens are retained more
strongly than the respective anions [31,32].

In order to test the validity of the electro-
phoretic migration and chiral selectivity model
presented here, the effective mobility and chiral
selectivity values were calculated using eqns. 27,
28 and 31, the ionic mobilities, the acid dissocia-
tion constants, and the complex formation con-
stants listed in Table III. The mobility data for
fenoprofen and ibuprofen are compared with the
measured values in Figs. 5 to 8, while the three-
dimensional electrophoretic mobility. surfaces are
shown in Figs. 9 and 10. The chiral selectivity
data for fenoprofen and ibuprofen are compared
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Fig. 5. Comparison of the measured and calculated effective
mobilities for the more mobile enantiomer of fenoprofen as a
function of the pH. Conditions as in Fig. 3, except [CD] = 15
mM. + =Measured values; solid line = calculated values
using eqn. 27 and the parameters in Table III.

10 -
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10
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Fig. 6. Comparison of the measured and calculated effective
mobilities for the more mobile enantiomer of fenoprofen as a
function of the CD concentration. Conditions as in Fig. 3,
except 4.50 <pH <4.53. + =Measured values; solid line =
calculated values using eqn. 27 and the parameters in Table
III.

20

with the measured values in Figs. 11 to 14, while
the three-dimensional selectivity surfaces are
shown in Figs. 15 and 16.

In all the plots the symbol + stands for the
measured values while the continuous line repre-
sents the calculated values. It can be seen from
Figs. 5-8 and 11-14 that the agreement between
the measured and the calculated values is indeed
excellent.

The electrophoretic mobility surface is shown
from two different viewpoints for fenoprofen
(Fig. 9) and ibuprofen (Fig. 10). It can be seen
that the surface is strongly curved for both
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Fig. 7. Comparison of the measured and calculated effective.
mobilities for the more mobile enantiomer of ibuprofen as a
function of the pH. Conditions as in Fig. 3, except [CD] =15
mM. + =Measured values; solid line = calculated values
using eqn. 27 and the parameters in Table III.

\;4\,__‘

Mobility (10-5 cm?/Vs)

10 20
[CD] (mM)
Fig. 8. Comparison of the measured and calculated effective
mobilities for the more mobile enantiomer of ibuprofen as a
function of the CD concentration. Conditions as in Fig. 3,
except 4.50 <pH <4.53. + = Measured values; solid line =
calculated values using eqn. 27 and the parameters in Table
III.

solutes: the mobility decreases rapidly as CD is
added to the background electrolyte, but then it
levels off above [CD] = 10 mM. On the pH axis,
most of the mobility change occurs in the pKy —
1<pH<pKy+1 range (where the mobility
surface is shaped like a regular mole fraction
function).

In the pH > 5.5 range, the calculated selectivi-
ty values seem to be slightly higher than the
measured values (Figs. 11 and 13). This is due to
the fact that in the actual electropherograms the
peaks of the enantiomers are no longer resolved
when the chiral selectivity decreases below
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Fig. 9. Three-dimensional effective mobility surface for the
more mobile enantiomer of fenoprofen as a function of the
CD concentration and the pH, calculated using eqn. 27 and
the parameters in Table III.
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Fig. 10. Three-dimensional effective mobility surface for the
more mobile enantiomer of ibuprofen as a function of the
CD concentration and the pH, calculated using eqn. 27 and
the parameters in Table III.

1.005, resulting in an assigned selectivity of
unity. It can be seen from the selectivity surfaces
of both fenoprofen (Fig. 15) and ibuprofen (Fig.
16), shown again from two different viewpoints,
that both profens belong to the family of Type 1
enantiomers: chiral selectivities vary monoton-
ously between their pH and CD concentration
dependent high values and unity, and the migra-
tion order of the enantiomers cannot be reversed
by varying either the CD concentration or the
pH, or both.

It can be also seen that chiral selectivity
increases more rapidly with the CD concentra-
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Fig. 11. Comparison of the measured and calculated chiral
selectivities for fenoprofen as a function of the pH. Condi-
tions as in Fig. 5. + =Measured values; solid line=
calculated values using eqn. 31 and the parameters in Table
III.
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Fig. 12. Comparison of the measured and calculated chiral
selectivities for fenoprofen as a function of the CD concen-
tration. Conditions as in Fig. 6. + = Measured values; solid
line = calculated values using eqn. 31 and the parameters in
Table III.

tion for ibuprofen than for fenoprofen. The
limiting chiral selectivity that can be achieved at
pH =3 and [CD] =20 mM is slightly higher for
ibuprofen than for fenoprofen. Both of these
trends are due to the fact that the complexation
constants of both the ionic and the protonated
forms of fenoprofen are about three times
smaller than those of the ibuprofen.

By considering the shapes of both the mobility
and the selectivity surfaces of the profens, one
may conclude that the best strategy to optimize
the separation would call for CD concentrations
that are close to the solubility limit (15 mM is
safe) and background electrolyte pH values that
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Fig. 13. Comparison of the measured and calculated chiral
selectivities for ibuprofen as a function of the pH. Conditions
as in Fig. 5. + = Measured values; solid line = calculated

values using eqn. 31 and the parameters in Table III.
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Fig. 14. Comparison of the measured and calculated chiral
selectivities for ibuprofen as a function of the CD concen-
tration. Conditions as in Fig. 6. + = Measured values; solid
line = calculated values using eqn. 31 and the parameters in
Table III.

are not any lower than necessary to achieve the
desired minimum selectivity (minimum resolu-
tion), and pay as little a migration time penalty
as possible.

The electropherogram of a mixture of racemic
fenoprofen and ibuprofen is shown in Fig. 17.
Baseline separations of the enantiomers can be
achieved with 15 mM CD at pH 4.5 in about half
an hour.

CONCLUSIONS

An equilibrium model has been developed to
describe the electrophoretic mobilities of the
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Fig. 15. Three-dimensional chiral selectivity surface for
fenoprofen as a function of the CD concentration and the
pH, calculated using eqn. 31 and the parameters in Table
III.

S

& N

N

8t \\\\\\\\\\\\\

- NN \",\\\\\\\\:t\:\g\

Fig. 16. Three-dimensional chiral selectivity surface for ibu-
profen as a function of the CD concentration and the pH,
calculated using eqn. 31 and the parameters in Table III.

enantiomers of chiral weak acids and the result-
ing chiral separation selectivities, as a function of
the pH and the cyclodextrin concentration of the
background electrolyte. The parameters of the
model can be readily derived from three sets of
specifically designed separation experiments: one
at varying pH values without cyclodextrin in the
background electrolyte, one at high pH with
varying concentrations of cyclodextrin, and one
at low pH with varying concentrations of
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Fig. 17. CE separation of the enantiomers of fenoprofen and
ibuprofen. Conditions: 0.2% HEC, 200 mM MES, pH =
4.50, [CD] =15 mM.

cyclodextrin in the background electrolyte. The
validity of the model has been demonstrated by
comparing the measured and the calculated
values for two test probes, fenoprofen and ibu-
profen.

Fenoprofen and ibuprofen behave with S-
cyclodextrin as Type I solutes defined in the
Theory, because their chiral selectivity varies
monotonously with both the pH and the CD
concentration, the migration order of the enan-
tiomers cannot be reversed by varying either the
pH or the CD concentration of the background
electrolyte, or both, and chiral resolution is
absent in high pH electrolytes.

Further work is under way in our laboratory
to extend the migration and chiral selectivity
model proposed here to other solute types as
well.
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ABSTRACT

Capillary zone electrophoresis was evaluated as a method for the speciation of aluminum in aqueous solution using indirect UV
absorption detection. Fluoro- and oxalatoaluminum complexes appeared as sharp and well-defined peaks within the electro-
pherogram of aluminum standard solutions when the appropriate ligand was added. Simultaneous separation of these inorganic
and organic aluminum species was achieved with good resolution in a single analytical run within 5 min. Indirect UV detection
was achieved at 214 nm with a background electrolyte buffer containing S mM imidazole. The average limit of detection was
about 10 nM for uncomplexed and complexed aluminum species. Excellent agreement between experimental and theoretical
species concentrations (via the thermodynamic speciation model SOILCHEM) was obtained for solutions with varying ligand/

aluminum mol ratios and pH values.

INTRODUCTION

The role of aluminum (Al) as a toxic agent in
neurodegenerative disorders such as Alzheimer’s
disease (AD) is a controversial but important
topic. In recent years there is growing evidence
which suggests that some chemical form(s) of Al
could play an important role in governing the
absorption and transport of Al in humans [1-5].
Unfortunately, very little is known about the
concentrations and identities of Al species pres-
ent in the environment and in biological systems.
This problem is in large part due to the lack of
analytical techniques capable of rapid and accur-
ate determination of Al species present in vari-
ous sample matrices.

Recently a controversial study which statisti-
cally links the ingestion of Al through drinking
water and the increase frequency of AD has
been reported [6]. Although in this study no
evidence of direct relationship between Al and
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AD has been established, it points out the
possibility that Al in drinking water may be
present in some unique chemical form(s) that
makes it more bioavailable than Al found in
food stuffs or medications. In this regard it is
interesting to note that among the potential
inorganic ligands normally present in water,
equilibrium calculations suggested that only the
fluoride ion will significantly affect Al speciation
[7)- The distribution of mononuclear fluoro-
aluminum species, e.g., AIF?*, AlF;, AIF, and
AlF,, in water is of particular interest since
some of these monomeric Al species have been
postulated to facilitate the transport of hydrolyz-
able Al species through hydrophobic membranes
and/or demonstrated to possess properties which
alter biochemical pathways [8].

Early analytical methods employed for Al
speciation mainly involved some type of indirect
method [9]. The key step in all these methods
was the use of cation-exchange columns to sepa-
rate the labile monomeric (inorganic) from the
non-labile monomeric (organic) fractions. Based
on the concentration of the total monomeric Al,
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the labile monomeric concentration can then be
calculated using thermodynamic-based speciation
models. Recently direct determination of inor-
ganic as well as organic Al species have been
shown to be possible using ion chromatography
(IC). For example, Bertsch and Anderson [10]
have demonstrated that fluoro- oxalato-, and
citratoaluminum complexes can be separated and
quantitated by IC, and that excellent quantita-
tive agreement between predicted species con-
centrations (calculated from thermodynamic
speciation model) and those determined by IC
were obtained under various experimental condi-
tions. More recently, Jones [11] has applied an
1C technique for the speciation of Al in reservoir
and drinking water samples. In these studies
major disadvantages of the use of IC methods
for Al speciation included their inabilities to
separate various inorganic or organic Al species
with good efficiency and to resolve mixtures of
inorganic and organic Al species into discrete
chromatographic peaks under isocratic condi-
tions.

In recent years capillary zone electrophoresis
(CZE) has been shown to be a highly efficient
technique for the separation of small inorganic as
well as organic cations and anions. For example,
simultaneous separation of ca. ten alkali, al-
kaline earth and lanthanide metal cations within
a single run has been demonstrated using CZE
[12]; also, the simultaneous analysis of weak
organic acid anions (oxalate and citrate) and
inorganic anions (chloride, sulfate, phosphate
and carbonate) in diluted urine has been
achieved within the same analytical run in a
simple and rapid manner [13]. On the other
hand, the use of CZE for the efficient separation
of metal species with good resolution has also
been shown to be feasible. For example, the
determination of the oxyanionic species of arse-
nic, i.e., arsenite and arsenate, in urine was
demonstrated [13] and the separation of a mix-
ture of metal complexes present in electroplating
solutions, i.e., Fe(CN)¢~, Fe(CN).~, Cu(CN);~
and Zn(OH)2™ were also reported [14].

In this communication the separation perform-
ance of CZE for the speciation of fluoro- and
oxalatoaluminum complexes present in aqueous
solutions was evaluated. Detection was per-
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formed using indirect absorption method with a
background electrolyte containing imidazole as
the UV absorber, which was first used by Beck
and Engelhardt [15] for the rapid CZE determi-
nation inorganic cations and aliphatic amines
with excellent detection limits and separation
efficiencies. Furthermore, the stability of Al
species during CZE separation was examined by
comparing measured and predicted concentra-
tion values (via the thermodynamic speciation
model: SOILCHEM) obtained for the various
fluoro- and oxalatoaluminum complexes and the
uncomplexed Al under various experimental
conditions.

EXPERIMENTAL

Chemicals and materials

Aluminum nitrate, sodium fluoride, sodium
oxalate and imidazole were analytical grade and
purchased from Baker (Phillipsburg, NJ, USA)
or Sigma (St. Louis, MO, USA). Doubly dis-
tilled deionized water obtained from a Barnstead
Nanopure System (Dubuque, IA, USA) was
used for the preparation of all buffer and sample
solutions. Polyimide-coated fused-silica capillary
with 75 um I.D. and 360 um O.D. was obtained
from Polymicro Technologies (Phoenix, AZ,
USA).

Buffer and sample solutions

All buffer solutions were prepared with a
background electrolyte containing 5 mM of im-
idazole. Sample solutions were prepared by
adding solution containing the ligand of interest
to an appropriate volume of AI(NO,), standard
solution in a 100-ml polyethylene (PE) volumet-
ric flask such that the final Al concentration was
0.25 mM. The pH of the buffer and sample
solutions were adjusted with small amounts of 1
M sulfuric acid. Prior to use all solutions were
filtered through a 0.45-um membrane filter and
stored in the PE bottles to age for a minimum
period of 24 h.

Instrumentation

A home-built CZE instrument was used for all
separations. An acrylic box with a safety-inter-
locked door designed to prevent operator con-
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tact with high voltage contained the Speelman
voltage source (Model CZE 1000/30 PN, Plain-
view, NY, USA) and a Linear Instrument UV/
Vis absorbance detector (Model 204, Reno, NV,
USA) which has been modified for on-line detec-
tion at 214 nm. Contact with solution was made
via platinum electrodes. All CZE separations
were carried out using 350 V/cm field strength.
Samples were injected hydrodynamically at the
anode (positive polarity) by raising the sample
solution reservoir to a height of 10 cm for 10 s.
Data were recorded using a Chromjet integrator
(Spectra Physics, San Jose, CA, USA).

Capillary preparation

Capillary length was 45 cm with a detection
window made by burning off 2 mm of the
polyimide coating at approximately 35 cm from
the anode end of the capillary. Capillaries were
washed with 1 M NaOH for 30 min, followed by
rinsing with the buffer solution for 1 h and
equilibration with the buffer solution overnight.

Speciation calculations

The theoretical species concentration of Al in
the sample solutions was calculated by utilizing
the SOILCHEM program: an improved version
of the thermodynamic geochemical speciation
model-GEOCHEM [16].

RESULTS AND DISCUSSION

Fig. 1a shows the CZE separation of a stan-
dard solution of AI(NO,), using a background
electrolyte buffer containing 5 mM imidizole at
pH 3.5, and two sharp and well-defined peaks
can be observed in the electropherogram. The
early peak which appears at a migration time of
ca. 3.5 min can be assigned to the “free” Al ion
(A’") since this species predominates in aque-
ous solution at pH less than 5. This positively
charged species would be expected to migrate
faster toward the cathode (or detector) when
compared to the predominant negatively charged
solute present in the sample solution: NOj,
which appears as an “inverted” peak at a migra-
tion time of ca. 6.5 min. Appropriate amount of
nitric, hydrochloric and sulfuric acids were added
to the buffer and sample solutions for pH adjust-
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Fig. 1. CZE electropherogram of a 0.25 mM AI(NO,),
solution with (a) no F and (b) the addition of 0.12 mM of
NaF. The pH of buffer and sample solutions was matched at
3.5.

ments and it was found that separation per-
formance was dependent on the type of acid
used. Sulfuric acid was found to provide the best
resolution for the CZE separation of various Al
species, vide infra, but it is not clear at this time
why this is the case. It should be noted that
based on thermodynamic calculations, the SO2~
ion could interact with the Al ion to form
sulfatoaluminum complexes in the sample solu-
tions. However, by adding a relatively large
amount of SO2™ to the Al standard solutions
(mol ratio SO,: Al =20:1), we found no signifi-
cant difference in the retention time or peak area
of the free Al ion peak as shown in Fig. 1a. This
observation suggests that any sulfatoaluminum
complexes formed in the sample solution are
likely to exist as weak, electrostatic outer-sphere
complexes and are apparently readily dissociated
during CZE separation. Similar observations
have also been reported for the separation of
sulfatoaluminum complexes using IC [10].

Fig. 1b shows that with the addition of F (as
NaF) into the Al standard solutions, the peak
arca of the free Al ion peak was reduced
significantly and additional peaks were produced
in the CZE electropherogram. The major peak
which appears- at ca. 2.4 min can be assigned to
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Na™ [confirmed by the injection of NaF without
the presence of AI(NO,),]. On the other hand,
assignments of the two smaller peaks which
appear at ca. 3.2 and 3.8 min, respectively, are
not as straightforward. Table I compares ex-
perimental data and theoretical values generated
by the SOILCHEM program. At a F/Al ratio of
0.5:1 and sample and buffer pH=3.5 (ex-
perimental conditions of Fig. 1b), the predicted
concentration values of AI’", AIF** and AIF,
are shown to be in good agreement with ex-
perimental measurements, which suggests the
formation of AIF** and AIF, species upon the
addition of NaF into the Al standard solution.
Furthermore, it was found that the total inte-
grated areas of the free Al ion as shown in Fig.
la and the cluster of three adjacent peaks
{between 3.0 and 4.0 min) as shown in Fig. 1b
are similar. These results, along with the fact
that no interference peaks were obtained from
the CZE separation of NaF alone, suggest that
the two smaller peaks which center at ca. 3.2 and
3.8 min in Fig. 1b are probably a result of a
redistribution of Al between species of differing
positive charges upon the addition of NaF and
assignments of AIF** and AIF, could be made
for these two additional peaks. In this case, it
would be reasonable to assign AIF** as the early
peak which appears at ca. 3.2 min since it

possesses a higher positive charge and would be -

TABLE 1
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expected to migrate faster toward- the detector
when compared to AlF,, which was assigned as
the latter peak appearing at ca. 3.8 min. How-
ever, using the same argument, it would be
unreasonable to expect the Na™ to migrate faster
than AIF*" as shown in Fig. 1b and, similarly,
the early appearance of AIF** when compared
to the free Al ion (a positively triple charge
species which appears at ca. 3.5 min) is not
expected.

In an attempt to understand the migration
order of the assigned peaks as shown in Fig. 1b,
it is important to note that the mobility (or
migration time) of a particular ion in CZE
separation is dependent not only on the charge
but also the size of the ion [17]. For electrolytes
dissolved in aqueous solutions the number of
water molecules associated with the ions during
their movement through the solution is likely to
influence their overall size and mobility. Many
experiments have been devised in attempts to
determine the hydration of ions in aqueous
solutions [18,19]. Unfortunately, the solvation
(or hydration) number of many ions is not known
with certainty. However, it is interesting to note
that under the influence of intense electrical
forces, the hydration numbers of NaCl and AlCl,
have been reported to be 7 and 31, respectively
[18]. It is possible that under the experimental
conditions described in Fig. 1b, the mobilities of

MEASURED (CZE) AND PREDICTED (SOILCHEM) CONCENTRATIONS OF UNCOMPLEXED Al AND COMPLEX
FLUOROALUMINUM SPECIES IN SOLUTIONS OF VARYING F:Al MOL RATIOS AND pH VALUES

F/AI° pH AP (mM) AIF** (mM) AIF; (mM)
CZE® CZE® SOILCHEM CZE* CZE° SOILCHEM CZzZE’ CZE°* SOILCHEM

0.5:1 3.2 0.143  0.141  0.127 0.104 0101  0.115 0.003 0.008 0.005

3.5 0129  0.134  0.132 0.115 0111  0.113 0.006 0.005 0.005

4.0 0.135  0.130  0.122 0.112  0.114  0.124 0.003 0.006 0.004

4.2 0.132  0.137  0.130 0.113  0.108  0.114 0.005 0.005 0.006
1:1 3.2 0.075  0.073  0.058 0.138  0.148  0.144 0.037 0.029 0.048

3.5 0.068  0.069  0.059 0.150  0.149  0.145 0.031 0.032 0.046

4.0 0.066  0.069  0.060 0.155  0.156  0.148 '0.029 0.025 0.042

4.2 0.075  0.069  0.059 0.139  0.139  0.147 0.036 0.041 0.044

“ Total Al concentration = 0.25 mM.

® pH of the sample and buffer solutions was matched in the range of 3.2 to 4.2.
“pH of the buffer was fixed at 3.5 and pH of the sample solutions was adjusted from 3.2 to 4.2.
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the various ions are influenced by the degrees of
hydration. The hydration number of the un-
complexed Al ions may be higher than that of
Na® and AIF**, thus leading to an increase in
the size and/or decrease of the charge of the free
Al jon and resulting in a longer migration time.

Table I and Fig. 2 show that good agreement
between measured and predicted values extend
over a range of pH and mole ratio values when
the pH of the sample and background electrolyte
buffer were matched. On the other hand, when
the pH of the sample and buffer was unmatched,
the experimental values of uncomplexed Al and
complexed fluoroaluminum species showed mini-
mal changes and also exhibit good agreement
with thermodynamic calculated values over a pH
range of about one order of magnitude. These
results suggest that these fluoroaluminum species
exhibited good kinetic stability and maintained
their integrity, i.e., minimal redistribution during
CZE separation, under the present experimental
conditions. The average limits of detection
(LOD) for uncomplexed Al and complexed
fluoroaluminum species was found to be about
10 nM (S§/N =3) and the average relative stan-
dard deviations (n =8) for mobilities and peak
areas were <0.5% and 4%, respectively. The
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Fig. 2. Measured (symbols) and predicted (solid lines) con-
centrations of the uncomplexed and fluoro-complexed Al
species at varying F:Al mol ratios with total Al concentration
equal to 0.25 mM and pH of buffer and sample solutions
equal to 3.5. ¥ = Al’*, 0= AIF** and O= AIF;.
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relationship between peak area and concentra-
tion was linear in the range 10 to 500 nM with
the regression equation: A (peak area)=1.04"
10*C (concentration) + 1.09 - 10°. The correlation
coefficient (r) was 0.998 (n = 8).

Fig. 3 shows the CZE separation of a sample
solution containing mixed F and oxalate ligands
(mole ratio Al:F:oxalate =1:0.5:1). When com-
pared to Fig. 1b, an additional peak which
appears at ca. 4.0 min was produced with the
presence of oxalate anion. Similarly, a peak
which appears at ca. 4.0 min was also produced
upon the addition of oxalate into Al standard
solutions without the present of F. Fig. 4 com-
pares the experimental and thermodynamic
calculated values of uncomplexed Al and mono-
oxalatoaluminum species at varying mole ratio of
oxalate and Al (in the absence of F) and indi-
cates good agreement for these particular
species, suggesting that that additional peak at
ca. 4.0 min probably arose from the formation of
monooxalatoaluminum species. The relatively
long migration time obtained for this organic Al
species is reasonable since it would have the-
smallest charge density due to its single positive
charge and relatively large size (neglecting hy-
drating number), thus leading to lower mobility
relative to the other positively charged species

I1-10 %au
L Arrorarsovnnd M
] 1 i 1
0 2 4 6 8 10

Migration Time(min)

Fig. 3. CZE electropherogram of a 0.25 mM AI(NO,),
solution with the presence of 0.13 mM F and 0.25 mM
oxalate. The pH of buffer and sample solutions was matched
at 3.5.
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Fig. 4. Measured (symbols) and predicted (solid lines) con-
centrations of the uncomplexed and monooxalato-complexed
Al species at varying oxalate: Al ratios with total Al concen-
tration equal to 0.25 mM and pH of buffer and sample
solutions equal to 3.5. ¥ = Al**, O = Al-oxalate™.

present in the sample solution. Fig. 3 shows that
good resolution can be obtained for the simulta-
neous separation of inorganic and organic Al
complexes within a single CZE run during a
period of less than 5 min. This capability dem-
onstrates that CZE possesses a distinct advan-
tage over IC for the separation of sample solu-
tions containing these particular mixed inorganic
and organic ligands. Using IC only the uncom-
plexed Al and AIF** produced discrete chro-
matographic peaks while AIF, and monoox-
alatoaluminum species were observed to co-elute
as a single peak under isocratic conditions [10].

In summary, this work demonstrates that CZE
can be used as a powerful technique for the rapid
and efficient separation of fluoro- and oxalato-
aluminum species present in aqueous solutions.
More research is needed to examine the feasibili-
ty of using CZE for the separation of other small
inorganic and organic Al complexes, as well as
protein-bound and macromolecular Al species.
In particular, experimental factors which affect
the stability or integrity of the Al species during

N. Wu et al. | J. Chromatogr. 635 (1993) 307-312

CZE separation and the effects of potential
interference ions present in real samples which
might form complexes with aluminum should be
investigated in detail by comparing experimental
and theoretical values.
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ABSTRACT

An analysis of a doxorubicin-conjugated chimeric antibody has been developed by micellar electrokinetic capillary chromatog-
raphy. The procedure separates the conjugated antibody, the antibody light and heavy chains, antibody fragments, and
unconjugated doxorubicin. The protein-derived species are monitored at 280 nm and the doxorubicin bearing species are
monitored at 500 nm. Consistency with the proposed in vivo mechanism of action of the antibody conjugate in acid media is

demonstrated.

INTRODUCTION

The origin of interest in antitumor agents of
the anthracycline class (which doxorubicin is a
member) began at least as early as the 1950s.
Liquid extraction of soil samples coliected in
India yielded a red solid which was shown to
exhibit antitumor activity [1] and was traced to a
strain of Streptomyces. Later work indicated that
the microbial metabolite of interest was
rhodomycin B which did not improve survival
times in vitro testing but did generate interest in
anthracycline anticancer agents [2]. Further
studies yielded other anthracycline compounds
from Streptomyces peucetius colonies; in particu-
lar, S. peucetius var. caesius was found to
produce doxorubicin, an antibiotic with potent
antitumor activity [3].

While chemotherapy with compounds such as
doxorubicin continues to be a major therapeutic
approach, there are important limitations. Anti-

* Corresponding author.

0021-9673/93/$06.00

neoplastic agents are usually toxic to normal cells
which reproduce rapidly; in particular, cells
contained in the gastrointestinal tract and bone
marrow are susceptible. Chemotherapeutic
agents, when traditionally administered, are lim-
ited by their systemic toxicity.

Delivery of a cytotoxic agent to the site of the
cancerous cells allows high local concentrations
of the drug while minimizing toxicity to normal
cells. One approach is to synthesize “immuno-
toxins,” i.e., IgG antibodies.(conjugated with a
cytotoxic agent) with a preference or specificity
towards tumor cells. Antibodies conjugated with
doxorubicin have previously been synthesized via
dextran hydrazide—glutaraldehyde derivatization
and periodate-oxidized dextran bridges. Al-
though these conjugates were somewhat effec-
tive using in vivo and in vitro targeting models
and yielded locally high doxorubicin concentra-
tions, the cytotoxic activity was modest [4,5].

Other antibody—doxorubicin linkers that have
been investigated include N-succinimidyl-3-(2-
pyridyldithio) propionate [6] and more recently
an acid-labile, 13-acylhydrazone [7]. Although

© 1993 Elsevier Science Publishers B.V. All rights reserved
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the overall mechanism of action for 13-acyl-
hydrazone is unclear, it has been postulated that
internalization of conjugates into intracellular
acidic compartments (such as lysosomes) may
release doxorubicin and hence explain the ob-
served cytolytic activity. The structure of doxo-
rubicin and the antibody complex appear in Fig.
1.

The examination of an IgG antibody or anti-
body-drug conjugate represents a substantial
analytical challenge. With an average molecular
mass of 150000 and the likelihood of several
forms varying only slightly in amino acid and
carbohydrate content, examinations based on
molecular mass differences alone would not be
expected to be useful. Relatively new separatory
procedures, principally size-exclusion, ion-ex-
change, affinity, hydrophobic interaction and
hydroxyapatite chromatography, have proven
useful for antibodies [8]. Of these liquid chro-
matographic techniques, ion-exchange chroma-
tography is possibly the most selective procedure
for large proteins (such as antibodies), perhaps
implying that charge-dependent separations
show substantial promise. Although capillary
electrophoresis (CE) (which separates species on
the basis of molecular mass and net charge) has
been more consistently used for analysis of
peptides, proteins such as adrenocorticotropin,
transferrin, ribonuclease, insulin and growth
hormone [9,10] have also been examined. Im-

CH, CDOX) ,

Doxorubicin Antibody-Doxorubicin

Conjugate
Fig. 1. Chemical structure of doxorubicin and a representa-
tion of the structure of the chimeric antibody—doxorubicin
conjugate.

portantly, protein studies performed by CE have
been shown to be able to separate the major
species from species arising from degradative
deamidation and amino acid and glycan mi-
croheterogeneity [11]. Although CE studies on
antibodies are not abundant, one combined
theoretical and empirical study [12] demonstra-
ted that a single amino acid difference in a
chimeric IgG antibody was detectable. Analysis
of conjugated antibodies is substantially more
complex. An ideal separating procedure for an
antibody conjugate would allow examination of
the unconjugated antibody, the agent which is to
be complexed with the antibody, and the conju-
gated antibody. In one study [13], a CE proce-
dure was developed that was capable of separat-
ing IgG monoclonal antibody (from mouse as-
cites), alkaline phosphatase (M, 140 000), and an
alkaline phosphatase-IgG conjugate.

The paper presented here describes the CE
examination of a chimeric antibody conjugated
with the cytotoxic agent doxorubicin. The conju-
gated forms are monitored at 280 nm to observe
the proteinaceous component of the complex
and at 500 nm to determine the extent of
doxorubicin conjugation. Method development
optimization studies are presented for the sodi-
um dodecyl sulfate (SDS) concentration, sodium
borate concentration and pH of the carrier.
Selectivity with respect to the heavy and light
antibody chains and the F,, antibody fragment is
demonstrated.

EXPERIMENTAL

Materials

Sodium hydroxide 10 M solution and sodium
borate crystals were obtained from Fisher
Chemical (Fair Lawn, NJ, USA). Dodecyl sul-
fate, sodium salt was purchased from Aldrich
(Milwaukee, WI, USA). Pretreated capillary
cartridges were purchased from Beckman Instru-
ments (Palo Alto, CA, USA). The samples were
chimeric antibody conjugates (Bristol-Myers
Squibb, Syracuse, NY, USA). Water from a
Milli-Q filtration system (Millipore, Bedford,
MA, USA) was used in the preparation of the
buffer solutions.
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Capillary electrophoresis system

A Beckman P/ACE 2100 capillary electropho-
resis system (Palo Alto, CA, USA) using an
IBM PS/2 with P/ACE software and Microsoft
Windows interface was used throughout this
study.

Capillary electrophoresis procedures

The CE separation was performed using a 12

mM borate buffer (pH 9.4) containing 25 mM
sodium dodecyl sulfate. Samples were trans-
ferred to P/ACE micro vials contained in sample
holders, and applied to the capillary as described
below. Upon completion of each sample analy-
sis, the capillary column was cleaned with a
high-pressure rinse of 0.1 M sodium hydroxide
solution for 0.5 min, followed by a high-pressure
rinse of the separation buffer solution for 0.5
min.
A fused-silica capillary cartridge (50 cm X 75
pwm L.D., Beckman Instruments, catalog number
338467, rinsed by the manufacturer with 0.1 M
NaOH solution) was used in the separation.
Samples were injected by a positive nitrogen
pressure of 6.2-10° Pa (90 p.s.i.) for 5 s when
214-nm and 280-nm detection were employed
and 10 s for 500-nm detection. The samples were
then separated by a voltage of 30 kV at 25°C.
The samples were monitored at 214, 280 and
500 nm.

The light and heavy chains were formed in
excess of 95% purity by heating the antibody
conjugate in 1% SDS at 90°C for 2 min. The F
fragment was produced by a standard papain
digestion [14].

RESULTS AND DISCUSSION

When examined by procedures which rely at
least in part on the total charge of the species of
interest, IgG antibodies may be separated into
several forms. Antibodies show variability due to
heterogeneity in the amino acid sequence or
carbohydrate (oligosaccharide) content or type,
as well as forms due to degradation, such as
deamidation. For drug-labelled antibodies, fur-
ther variation is possible due to different drug—
antibody conjugation ratios and conformations.

All of the major species described so far would

have molecular masses (ca. 150 000) very nearly
equal to that of an unconjugated, undegraded
antibody. Hence, as was mentioned previously,
mass-based methods of analysis (such as size-
exclusion chromatography) would not be ex-
pected to distinguish between the various anti-
body-derived species. The proteinaceous species
would, however, be expected to vary in net
charge and hydrophobicity, hence providing a
basis for separation.

Initial CE optimization studies with the
chimeric antibody studied here suggested that an
additional separatory mechanism was required
since net charge differences (and hence, tempo-
ral separation) between species was insufficient
when the ionic strength and pH of the carrier
were varied. The addition of SDS to the carrier
in concentrations above the critical micellar
concentration has been shown to aid separation
of neutral or a similar net charge species with
smaller molecules. The precise mechanism of
separation when analytes of similar mass to SDS
micelles such as the IgG antibody are elec-
trophoresed is unclear. Whether separatory en-
hancement is due to SDS ion-pairing with hydro-
phobic protein regions or simply differential
migration of negatively charged analyte through
a zone of negatively charged micelles is not
easily determined empirically. Independent of
the precise mechanism, the conjugated antibody
was found to separate into several species as the
SDS concentration increased above the critical
micellar concentration (ca. 8 mM). As in most
CE applications, the pH and buffer concentra-
tion of the carrier were also found to be critical
to the efficient separation of the various species.
Method development studies were performed in
which the SDS concentration, pH and sodium
borate concentration were varied (Figs. 2-4).
For these studies, the resolution equation R, =
16(t/w)* was employed where R, is the resolu-
tion, ¢t is the migration time of the peak and w is
the peak width measured at the baseline. The
critical separation was determined to be between
three early-migrating species (Fig. 5, peaks 1, 2
and 3) which were present in all samples of
antibody conjugate examined and a thermally-
induced peak (produced between peaks 2 and 3,
Fig. 5). The optimized conditions were 12 mM
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Fig. 2. Resolution of electrophoretic species as a function of
SDS concentration at a concentration of 12 mM sodium
borate and pH 9.4: (a) resolution between peaks 1 and 2, (b)
resolution between peaks 2 and a thermally-induced species,
and (c) resolution between peaks 2 and 3. Refer to Fig. 5 for
peak identification. The thermally-induced peak, appearing
between peaks 2 and 3 is not represented.

sodium borate, 25 mM SDS at a pH of 9.40.
Although Figs. 2—-4 would suggest that a higher
borate concentration would produce a better
separation, the antibody is not stable under these
conditions and forms measurable amounts of
light and heavy chains and antibody fragments.

The final separation appears in Fig. 5 with 280-
and 500-nm detection. Detection at 280 nm
would be expected to visualize all proteinaceous
species whereas 500-nm detection would detect
only those species containing doxorubicin. Re-
ferring to Fig. S, the electropherogram repre-
sents three antibody conjugate species (1, 2, 3)
and doxorubicin (7). Standard techniques for
generating the light and heavy chains and the F
fragment were employed. The resulting species
migrated in a third temporal zone, i.e., F,, (4),
heavy chain (5) and light chain (6). Hence the
separation appears to be capable of detecting
degradation of the antibody conjugate to heavy
and light chains and the F,, fragment.

To determine whether the -electrophoretic
separation would be capable of demonstrating

ZO=-—tCroom

-8 :(a) ~©-(b) E- ()

Fig. 3. Resolution of electrophoretic species as a function of
pH at an SDS concentration of 25 mM and a borate
concentration of 12 mM: (a) resolution between peaks 1 and
2, (b) resolution between peaks 2 and a thermally-induced
species, and (c) resolution between peaks 2 and 3. Refer to
Fig. S for peak identification. The thermally-induced peak,
appearing between peaks 2 and 3 is not represented.

&

ZO—-Croomd»

oll‘ | DU W U W 1
0 2 4 6 8 10 12 14 18 18 20 22

BORATE CONCENTRATION (mM)

-B-(a) -0 () +(o)|

Fig. 4. Resolution of electrophoretic species as a function of
sodium borate concentration at an SDS concentration of 25
mM and pH 9.4: (a) resolution between peaks 1 and 2, (b)
resolution between peaks 2 and a thermally-induced species,
and (c) resolution between peaks 2 and 3. Refer to Fig. 5 for
peak identification. The thermally-induced peak, appearing
between peaks 2 and 3 is not represented.
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Fig. 5. Electropherogram of the final separation (12 mM
sodium borate, 25 mM SDS, pH 9.4) with detection at 280
nm and 500 nm. Peaks: 1, 2, 3 = antibody conjugate; 4 =F;
5, 6 = heavy and light chains; 7 = doxorubicin.

the mechanism of action which has been pro-
posed in vitro, an acid-degradation study was
performed. According to the proposed [7] mech-
anism, the chimeric antibody—doxorubicin conju-
gate releases unconjugated doxorubicin in the
presence of acid media. If this transformation is
monitored at 500 nm, which is selective for
doxorubicin and doxorubicin-conjugated species,
we would expect a decrease in absorbance of
proteinaceous doxorubicin species and an in-
crease in unconjugated doxorubicin. As Fig. 6
illustrates, CE examination of acid hydrolysis at
a pH 1.5 is consistent with this model. The
electropherogram of the initial sample (a) con-
tains peaks for the conjugate and a low level of
unconjugated doxorubicin whereas intermediate
exposure to an acidic medium (b) yields pre-
dominately conjugated heavy and light chains
and doxorubicin. After sufficient time, the anti-
body is no longer conjugated and substantial
doxorubicin is observed (c). Studies were also
performed at more biologically-assessable condi-
tions (ca. pH 5) with similar but predictably less
dramatic results.

In summary, a CE procedure has been de-
veloped which allows examination of a doxorubi-
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Fig. 6. Acid hydrolysis at pH 1.5 monitored at 500 nm. (a)
Initial sample; (b) after 3 min; (c) after 15 min.

cin-linked chimeric antibody. The proteinaceous
species are monitored at 280 nm and the doxoru-
bicin-related species are monitored at 500 nm.
The method separates three forms of the anti-
body, the light and heavy antibody chains, the
F,, fragment, and unconjugated doxorubicin.
Monitoring of acid hydrolysis of the antibody
conjugate revealed the formation of unbound
doxorubicin and simultaneous loss of protein-
bound doxorubicin in agreement with the pro-
posed in vivo mechanism of action.
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ABSTRACT

The separation of mixtures of primary and secondary cardiac glycosides by micellar electrokinetic capillary electrophoresis
modified by cyclodextrins, urea and sodium cholate proved to be suitable for the determination of these hydrophobic compounds.
It was possible to distinguish the two anomeric cardenolides glucodigifucoside and glucodigiglucomethyloside with all three buffer
systems. Electropherograms of crude plant cell extracts from Digitalis lanata were obtained with this method.

INTRODUCTION

Cardiac glycosides isolated from Digitalis
species constitute a group of pharmaceutically
very important natural substances that are used
for the treatment of certain cardiac diseases.
Very powerful RP-HPLC methods for the de-
termination of cardenolides have been developed
and optimized [1,2]. Nonetheless, some com-
pounds with identical polarity co-elute in HPLC
even if very sophisticated solvent gradients are
applied. They can only be resolved by chemical
or enzymatic derivatization and subsequent
HPLC or TLC analysis, a very time-consuming

* Corresponding author.
¥ Present address: Carbohydrate Research Centre, Depart-
ment of Biochemistry, The University, Dundee, UK.

0021-9673/93/$06.00

procedure that is prone to artefacts and errors.
For this reason we have investigated micellar
electrokinetic capillary electrophoresis (MECC)
[3] for the separation and determination of
cardiac glycosides.

Most cardiac glycosides are very hydrophobic
compounds as judged by their partition coeffi-
cients with n-octanol [4]. This can be a handicap
in MECC as they tend to migrate very close to
the micellar front. Several strategies have been
used with other hydrophobic compounds to
overcome this problem and to shift the partition
equilibrium between aqueous and micellar phase
towards the former. Addition of cyclodextrins
[5], urea [6], bile salts [7] and organic modifiers
such as 2-propanol [8] or acetonitrile [9] to the
electrophoresis buffer have proved successful.

To develop a system that is applicable to
analyse for digitalis glycosides, we first investi-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structure of the investigated cardiac glycosides. The
residues are explained in Table I.

gated the migration behaviour of mixtures of
primary and secondary cardiac glycosides with
different electrophoresis buffers and then the
resolution of a pair of cardenolides differing only
in the anomeric form of their carbohydrate side-
chain (Fig. 1, Table I). Finally we checked the
suitability of MECC for the analysis of complex
mixtures (e.g., plant extracts) containing car-
denolides.

EXPERIMENTAL

Apparatus

A modular capillary electrophoresis instru-
ment (Grom, Herrenberg, Germany) and a
Chromatopac C-R6A (Shimadzu, Kyoto, Japan)
for data processing were used. Polyimide-clad
fused-silica capillary material of 50 um I.D. and

TABLE I
INVESTIGATED CARDIAC GLYCOSIDES

H.-J. Gaus et al. | J. Chromatogr. 635 (1993) 319-327

360 um O.D. was obtained from Polymicro
Technology (Phoenix, AZ, USA).

Electrophoresis

Capillaries were prepared by flushing the
columns for 10 min each with 1 M sodium
hydroxide solution, water and buffer. All buffers
were prepared with doubly distilled water and
were degassed by evaporation in an ultrasonic
bath. Sample solutions were injected by hydro-
static loading: the injection block was raised by
0.1 m for 30-60 s. Electropherograms of stan-
dard solutions were obtained by injection of 5 ul
into the block. After hydrostatic loading, excess
of sample solution was removed by flushing the
injection block. For the injection of small
amounts of sample solutions (cell extracts) we
used a micro-vial with a 2-ul sample volume.
Connection and disconnection of the capillary to
the injection block and the micro-vial were done
manually. Sample injection with the micro-vial
was also done by hydrostatic loading. Between
the electrophoretic runs with standard mixtures
the capillary was flushed with 50 ul of buffer.
Between the analyses of crude cell extracts the

Compound” Abbreviation R, "’ R, R,
Primary glycosides
Lanatoside A LA Glc-B1-4-a-AcDox-B1-4-Dox-1-4-Dox-81- H H
Purpureaglycoside A PA Glc-B1-4-Dox-31-4-Dox-B1-4-Dox-B1- H H
Lanatoside C LC Glc-B1-4-a-AcDox-B1-4-Dox-31-4-Dox-81- H OH
Desacetyllanatoside C DC Glc-B1-4-Dox-B1-4-Dox-B1-4-Dox-81- H OH
Glucoevatromonoside Gev Glc-1-4-Dox-81- H H
Glucogitoroside Ggr Gle-B1-4-Dox-B1- OH H
Anomeric primary glycosides
Glucodigifucoside Gdf Glc-81-4-Fuc-B1- H H
Glucodigiglucomethyloside Gdm Glc-1-4-GIlm-B1- H H
Secondary glycosides
Evatromonoside Ev Dox-B1- H H
Digitoxin Dt Dox-B1-4-Dox-B1-4-Dox-B1- H H
a-Methyldigitoxin a-MDt a-H,C-Dox-B1-4-Dox-B1-4-Dox-81- H H
Digoxin Dg Dox-B1-4-Dox-81-4-Dox-81- H OH
a-Acetyldigoxin a-AcDg a-AcDox-B1-4-Dox-B1-4-Dox-B1- H OH
B-Methyldiginatin B-MDn B-H,C-Dox-B1-4-Dox-B1-4-Dox-81-~ OH OH

“See Fig. 1 for general structure.

® Glc = Glucose; a-AcDox = a-acetyldigitoxose; Dox = digitoxose; Fuc = fucose; Glm = glucomethylose.



H.-J. Gaus et al. | J. Chromatogr. 635 (1993) 319-327

capillary was rinsed subsequently with 50 wl each
of 0.1 M sodium hydroxide solution, water and
buffer. Sample mixtures containing 80 uM of
each glycoside were prepared by mixing stan-
dard solutions in water—dimethyl sulphoxide
(DMSO).

Pseudo-effective mobilities, m g g, according
to Ackermans et al. [10] were determined.:

lcld lcld

Moy s=m —Mgor = -
off,S app.S EOF
PP Vt,  Vigor

where [, and [, are the total length of the
capillary and the length from injection to detec-
tion, respectively, V is the applied voltage and ¢,
and tgop are the observed migration times of the
sample and an unretarded neutral molecule,
respectively.

Chemicals

Sodium cholate (NaC) for biochemical use was
obtained from Merck (Darmstadt, Germany)
and analytical-reagent grade sodium dodecyl
sulphate (SDS) and a-, 8- and vy-cyclodextrins
(CDs) from Serva (Heidelberg, Germany). All
other chemicals for buffer preparation were of
research grade (Merck).

Digitoxin (Dt), evatromonoside (Ev) and
lanatoside C (LC) were obtained from Roth
(Karsruhe, Germany), lanatoside A (LA) from
Arzneimittelherstellung (Dresden, Germany)
and a-acetyldigoxin (a-AcDg) and a-methyl-
digitoxin (@-MDt) from Boehringer (Mannheim,
Germany). Desacetyllanatoside C (DC), gluco-
evatromonoside (Gev), purpureaglycoside A
(PA) and B-methyldiginatin (3-MDn) were iso-
lated in our laboratories. The purity (>95%) of
these cardiac glycosides were confirmed by
HPLC. Glucogitoroside (Ggr) was a gift from
Professor M. Wichtl (Marburg, Germany).

RESULTS

As electrically neutral compounds, cardiac
glycosides migrated with the electroosmotic flow
in capillary zone electrophoresis (CZE) with an
alkaline phosphate buffer (data not shown).
Interestingly, when CZE is carried out with a
borate buffer, electrophoretic mobility and a
slight separation can be observed. The electro-
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phoretic mobilities of all cardiac glycosides were
about (—2.75+0.3)-10"° m*/V-s in 150 mM
borate buffer (pH 9.3) at an electric field
strength of 18 500 V/m. This is probably due to
the formation of borate complexes with the
carbohydrate side-chains of the cardenolides
[11]. Tt seems that these borate complexes are
not only formed with cis-diol [12], as both
primary and secondary glycosides without a cis-
diol structure also show slight electrophoretic
mobility (data not shown). Because of the forma-
tion of the complexes and the better solubility of
the hydrophobic compounds, we decided to
prepare the buffers for all the subsequent experi-
ments with borate. Cyclodextrins have been
successfully used to increase the solubility of
cardiac glycosides in aqueous systems [13]. It
therefore appeared reasonable that they could
also be suitable for MECC analysis of these
compounds.

a-Cyclodextrin had no effect on the migration
behaviour of cardenolides compared with the
electropherogram with SDS alone. The pseudo-
effective mobilities, m. s, were nearly identical
[(4.275 +0.025)-10~® m*/V-s in 30 mM borate
buffer (pH 9.3)-50 mM SDS-10 mM «a-CD; all
other conditions as in Fig. 2] for all the investi-
gated cardiac glycosides. B-CD, however, signifi-
cantly increased the resolution power (Fig. 2). It
is interesting that primary glycosides of the
C-series (DC, LC) did not yield peaks that could
be evaluated but eluted as broad bands. Sec-
ondary glycosides of the C-series (Dg, a-AcDg,
B-MDg) showed normal peaks although the
separation efficiency in general was lower than
for the primary glycosides (except of DC and
LC).

With y-CD a very good separation could be
achieved for both primary and secondary glyco-
sides (Fig. 3, Tables II and IIT). The separation
efficiency was higher than with B-CD, although
again lower theoretical plate numbers for the
secondary glycosides were observed. Increasing
concentrations of y-CD induced a reduction in
the pseudo-effective mobility, m s, as they
increased the partitioning of the cardenolides in
the aqueous buffer phase (Fig. 4). It was not
possible to find an optimum concentration of
vy-CD. Ggr and Gev were better separated at low
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Ggr
Gev
LA
e PA
\ Vi
T T I
10 20 30 min

Fig. 2. Electropherogram of six primary cardiac glycosides.
Buffer, 30 mM Na,B,0,-50 mM SDS-10 mM B-CD (pH
9.3); capillary length, 0.8 m (0.5 m to the detector); detec-
tion at 225 nm, range 0.005 (attenuation 4); voltage, 20 kV;,
current, 33 pA; 30-s hydrostatic injection (0.1 m high).

v-CD-concentrations whereas the resolution of
the secondary cardiac glycosides increased with
increasing CD concentration.

With 7 M urea-SDS-borate electrophoresis
buffer, good separation of the cardenolides in-
vestigated could also be achieved (Fig. 5, Tables
I1 and IIT). Because of the high viscosity of the 7
M urea buffer, the time required for hydrostatic
injection was longer than with y-CD-buffer. The
borate and SDS concentrations were decreased
and the voltage was increased in order to reduce
the analysis times, which would otherwise have
been unacceptably long (more than 50 min, data
not shown). The separation efficiency of primary
and secondary glycosides was comparable to that
of the y-CD system.

Sodium cholate (NaC)-borate buffers have
been successfully employed for the separation
and determination of lipophilic corticosteroids
and benzothiazepine analogues by MECC [7].
Test runs with 50 mM NaC-30 mM borate and
100 mM NaC-30 mM borate buffers yielded
only partial separation of the cardenolide mix-
tures (data not shown). With an NaC-SDS-bo-
rate buffer, however, a good separation of the
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a-AcDg
o
B-MDn
Ev % a-MDt
Dg
I [
10 20 min

Fig. 3. Electropherogram of six secondary cardiac glycosides.
Buffer, 30 mM Na,B,0,-50 mM SDS-10 mM y-CD (pH
9.3); other conditions as in Fig. 2 except attenuation 2.

cardenolides was obtained (Tables II and III).
Increasing the NaC concentration resulted in a
decrease in the pseudo-effective mobilities,
m. s, of the cardiac glycosides (Fig. 6). This
effect seemed to be qualitatively similar to that
of the concentration of y-CD on the migration
behaviour of the sample compounds (Fig. 4).
The concentration of NaC had virtually no
influence on the resolution.

Gdf and Gdgm are two cardiac glycosides that
are anomeric at C4' and they cannot be dis-
tinguished by conventional HPLC. A sample
isolated from Digitalis lanata showed one main
peak in the HPLC trace that was diminished by
ca. 30% after treatment with glucosidase. It was
difficult to explain this phenomenon using
HPLC. MECC analysis with the three different
buffers revealed that the sample contained two
main components and that one of them was
degraded completely by glucosidase (Table IV).
By admixture of a Gdgm standard it could be
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TABLE 11
SEPARATION OF PRIMARY GLYCOSIDES
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Pseudo-effective mobilities, m.q s (X10° m*/V-s), and electroosmotic flow, myor (X10° m?/V-s) (first line), elution number

(second line) and number of plates (third line).

Buffer Conditions meor  DC LC Gev Ggr PA LA
30 mM borate-50 mM SDS-
10 mM B-CD (pH 9.3) 25000 kV/m  5.58 -2.37 -3.62 -2.91 -2.37 —4.43 —4.56
1 3 2 1 4 5
26 500 - 38 400 - 33100 38000
30 mM borate-50 mM SDS-
10 mM y-CD (pH 9.3) 25000 kV/im  5.76 -3.12 —3.88 -2.24 -2.19 -4.09 -4.28
3 4 2 1 5 6
88 400 68250 134650 160000 68 600 97350
22.5 mM borate-37.5 mM SDS-
7 M urea (pH 9.3) 32050 kV/im  5.41 —-4.09 -4.4 —-4.38 —4.13 —4.53 —4.56
1 4 3 2 5 6
119230 147550 192420 85950 157500 150900
30 mM borate-25 mM SDS-
25 mM NaC (pH 9.3) 21430 kV/m  5.65 -3.15 -3.54 —4.2 -3.85 -4.39 —4.44
1 2 4 3 5 6
85 500 99200 129000 114000 25700 35300
TABLE III
SEPARATION OF SECONDARY GLYCOSIDES
Pseudo-effective mobilities, m., ¢ (X10° m*/V-s), and electroosmotic flow, mq, (x10® m*/V-s) (first line), elution number
(second line) and number of plates (third line).
Buffer Conditions mgor  Dg B-Ddn  a-AcDg  Ev Dt a-MDt
30 mM borate-50 mM SDS-
10 mM B-CD (pH 9.3) 28570 kV/im 4.9 ~2.64 -3.11 —-3.45 -3.06 -35 -3.57
1 3 4 2 5 6
5450 5600 9200 15900 13400 14900
30 mM borate—~50 mM SDS-
10 mM y-CD (pH 9.3) 25000 kV/mr  5.49 -2.74 -3.62 -3.99 -2.03 ~3.69 -4.12
2 3 5 1 4 6
10000 31200 25800 23300 11000 19100
22.5 mM borate-37.5 mM SDS-
7 M urea (pH 9.3) 32050 kV/m  5.44 —3.78 -4.17 —4.44 -5.22 —4.46 -4.52
1 2 4 3 5 6
3450 10500 6000 7500 14300 17800
30 mM borate-25 mM SDS-
25 mM NaC (pH 9.3) 21430kV/m  5.88 -2.25 -2.87 -3.51 —3.83 —4.15 -4.31
1 2 3 4 5 6
15800 10250 20700 31900 9300 8000
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pseudo-effective mobility mess [ - 108 m2/Vs]
o
\\\\\\ |

5.0 10.0 15.0 200
mM y-CD

pseudo-effective mobility megr,s [ - 108 m2/Vs]
& N
m |

5.0 10.0 15.0 20.0
mM y-CD

Fig. 4. Influence of y-CD concentration on m,, s of (A)

primary and (B) secondary cardiac glycosides. (A) ® = Ggr;

O=Gev; @=DC; 8=LC; A=PA; +=LA. (B) O=Ey;

A=Dg; Xx=3-mDn; ¥=Dt; V=a-AcDg;, *=a-MDt.

Conditions as in Tables II and I11.

shown that the Gdgm is deglucosylated to
digitoxigeninglucomethyloside (Dtgm) whereas
Gdf is resistant to the glucosidase treatment
(Fig. 7).

The capability of analysing complex mixtures
such as plant-leaf extracts with the MECC
systems would be of great interest. In order to
decide whether a main constituent of Digitalis
lanata leaf extracts was Gdf, Gdgm or a mixture
of the two, 50% methanolic extracts were ana-
lysed.

With y-CD the two cardenolides of interest
migrated too close to the electroosmotic. flow
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oc LA
Ggr
PA
Gev
tc
USSP VY, | [N

| T
10 20 min

Fig. 5. Electropherogram of six primary cardiac glycosides.
Buffer, 22.5 mM Na,B,0,-37.5 mM SDS-7 M urea (pH
9.3); capillary length, 0.8 m (0.5 m to the detector); detec-
tion at 225 nm, range 0.005 (attenuation 3); voltage, 25 kV;
current, 26 pA; 60-s hydrostatic injection (0.1 m high).

(EOF) whereas other cardiac glycosides migrate
very close to the micellar front. For this reason
electropherograms of crude cell extracts could
hardly be evaluated. With NaC-SDS-borate and
7 M urea-SDS-borate buffers, cardiac glyco-

-3.0
-1
-3.2 |
-33
-3.4
-a5 1
-36 |
-37 /’,_‘
-3.8 -
-8.9 1 B_//,-—e————a
-4.0 -
41 ;:::—__:;‘:——‘—P
-42

pseudo-effective mobility metrs [ - 108 m2/Vs]

20..0 2.‘;.0 30.0

mM NaC
Fig. 6. Influencé of NaC concentration on m, s of primary
cardiac glycosides. @ =DC; B=1C; ®=Ggr; O=Gev;
A =PA; + =LA. Conditions as in Table II.
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Gat

Gdf
Gdm

Gdt

_—

3 6 mins

Fig. 7. Electropherograms of cardiac glycosides from
Digitalis lanata. Buffer, 30 mM Na,B,0,-50 mM SDS-20
mM y-CD (pH 9.3); capillary length, 0.75 m (0.45 m to the
detector); detection at 225 nm, range 0.002 (attenuation 4);
voltage, 20 kV; current, 38 uA; 30-s hydrostatic injection (0.1
m high). (A) Before glycosidase treatment; (B) after
glycosidase treatment; (C) with Gdm standard.

sides are sufficiently separated from both the
EOF and the micellar front (Table IV). We
obtained good and reproducible electrophero-
grams with these systems. However, the migra-
tion times differed considerably from those of
the standard samples. This difficulty could be
overcome by diluting the samples two-fold with
the electrophoresis buffer prior to the analysis
(Fig. 8). Nevertheless, it will remain necessary to
add internal standards for an exact identification
until more experience with this method is
gained.

TABLE IV
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Lc

Gdf

Gdm

T T
10 20 min

Fig. 8. Electropherogram of a crude cell extract from
Digitalis lanata. Buffer, 30 mM Na,B,0,-25 mM SDS-25
mM NaC (pH 9.3); capillary length, 0.7 m (0.4 m to the
detector); voltage, 20 kV; current, 40 pA; methanolic cell
extract diluted with electrophoresis buffer; other conditions
as in Fig. 2.

An alternative to the analysis of crude extracts
would be to carry out a preseparation by HPLC
and to separate further the fractions known to
contain two or more substances by MECC. This
would make identification of single compounds
easier and more reliable. We injected a DC-
containing fraction from an HPLC separation of
a Digitalis lanata leaf extract. In order to allow
on-line capillary detection in MECC, the 200-u1
fraction had to be concentrated twofold by
evaporation. Subsequently we were able to show
that the fractions contained no Ggr. This com-
pound is barely separated from DC by HPLC

SEPARATION OF TWO ANOMERIC GLYCOSIDES (Gdf AND Gdm)

Pseudo-effective mobilities, m s (x10° m*/V-s), and electroosmotic flow myq (x10® m*/V-s) (first line), elution number

(second line) and number of plates (third line).

Buffer Conditions Mo Gdf Gdm Dtgm
30 mM borate-50 mM SDS-20 mM y-CD (pH 9.3) 26 666 kV/m 5.6 -1.31 —1.18 -2.12
2 1 3
193 800 248700 61 600
22.5 mM borate-37.5 mM SDS-7 M urea (pH 9.3) 32050 kV/m 5.4 -4.23 —4.27 —4.98
1 2 3
135100 120 400 57 300
30 mM borate-25 mM SDS-25 mM NaC (pH 9.3) 28 570 kV/m 5.15 -35 -3.68 -3.81
1 2 3

23000 38 600 83700
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but has clearly different migration times in y-CD
and in NaC-modified MECC (data not shown).

DISCUSSION

CDs have been successfully applied for the
separation of several hydrophobic compounds.
They have been especially useful for chiral
separations in capillary electrophoresis. Nishi ez
al. [14] suggested that with the addition of
cyclodextrins to the electrophoresis buffer a new
equilibrium is established between the micellar
phase, the aqueous phase and the hydrophobic
cavity of the CDs.

Whereas the hydrophobic cavity of «-CD
appears to be too small for an interaction with
the cardiac glycosides, their migration behaviour
is clearly changed by B8-CD and y-CD. We could
not find an explanation for the observation that
two structurally related compounds (DC and
LC) migrated with very broad peaks, an effect
that was completely abolished with y-CD. The
separation efficiency with y-CD is higher than
that with B-CD. Separation in these systems is
based on a complicated dynamic equilibrium
between the borate complex in the aqueous
phase, inclusion in the CDs and solubilization by
the SDS micelles (Fig. 9).

Urea increases the solubility of hydrophobic
compounds in aqueous systems and can there-
fore also be used as a modifier of very lipophilic
molecules in MECC. Terabe et al. [6] investi-
gated the separation mechanism of urea-modi-
fied MECC and came to the conclusion that it is
mainly based on the shift of the partition equilib-
rium between aqueous and micellar phases. They
stressed that urea broadens the migration time
window and is therefore very suitable for high
resolution MECC.

Borate complex Micelle
K\\ ///K'
Cardiac glycosides
CD Inclusion

Fig. 9. Separation mechanism of CD-modified MECC.
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Bile salts seem to have a smaller solubilizing
effect than SDS, which makes them also suitable
for analyses of very lipophilic compounds. The
similar structure to the aglycones of the car-
denolides could make specific solubilization ef-
fects possible. Although a good separation with
NaC-borate buffers was not possible, the results
with the mixed NaC-SDS-borate buffer were
very good. It is possible that mixed micelles are
formed, the solubilization properties of which
are especially suitable for the separation of these
compounds [15]. An investigation of the solubili-
zation mechanisms of the different systems
would require more comparative analyses. Addi-
tional structural analysis of the cardenolides may
yield further information on their conformation
in different solvents.

All buffer systems investigated show a higher
separation efficiency for primary than for sec-
ondary cardiac glycosides. A number of explana-
tions for this observation are possible. Borate,
which is a constituent of all the buffer systems,
can interact better with the hydroxyl groups on
the terminal glucosyl residue on primary cardiac
glycosides. Additionally, this group of car-
denolides shows a greater polarity than secon-
dary cardiac glycosides, which could lead to a
better incorporation into the micelles.

We have shown in this paper that MECC can
be applied to the separation of Gdf and Gdgm,
two cardenolides of identical polarity that co-
migrate in HPLC. The resolution of these very
similar compounds could be readily achieved
without prior derivatization or hydrolysis. It is of
considerable advantage to have three different
MECC methods at hand for the analysis of
cardenolides. As there are obvious differences in
the solubilization behaviour of the buffers, a
sample could be run with different buffers to
ensure a reliable identification of a particular
compound.

Owing to wall adsorption and perhaps to
changes in the formation of micelles, crude tissue
extracts have proved to be difficult to analyse by
MECC. This is why so far only a few elec-
tropherograms of complex mixtures have been
published. We were able to achieve a very good
resolution with the NaC-SDS-borate and 7 M
urea—SDS-borate buffers, especially when the
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extracts were diluted with the electrophoresis
buffer.

CONCLUSIONS

MECC using the three different buffer systems
established allows a reliable separation and
identification of cardiac glycosides even if they
are inseparable by HPLC. It can be used for the
analysis of crude cell extracts and for the investi-
gation of HPLC fractions. The possibility of
injecting very small sample volumes broadens
the range of application of MECC when only
limited amounts of sample are available. MECC
can be recommended as a method for the routine
analysis of cardenolide-containing samples. It is
both more economical and less threatening to
the environment than HPLC, where large
amounts of acetonitrile are used. We conclude
that MECC has all the potential to become a
valuable tool for the investigation of the bio-
synthesis, transport and degradation of cardiac
glycosides.
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Simple device for electroelution of proteins from a
large number of pieces of polyacrylamide gel
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ABSTRACT

A device for electroelution of macromolecules that handles up to 96 different pieces of gel was constructed. The basic unit is
the electroelution plate containing the 96 electroelution chambers, which is made from a 96-well tissue culture plate with holes
bored in each individual well, both through the base of the plate and through the lid covering the plate. The electroelution plate
can be used either with a buffer tank equipped with platinum electrodes or with flat graphite electrodes. Using standard
conditions, 60-70% of the proteins with molecular mass less than 70 000 were eluted in 1 h.

INTRODUCTION

Preparative electrophoretic techniques include
preparative isoelectric focusing (IEF) in granu-
lated gels and focusing in gels containing immo-
bilized pH gradients. The recovery of proteins
using these methods usually involves a second
zone electrophoresis into an ion exchanger fol-
lowed by column chromatography [1]. Although
these methods have advantages such as high
resolution, even at high protein load, the proce-
dure is cumbersome and time consuming, espe-
cially when several samples are to be processed.

One-dimensional [sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-
PAGE)] [2] and two-dimensional (IEF-SDS-
PAGE) [3] gel electrophoresis of proteins are
powerful and widely used techniques for the
separation of proteins, especially for analytical
purposes [4,5]. These high resolution techniques
are also used for preparative purposes when the
amounts of proteins to be isolated are small.

In order to recover the separated proteins
from polyacrylamide gels, electroblotting is usu-

* Corresponding author.

0021-9673/93/$06.00

ally performed when amino acid sequencing or
detection by antibodies is later to be carried out.
However, if biological activities such as inhibi-
tion of cell growth or antigen stimulation of
T-cells are to be tested, it would be favourable to
elute the proteins into a buffer solution [6]. Such
electroelution of macromolecules from poly-
acrylamide gels is usually time consuming and
needs some care in implementation, e.g., when
putting small pieces of gel into dialysis tubes for
electroelution [7]. Currently available commer-
cial equipment for electroelution handles only a
relatively small number of pieces of gel, and
other methods are designed to process several
pieces of gel containing the same protein [8] or
whole polyacrylamide gels [6]. In this paper, we
describe a simple device for the electroelution of
proteins that handles a variable number of pieces
of gel (1-96) and that can easily be made in any
laboratory.

EXPERIMENTAL
Chemicals

Standard protein molecular mass markers
(SDS-6H) (Sigma, St. Louis, MO, USA) con-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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taining myosin (M, 205000), B-galactosidase
(116 000), phosphorylase B (98 000), bovine al-
bumin (66 000), ovalbumin (45 000) and carbonic
anhydrase (29000) were used for quantitative
analysis. The standard proteins were dissolved in
Laemmli sample buffer [2] giving a protein
concentration of 2.0 mg/ml. Prestained molecu-
lar mass markers (SDS-7B) (Sigma), used for the
preliminary testing of the device, ranged from
M, 26 000 to 180 000.

The electroelution buffer was 190 mM glycine—
25mM Tris base as described previously for
electroblotting [9].

Preparation of pieces of gel

Pieces of polyacrylamide gel were made by
polymerizing acrylamide-bisacrylamide (30:0.8)
solution containing 0.4 M Tris—HCl (pH 8.8)
and 0.1% SDS in a glass tube of 5 mm L.D. In
the present experiments, 7% polyacrylamide gels
containing 1.0 mg/ml of total protein were used.
After polymerization, 2 mm pieces of gel were
cut from the gel cylinder and placed in the
electroelution chambers. Each piece of gel con-
tained ca. 45 pg of total protein.

Description of the device

The main part of the device is the electroelu-
tion plate containing the electroelution cham-
bers, which is made from a flat-bottomed 96-well
tissue culture plate (Costar, Cambridge, MA,
USA). The electroelution plate can be used in a
buffer tank made of acrylic plastic (Fig. 1B)
equipped with platinum electrodes, where the
cathode is in the bottom of the tank and the
anode in the top lid. When electroelution is
carried out, the chambers are separated from the
outside buffer by agarose plugs in the bottom
and a semipermeable membrane at the top. In
order to press the membrane tightly to the wells,
the plate lid with the two glued acrylic rods is
pressed on to the electroelution plate using
rubber bands (Fig. 1A, top view).

The electroelution plate can alternatively be
used with flat graphite electrodes (Novablot)
(LKB-Pharmacia, Uppsala, Sweden), with the
cathode as the lower and the anode as the upper
electrode (Fig. 1C). With the semipermeable
membrane covering the top of the wells, the

A
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ocoogqpoodpooo
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ooodpoogqpooo
ocoodpoodpooo
coogdpoodpooo
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6
5
P B = e 3
— i
a1
B
o

Fig. 1. Description of the electroelution device. (A) Below is
a side view of the electroelution plate with the electroelution
chambers (wells). The plate (1), membrane (2), lid with
holes (3) and electroelution chamber (4) are shown. Above
is a top view of the plate lid showing the holes and the acrylic
rods (5) used to keep the lid close to the plate with rubber
bands (6). (B) Side view of the set-up using the buffer tank.
The plate with the membrane and lid (1) is kept in place on
the stand (2) by the acrylic rod (3) and rubber bands (4).
The electrodes (5) are in the bottom of the tank and on the
tank lid. The enlarged diagram of one electroelution chamber
shows the agarose plug (6) with an agarose droplet (7), the
piece of gel (8), the membrane (9) and the lid (10). (C) Side
view of the set-up using the graphite electrodes. The plate
(1) with the membrane (2), the wetted filter-papers (3) and
the electrodes (4) are shown. The enlarged diagram of one
electroelution chamber shows the agarose plug (5), the gel
piece (6), the membrane (2) and the wetted filter-papers (3).

electroelution plate is placed between wet filter-
papers. The plate lid is not required as the
membrane is pressed tightly to the wells by the
mass of the graphite electrode (anode).

Set-up for electroelution
In order to prepare the device for use in the
buffer tank, the bottom of the electroelution
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plate was first sealed with Parafilm (American
Can, Greenwich, CT, USA) and molten 1%
agarose (in electroelution buffer) was transferred
into the wells that were to be used for electroelu-
tion. The amount of agarose depends on the
desired elution volume, and in the present ex-
periments 100-u1 agarose plugs were used. After
the agarose had solidified, the plate was turned
upside down and the Parafilm removed. Droplets
of molten agarose were placed on the plugs to
prevent gas bubbles from adhering to the aga-
rose plugs during the electroelution process.
After the agarose droplets had solidified, the
plate was again turned and the pieces of gel
containing the macromolecules to be electro-
eluted were placed in the wells, which sub-
sequently were filled with electroelution buffer.
A semipermeable membrane was placed over the
wells, taking care not to introduce any air
bubbles, and the lid was pressed on to the
membrane and tightened to the plate with rub-
ber bands. The whole plate was immersed in the
buffer tank containing buffer just above the plate
level, and the plate was anchored to the tank
with rubber bands and an acrylic rod as shown in
Fig. 1B. Finally, the buffer tank was filled with
the electroelution buffer and the top lid with the
anode was put in place.

When the electroelution plate was used with
flat graphite electrodes, agarose plugs were made
as described for the application of the buffer
tank. However, to ensure a flat surface of the
base of the plate, agarose droplets were not used
(Fig. 1C, enlargement). Ten Whatman (Maid-
stone, UK) 1IMM filters were wetted in electro-
elution buffer and. placed on the lower cathode.
The electroelution plate, containing the pieces of
gel and buffer, was then placed on top of the
filters and the semipermeable membrane was
carefully fitted on top of the plate, making sure
that no air bubbles were trapped inside the
chambers. Ten wet filter-papers were laid on the
membrane and finally the anode was put on top.

Electroelution and analysis of eluate

To investigate the time course of the process,
electroelution was carried out in the buffer tank
with a constant current of 200 mA (0.7 mA/
cm®). At time intervals, 25- and 100-u1 samples

were collected using a Hamilton syringe to
penetrate the semipermeable membrane. The
polarity of the current was reversed for 30 s prior
to sample taking in order to reduce the amount
of protein bound to the membrane. The col-
lected samples were mixed with an equal volume
of twofold concentrated sample buffer (2xSB)
and subjected to analysis by 10% SDS-PAGE
[2]. The gel was stained with Coomassie Brilliant
Blue and the proteins were determined by
videodensitometric scanning (CREAM) (Kem
En Tec, Copenhagen, Denmark).

When graphite electrodes were used, electro-
elution was performed with a current of 0.8
mA/cm® as described for electroblotting by the
manufacturer. Electroelution was carried out for
1 h, after which the polarity of the current was
reversed for 30 s. The anode, the wet filter-
papers and the semipermeable membrane were
carefully removed and samples of 50 ul of the
eluted proteins were collected, mixed with an
equal volume of 2xSB and subjected to analysis
by SDS-PAGE as described.

RESULTS

In order to follow the electroelution process
visually, preliminary experiments were per-
formed in the buffer tank using pieces of gel
containing prestained markers. It was observed,
as expected, that the eluted proteins concen-
trated just below the semipermeable membrane.
Initially, some leakage between the electroelu-
tion chambers and the membrane was observed,
but this was avoided by applying a thin layer of
silicone grease around the top of each chamber.

When the time course of the electroelution
process was investigated, pieces of gel containing
standard protein mixture were placed in the
wells and electroeluted using the buffer tank.
Fig. 2 shows a plot of the amount of the various
proteins eluted versus electroelution time. The
results clearly show that electroelution
proceeded more rapidly with low- than with
high-molecular-mass proteins. After 60 min, 55—
61%. of the molecules with M <70000 were
eluted, whereas only 13% of phosphorylase B
(98 000) and 11% of B-galactosidase (116 000)
were eluted. When electroelution was carried out



332 H.K. Vefring and A. Osland | J. Chromatogr. 635 (1993) 329-333

100 ¢

Protein eluted (% of total)
o
a

60 120 180

Time (min)

Fig. 2. Time course of the electroelution process using the
buffer tank. Standard proteins were electroeluted for the
times indicated and determined by SDS-PAGE and densito-
metric scanning. O = carbonic anhydrase (M, 29000);
A =ovalbumin (45000); O=bovine serum albumin
(66 000); ® = phosphorylase b (98 000), A = B-galactosidase
(116 000).

for an additional 2 h, 65-70% of the proteins
with M, <70 000 were eluted, hence a relatively
small additional yield of these proteins was

100

Protein eluted (% of total)
3
H
——

(1M

29 45 66 88 116

Molecular mass x 10

Fig. 3. Electroelution using graphite electrodes. Standard
proteins were electroeluted for 1 h and determined by SDS-
PAGE and densitometric scanning. The average values
(£S.D.) obtained from five different pieces of gel from the
same run are shown.

observed. Regarding the higher molecular mass
proteins, 28% of phosphorylase B (98 000) and
20% of B-galactosidase (116 000) were recovered
in 3 h whereas no myosin (205000) was de-
tected.

When electroelution was performed using the
graphite electrodes, 60—70% of the proteins with
M, 29000, 45000 and 66 000 were eluted in 1 h
(Fig. 3). Electroelution of the proteins with M,
98 000 and 116 000 was not very efficient, releas-
ing only 5-15% of the total protein in 1 h.
Myosin (205 000) was not detected. The results
obtained with the graphite electrodes were thus
similar to those obtained by applying the buffer
tank.

DISCUSSION

We have described a device for the electroelu-
tion of macromolecules from a large number of
pieces of gel. The device has a simple construc-
tion and can easily be made in any laboratory. It
is also flexible in use, as any number of pieces of
gel between 1 and 96 can be processed. In
addition, when electroelution is carried out with
the graphite electrodes (Novablot), three elec-
troelution plates can be placed adjacent to each
other, allowing up to 288 pieces of gel to be
processed simultaneously.

Even though electroelution of molecules with
M_>70000 was a slow process, the device has
proved to be beneficial for the elution of mole-
cules with M, <70000, especially when total
recovery is not important. In 1 h, more than
60% of these molecules were eluted. An im-
proved recovery of the high-molecular-mass pro-
teins might be obtained by prolonging the elec-
troelution time or by modifying the buffer, e.g.,
by adding SDS.

The format of the electroelution plate is com-
patible with enzyme immunoassay plates and cell
culture plates, hence samples can easily be
transferred to these for further testing or pro-
cessing. We suggest that the device described
here can also be used for electroelution of DNA
fragments from pieces of agarose gel as well as
for rapid buffer exchange of samples containing
macromolecules.
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ABSTRACT

Distributions of molecular mass of cellulose and chitin were determined by size-exclusion chromatography (SEC) using 5%
(w/w) lithium chloride~N,N-dimethylacetamide as an eluent. The peak positions in SEC patterns of the cellulose samples used
corresponded well to their molecular masses, which were measured by a viscometric method using cupriethylenediamine. Thus,
the packed gel consisting of styrene-divinylbenzene copolymer was found to be applicable to the SEC analysis of cellulose and
chitin, when 5% (w/w) lithium chloride—N,N-dimethylacetamide was used as the solvent for polysaccharides and as the cluent.
The elution patterns obtained in this SEC system indicated that the molecular mass of commercial chitins prepared from crab
shell is much higher than that of cotton, and that the chitins have two peaks of distribution of molecular mass.

INTRODUCTION

Many kinds of aqueous and non-aqueous sol-
vent systems for cellulose or chitin have been
reported so far. Although depolymerization of
the polysaccharide molecules occurs to a greater
or lesser extent in most systems during and/or
after the preparation of cellulose or chitin solu-
tions, some of the solvent systems may be
applicable to the media for determining mo-
lecular mass and distribution of molecular mass
of cellulose or chitin. Cupriethylenediamine
(CED, ca. 0.5 M) is generally used as an
aqueous solvent for cellulose samples to deter-
mine their molecular mass by the viscosity meth-

* Corresponding author.
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od, and carbanilation of all hydroxyl groups of
cellulose samples followed by size-exclusion
chromatography (SEC) using tetrahydrofuran as
an eluent is well accepted as the method for
obtaining their distribution of molecular mass
[1,2]. On the other hand, a few solvent systems
have been found for chitin, but only the lithium
chloride-N,N-dimethylacetamide (LiCl-DMAc)
system is applicable to viscosity measurements of
chitin samples. However, so far no papers have
reported the measurement of distribution of
molecular mass of chitin samples.

Since the LiCl-DMAc system can dissolve
cellulose, chitin, and other many polysaccharides
with little depolymerization [3-8], this system
may be used as the solvent for cellulose and
chitin samples for size-exclusion chromatography
without any derivatizing steps for the polysac-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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charides. The molecular masses and distributions
of molecular mass of some cellulose samples
have been estimated by SEC using 0.5% (w/w)
LiCI-DMACc as an eluent [9]. In this study, the
LiCl-DMAc system was applied to SEC of
cellulose and chitin, using an SEC column of
copolymer gel consisting of styrene—divinyl-
benzene.

EXPERIMENTAL

Chemicals and solvents

N,N-Dimethylacetamide and lithium chloride
of analytical-reagent grade were purchased from
Wako (Osaka, Japan).

The 10% (w/w) LiCl-DMAc solution was
prepared by the addition of a predetermined
amount of LiCl to DMAc at 80°C with stirring,
and the LiCI-DMACc solution thus prepared was
kept at 80°C in order to avoid partial precipi-
tation of LiCl.

Cellulose and chitin samples

The cellulose samples used were cotton, re-
generated cellulose prepared from ramie [10],
microcrystalline cellulose powder (Avicel; Asahi
Chemical, Tokyo, Japan) and a low-molecular-
mass cellulose prepared by homogeneous hy-
drolysis of microcrystalline cellulose powder with
phosphoric acid [11] (Table I). The viscosity-
average degrees of polymerization (DP,) of the
cellulose samples were evaluated from their
intrinsic viscosities, which were measured using
0.5 M CED as the cellulose solvent, by the
following equation [12}:

TABLE I

VISCOSITY-AVERAGE DEGREES OF POLYMERI-
ZATION (DP,) OF CELLULOSE SAMPLES

EI;V values were calculated from intrinsic viscosities mea-
sured in 0.5 M CED, according to [7] =0.581 x DP" [12].

Cellulose sample DP,
Cotton 1690
Regenerated ramie 1190
Microcrystalline cellulose powder 240
Low-molecular-mass cellulose 9
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[n] = 0.571 x DP**°

Two commercial chitin samples with powder
and particle forms prepared from crab shell were
used (PSH and CLH, respectively; Yaizu Suisan
Kagaku, Shizuoka, Japan).

Preparation of cellulose and chitin solutions
Cellulose solutions in 5% (w/w) LiCI-DMAc
were prepared as follows: (1) a dry cellulose sam-
ple of 10 mg was suspended in 10 ml of 10% (w/
w) LiCI-DMAC; (2) the mixture was heated at
80°C until the cellulose sample was sufficiently
swollen (ca. 0-24 h, depending on the molecular
mass of the cellulose samples); (3) 10 ml of
DMAc were added to the mixture to adjust the
concentration of the solution to 5% (w/w) LiCl-
DMACc; and (4) a clear cellulose solution was ob-
tained after the mixture was kept at room tem-
perature for several days with occasional swirling.
Chitin solutions were prepared by stirring a
mixture of a dry chitin sample of 10 mg and 20 .
ml of 5% (w/w) LiCl-DMACc at room tempera-
ture, as described by Terbojevich et al. [7].

Apparatus and conditions

A high-pressure pump of the single-plunger
type (Milton Ray, New York, USA) with a
pressure reservoir and a differential refractome-
ter (R401; Waters, Milford, MA, USA) was used
for the SEC system. A packed SEC column
consisting of styrene—divinylbenzene copolymer
gel (TSK-gel GMHXL; 10 um particle size,
300 x 7.8 mm 1.D.; Tosoh, Tokyo, Japan) was
used at room temperature. The column was
originally packed with acetone, because it was
specially designed for SEC with dimethyl sul-
phoxide as an eluent. Thus, the solvent in the
column was exchanged stepwise from acetone to
5% (w/w) LiCI-DMAc, using DMAc and 0.5%,
1.0% and 3.0% (w/w) LiCl-DMAc, and 5%
(w/w) LiCI-DMAc was used as the eluent for
the column. The solvents for SEC were degassed
using an ultrasonic apparatus. The injection
volume and the flow-rate for SEC were 0.26 ml
and 0.1 ml/min, respectively. The concentrations
of cellulose or chitin in 5% (w/w) LiCi-DMACc
for SEC were ca. 0.05% (w/w). Before injection,
all samples were filtered through a membrane
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tec PTFE, average pore diameter of 0.50 pm;
Toyo Roshi Kaisha, Tokyo, Japan).

RESULTS AND DISCUSSION

Since standard samples of neither polystyrene
nor polyethylene oxide for SEC were soluble in
the LICI-DMACc system, a calibration curve for
the column with the LiCI-DMAc¢ system could
not be obtained by the usual method. Then
cellulose samples with various DP, values were
subjected to column chromatography in order to
obtain the following information: (1) the possibi-
lity of using the column system described in this
study for SEC analysis of polysaccharides and
(2) distribution of molecular mass of cellulose
samples.

The size-exclusion chromatograms of cellulose
samples dissolved in 5% (w/w) LiCl-DMAc
showed that those cellulose samples with higher
DP, values (Table I) had SEC patterns with
higher molecular mass (Fig. 1). Thus, the elution
patterns of celluloses in this system are probably
governed by their molecular mass, and therefore
this system may be applicable to SEC of polysac-
charides without any derivatizing steps. Further-
more, the distribution of molecular mass of
cotton was relatively narrow in comparison with
that of regenerated ramie, and the low-molecu-

~——— ]

1 I I I | )
5 6 7 8 9 0 11 12

Elution volume, ml

Fig. 1. SEC patterns of celluloses in 5% (w/w) LiCI-DMAc.
Cellulose_samples; (a) cotton; DP, = 1690, (b) regenerated
ramie; DP, = 1190, (c) microcrystalline cellulose; DP, = 240;
and (d) low-molecular-mass cellulose; DP, = 9. A large peak
due to the solvent components of cellulose samples always
appears at the end of the SEC patterns, and a part of the
elution pattern of low-molecular-mass cellulose is overlapped
by the large peak.
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lar-mass cellulose also had a sharp distribution
pattern. These results are very consistent with
those obtained by SEC analysis of carbanilates of
cellulose samples [13].

As shown in Fig. 2, although two chitin
samples had similar elution patterns, the chitin
PSH had slightly higher molecular mass than that
of the chitin CLH. Since 1 and 2 days were
required for complete dissolution of the chitins
PSH and CLH, respectively, in LiCl-DMAc at
room temperature, the longer dissolution treat-
ment may bring about the slight depolymeriza-
tion of the chitin CLH.

The void volume and the total volume of the
same type of column, which were obtained using
tetrahydrofuran as the eluent, were 5.3 and 11.5
ml, respectively. However, the values using 5%
(w/w) LiCI-DMACc as the eluent could not be
obtained, because the usual standard samples
suitable for determining these values were in-
soluble in the LiCI-DMAc system. The peak
positions of the chitin samples indicate that they
had DP values much higher than those of the
cellulose samples used. Furthermore, the elution
patterns of chitins clearly showed two peaks with
relatively narrow distributions. Judging from the
elution patterns, the peak at the smaller elution
volume is not due to the void volume of this
column, but is probably due to the original
distribution of molecular mass of chitins. Since
the expansion parameters must be different to
some extent between cellulose and chitin mole-
cules in LiCI-DMAc, DP values of chitins may
not be directly comparable with those of cellu-

Elution volume, ml

Fig. 2.. SEC patterns chitins in 5% (w/w) LiClI-DMAc.
Chitin samples: (a) chitin PSH and (b) chitin CLH.
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loses on the basis of the elution volumes ob-
tained in this system. Nevertheless, chitin sam-
ples seem to have molecular mass much higher
than that of cotton (DP, = 1690), on the assump-
tion that both chitin and cellulose molecules
have similar molecular expansion states, which
are probably governed by their 8-1,4 glycoside
bonds. Since light-scattering analysis of chitins in
LiCl-DMACc revealed that they had DP values of
ca. 2500 [7], the relationship between the molec-
ular masses of chitins and those of celluloses,
obtained in the SEC analysis, is consistent with
the report. SEC analyses using LiCI-DMAc will
be further studied in order to establish the best
method for determining the molecular mass and
distribution of molecular mass of cellulose, chitin
and other polysaccharides.
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ABSTRACT

This paper describes a sensitive spectrofluorometric HPLC method suitable for determining picogram levels of B-N-oxalyl-
L-a,B-diaminopropionic acid (ODAP), a neurotoxin. Aqueous extracts of powdered Lathyrus sativus seeds were treated with
9-fluorenylmethyl chloroformate (FMOC) and the ODAP-FMOC derivative analyzed by reversed-phase chromatography using a
nBondapak C,; column. The excitation and emission wavelengths were 254 and 315 nm, respectively. The mobile phase was
sodium acetate buffer (0.05 M, pH 6.35)-acetonitrile (72:28, v/v) at a flow-rate of 1 ml/min. This method represents a major
advance over the standard spectrophotometric assays used currently.

INTRODUCTION

Lathyrism [1,2], a motor-neurone disease in
humans, is associated with excess consumption
of  B-N-oxalyl-L-a,B-diaminopropionic  acid
(ODAP), also known as BOAA [1] or by the
preferred IUPAC name L-2-amino-3-oxalyl-
aminopropanoic acid [3-6]. This compound is
present in the seed of Lathyrus sativus L., the
grass pea, a legume cultivated in India, Bangla-
desh and Ethiopia. It grows in poor soil and is
resistant to salt, flood and drought [7-9]. It is a

* Corresponding author.

staple food which is rich in protein. Lathyrus
constitutes a health hazard when alternative food
is in limited supply [4,10-12]. The concentration
of ODAP in seed is genetically controlled and
modified by environmental factors. It can range
from 0.1-0.4% in the dry seed [13].

Several methods have been described for de-
termination of ODAP including electrophoresis,
spectroscopy and high-performance liquid chro-
matography (HPLC) [14-18]. In this paper a
simple and precise method for the estimation of
ODAP in Lathyrus seed is presented based on a
HPLC-spectrofluorometric technique reported
earlier [18] which used gradient chromatography.
The method reported here is sensitive, reprodu-
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cible and utilizes precolumn derivatization with
9-fluorenylmethyl chloroformate (FMOC) [19]
followed by reversed-phase HPLC with fluores-
cence detection. The system is suitable for de-
termination of ODAP in seeds and could be used
to assay ODAP in animal tissue at sub-micro-
gram levels.

MATERIALS AND METHODS

The reference standard of ODAP was
provided by Dr. P. Nunn, Kings College, Lon-
don, UK. Lathyrus sativus seeds were obtained
from Dr. C. Campbell, Agriculture Canada
Research Station, Morden, Manitoba, Canada.
A standard amino acid mixture was obtained
from Sigma (St. Louis, MO, USA). FMOC was
purchased from Pierce (Rockford, IL, USA). All
other chemicals were analytical grade and sol-
vents were HPLC grade from Fisher Scientific,
Canada. Purified water was produced using a
Millipore Milli-Q unit. Purified water was pro-
duced using a Millipore Milli-Q unit. Aqueous
solvents were filtered through a 0.45-um mem-
brane prior to use.

HPLC analysis

All chromatographic studies utilized a Waters
HPLC system with a M45 pump and a U6K in-
jector. A 300 x 3.9 mm stainless steel wBonda-
pak C,; column, 10 pm particle size, (Waters
Chromatography Division, Millipore) was used.
A Shimadzu RF-535 variable-wavelength spec-
trofluorometer with a CR 501 integrating recor-
der was used for collection of data and their
analysis. The  excitation and emission
wavelengths were 254-and 315 nm, respectively.
The FMOC derivatives of sample and standard
were eluted using sodium acetate buffer (0.05 M,
pH 3.65)—acetonitrile (72:28, v/v) as the mobile
phase at a flow-rate of 1 ml/min at ambient
temperature of 23°C.

Preparation of derivative

A known amount of ODAP or sample was
derivatized by the addition of 1 ml borate buffer
(0.025 M, pH 9.6), 1 ml acetone and 0.1 ml
FMOC (0.1 M, freshly prepared in acetone).
The tube was vortex mixed for 2 min and
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derivatization was complete in 30 min at room
temperature. A 2-ml volume of hexane—ethyl
acetate (1:1) was added, vortex mixed for 30 s
and 1.3 ml of aqueous layer was collected. Since
the ODAP-FMOC derivative is soluble in ace-
tone and insoluble in hexane, diethyl ether, ethyl
acetate and chloroform, the aqueous layer was
taken for HPLC injection. To optimize the
derivatization conditions, concentrations of
FMOC up to 1.0 M were studied. Similarly,
2,3-diaminopropanoic acid (DAP) and a stan-
dard mixture of 17 amino acids were also de-
rivatized and analyzed.

Preparation of lathyrus seed extract

Aqueous extract of seed material was pre-
pared from 10-100 mg of seed powder. A 2-ml
volume of water was added and the sample was
placed on a mechanical shaker for 12 h. The
aqueous solution was separated after centrifuga-
tion (10 min at 3000 g in an IEC clinical
centrifuge) and subsequently filtered through a
5-um membrane; 5-10 ul of the extract were
used for derivatization and 10 ul of the product
were taken for HPLC analysis.

RESULTS AND DISCUSSION

As shown in Fig. 1, the retention time for the
ODAP-FMOC derivative was 8.4 min and for
unreacted FMOC 48.4 min. Peak areas corre-
sponding to ODAP-FMOC were recorded. The
precision of the method was assessed by re-
peated analyses of samples containing known
concentrations of ODAP. The relative standard
deviation for within-day precision ranged from
6.3 to 8.7% (n=4). The day-to-day variation
observed in peak area was in the range of 8.1 to
11.5%. There was also some variation in the
retention time of the ODAP-FMOC peak rang-
ing from 8.1 to 8.6 min. Hence standard samples
of known ODAP concentration were required on
each day. The ODAP-FMOC derivative eluted
before the DAP-FMOC or any of the amino
acid-FMOC derivatives from a lathyrus extract
or standard plant amino acid mixture. The
reason for selecting DAP and the amino acid
mixture was to identify any possible interference
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Fig. 1. A typical chromatogram of ODAP-FMOC and DAP-
FMOC derivatives using a pBondapak C,; column.

from these compounds with the ODAP-FMOC
peak. Furthermore, DAP is the hydrolysis prod-
uct of ODAP and any aqueous plant extract
would contain amino acids as normal con-
stituents. DAP exists in two isomeric forms and
the doublet peaks at 12.3 and 13.2 min possibly
correspond to their FMOC derivatives.

The amount of FMOC selected for derivatiza-
tion was based on preliminary experiments which
showed that the molar concentration of FMOC
should be at least 100 times that of ODAP.
Hence, 0.1 ml of a 0.1 M solution was used and
found adequate for the reaction to be complete.

A typical chromatogram of the derivatized
seed extract is shown in Fig. 2. It shows the
presence of a number of peaks including the
FMOC derivatives of amino acids, secondary
metabolites and other normal constituents of an
aqueous seed extract [20,21]. To reduce the total
elution time of these compounds the column was
flushed with pure acetonitrile 20 min after injec-
tion. The system was then re-equilibrated with
45 ml of the mobile phase before the next
injection. Concentrations were determined by
estimation of peak areas with reference to
calibration curve for derivatized ODAP (corre-
lation coefficient = 0.9745, intercept = —32.191
and the slope = 27543.6, linear up to 14 nmol of
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Fig. 2. A typical chromatogram of the FMOC-derivatized
seed extract using uBondapak C,; column.

ODAP). The detection limit was found to be 15
pmol on column.

This HPLC-spectrofluorometric procedure
showed that the average ODAP content of the
Lathyrus sativus seed samples studied was 0.33
g/100 g of seed material. Breeding programs
designed to eliminate ODAP from lathyrus seed
may adopt this method for analysis of seed with
very low levels of ODAP.

CONCLUSIONS

HPLC combined with spectrofluorometry can
be used for the detection and quantitative esti-
mation of pmol amounts of ODAP in Lathyrus
seed. This technique is suitable for estimation of
neurotoxic content of individual seeds from a
single pod which is desirable for selection and
breeding Lathyrus varieties with low ODAP
content. This represents a major advance over
spectrophotometric methods conventionally used
to assay this compound in plant material.
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ABSTRACT

A procedure for the preparative resolution of (E)- and (Z)-norgestimate (17B-acetyloxy-13-ethyl-18,19-dinorpregn-4-en-20-yne
3-oxime) using flash chromatography is described. A longer column and less polar solvents were applied to overcome the small
AR,(0.05) for the isomers of norgestimate. The optical rotations of the E and Z isomers were +4.7° and +94.7° (in CHCL,),
respectively. The E/Z isomer ratio in the mixture was found to be 1.5 both by "H NMR spectrometry (4-olefinic H peaks) and by
measurement of optical rotations. The validity of the above two methods was confirmed by the calibration graphs obtained with
the resolved isomers. The properties of the resolved isomers are discussed with a comparison with those for testosterone

oxime.

INTRODUCTION

Since the early 1970s, many «,B-unsaturated
ketoximes of steroids have emerged as better
drugs than their ketosteroids [1-3]. Some of
them, such as norgestimate (17B-acetyloxy-13-
ethyl-18,19-dinorpregn-4-en-20-yne 3-oxime) (1),
are widely in use as oral contraceptives. These
compounds are the E and Z isomers of
3-ketoximes, as two peaks were observed by
HPLC with tablets [4] and in pharmacokinetic
studies [5]. Norgestimate is used as a contracep-
tive. However, the physical properties and bio-
logical activities of (E)- and (Z)-norgestimate

* Corresponding author. Present address: Department of
Chemistry, Catholic University of America, Washington,
DC 20064, USA.

0021-9673/93/$06.00

have never been characterized, so it was consid-
ered necessary to study the different properties
and to elucidate the different biological effects of
these different isomers.

As all the A*-3-one oximes are very similar
with respect of the differences in their isomers,
the clinically important norgestimate was chosen
as an example of a,B-unsaturated 3-ketoximes to
study the E and Z isomers. These isomers have
been separated as cyclodextrin inclusion com-
plexes by HPLC on a cyanopropylsilica station-
ary phase [6]. Subsequently, the same group
reported the separation of these isomers by
conventional and overpressure TLC [7]. Only a
few micrograms of isomers, which is insufficient
to characterize their spectral and physical prop-
erties, can be obtained by these methods. Flash
chromatography: [8] was employed tentatively to
separate the E and Z isomers of 1 on a prepara-
tive scale.

© 1993 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Melting points were determined with the capil-
lary method and are uncorrected. 'H NMR
spectra were recorded on a JEOL FX-90Q or
Variant VXR-300 Fourier transform NMR spec-
trometer. C*°HCl, was used as the solvent, while
and tetramethylsilane (TMS) served as the inter-
nal standard. Optical rotations were measured in
a 1-dm cell on a Perkin-Elmer Model 271
polarimeter at 589 nm (Na D line). UV spectra
were obtained with a Shimazu UWV-260 spec-
trophotometer. Mass spectra (electron impact
mode, 100 eV) were measured on a VG-25-255
spectrometer. Microanalyses were carried out
using a Perkin-Elmer Model 240-C elemental
analyser. Microspherical silica gel [40-63 um
(230-400 mesh)] (similar to Merck silica gel 60,
according to the manufacturer) used for flash
chromatography and silica gel GF,;, for TLC
were purchased from Shandong Jime Chemical
Factory.

17B- Acetyloxy-13-ethyl-18,19-dinorpregn-4-en-
20-yne 3-oxime (1)

One-pot synthesis of 1 from 178-hydroxy-13-
ethyl-18,19-dinorpregn-4-en-20-yn 3-one gave a
total yield of 80% [9]. Compound 1 (white
solid): m.p. 214-216°C (lit. [10] m.p. 214-
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218°C); [a]5 (CHCL,) = +40° (lit. [10] +41°); 'H
NMR (300 and 90 MHz), 8 8.35 (s, broad,
disappeared/°H,0, 1 H, =NOH), 6.58 [s, 0.4 H,
(Z)-4-olefinic H], 592 [s, 0.6 H, (E)-4-
olefinic H], 2.60 (s, 1 H, -C=CH), 2.04 (s, 3 H,
~OCOCH,), 1.00 (t, 3 H, 18-CH,).

Separation of 1a and 1b

A column with an I.D. of 2.5 cm was used and
50-100-meshs and was added to cover the bot-
tom of the column (ca. 1 cm depth). A slurry of
silica gel in light petroleum (b.p. 30-60°C) was
poured into the column, giving a height of silica
in the column of 25 cm. The column was washed
with light petroleum (b.p. 30-60°C)-diethyl
ether (2:1) (less polar than the developing sol-
vent used for TLC; see Table I) for 20 min at
atmospheric pressure. A 300-mg amount of 1
was dissolved in CH,Cl, and mixed with 1 g of
silica gel. After the mixtures had dried complete-
ly, they were placed on the top of the column.
Eluent [light petroleum (b.p. 30-60°C)—diethyl
ether (2:1)] was added to the column and the
pressure of nitrogen applied to the column was
adjusted so as to make the surface of the solvent
in the column fall at ca. 5 cm/min [8]. The eluate
was collected in 10-ml fractions using an au-
tomatic fraction collector. TLC was used to
monitor the appearance of the compounds. The
elution was terminated after all the isomers in
the mixture had been washed off the column
according to the TLC examination. Fractions
with the same components were combined and
concentrated by rotary evaporation under vac-
uum at ambient temperature. Comncentration
nearly to dryness afforded 1a, 1b or a la-1b
mixture as while solids.

Fraction 1: (E)-1, -1a. Yield 120 mg (40%),
m.p. 214-216°C, [a]5 = +4.7°; '"H NMR (90
MHz), & 8.20 (s, broad, disappeared/*H,0, 1 H,
=NOH), 5.88 (s, 1 H, 4-olefinic H), 2.59 (s, 1 H,
-C=CH), 2.04 (s, 3 H, -OCOCH,), 1.00 (t, 3 H,
18-CH,); MS, m/z (relative intensity, %) 369
(M*, 23), 340 (M™ +1-NO, 100), 310 (M™ -
OCOCH,, 42). Analysis: calculated for
C,H;NO,, C 74.70, H 8.46, N 3.79; found C
75.02, H 8.55, N 3.74%.

Fraction 2: (Z)-1, -1b. Yield 106 mg (35%),
m.p. 219-221°C, [a]y = +94.7°; '"H NMR (90
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MHz), 6 7.64 (s, broad, disappeared/*H,0, 1 H,
=NOH), 6.55 (s, 1 H, 4-olefinic H), 2.59 (s, 1 H,
—-C=CH), 2.04 (s, 3 H, -OCOCH,), 1.00 (t, 3 H,
18-CH,); MS, m/z (relative intensity, %) 369
(M™, 22), 340 (M" +1—NO, 100), 310 (M" —
OCOCH,;, 36). Analysis: calculated for
C,3,H;,NO,, C 74.70, H 8.46, N 3.79; found, C
74.66, H 8.72, N 3.78%.

In addition to 1a and 1b, 55 mg of 1 were
recovered as a mixture of 1a and 1b (yield 18%).
The total recovery yield of the separation was
93%.

RESULTS

In flash chromatography, eluent(s) giving R =
0.35 (in TLC with the same solvent) for the
centre of the mixtures and a 17-cm length of the
column have been suggested [8]. An R, value of
less than 0.19 was chosen in our work in order to
obtain a better resolution for the isomer mixture
with small AR (ca. 0.05). When a 25-cm column
(length increased from the commonly used 17
cm) and a less polar eluent were used, the
isomers of 1 were successfully resolved on a
preparative scale with nearly a quantitative re-
covery of 1. The purities of the isomers were
- determined by '"H NMR spectrometry because

TABLE 1

SOME PROPERTIES OF ISOMERS OF «,8-UNSATU-
RATED 3-KETOXIMES 1 AND 2

Parameter Norgestimate (1) Testosterone
oxime (2)
E V4 E z
R, in TLC 0.22° 0.17° 033" 0.20""
0.27""  0.24™"
M.p. (°C) 214-216 219-221  204-206 228-229
A,y (nm)? 241.0 243.0 241.5 243.0
'HNMR, 5, ,, 5.88 6.55 5.76 6.49
(ppm)

[¢]5(CHClL,)  +4.7 +94.7

“ Eluent: light petroleum (b.p. 30-60°C)~diethyl ether (3:2).

®Eluent: n-hexane-methyl ethyl ketone-diethylamine
(8:1:1).

° Eluent: benzene—ethyl acetate (3:1).

“1In ethanol.
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studies with some analogues of 1 showed that the
4-H chemical shifts are different for different
isomers [11,12]. Some properties of the E and Z
isomers (la and 1b), together with that of the
isomers of testosterone oxime (2), are given in
Table 1.

DISCUSSION

The differences in A,,,, in the UV spectra and
8, in the "H NMR spectra are consistent with
the results reported for some analogues [11,12],
Vviz., A (Z) = A (E)=2 nm and 8, 4(Z)—
8, u(E)=0.7 ppm. It was also found that the
absorption band is broader for the Z isomer than
the E isomer for 1, which is consistent with the
results reported for 2 [11]. This indicates an
accuracy in the determination of the E/Z iso-
mers ratio by HPLC [7,13] with detection at a
certain wavelength, as it is very likely that
different isomers could have different molar
absorptivities at the wavelength used.

The optical rotations of these isomers, which
have not previously been reported, were found
to differ (see Table I). Derivatization of the keto
group into an oxime does not introduce any
chiral centre. However, the optical rotations for
the E and Z isomers are different. First, as their
parent compound is optically active, it is not
surprising that the oximes showed optical activi-
ty. Second, the differing values of the optical
rotation for the two isomers might be explained
by the magnetic dipoles and electric dipoles
being different for E and Z isomers. From the
optical rotations of 1, 1a and 1b, we can calcu-
late that the E/Z isomer ratio (1a/lb) is 1.5.
This value is consistent with the result derived
from the ratio of the peak areas for the
4-olefinic-H signals in the 'H NMR spectra of
the different isomers. This E/Z ratio of 1.5 is
similar to the values reported for other ana-
logues [7,11]. The "H NMR and optical rotation
methods for the determination of the E/Z ratio
are reliable, because the calibration graphs for
both methods obtained with the resolved isomers
confirmed their validity.

It was found that 1a and 1b are stable in the
solid state and in non-polar solvents, such as
ethyl acetate and chloroform. No isomerization
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was detected over at least several weeks. How-
ever, rapid isomerization was observed in polar
solvents, such as methanol and acetone. The
equilibrium point (E/Z =1.5) can be achieved in
few days at ambient temperature. This is also the
reason why we chose a low polarity and low
boiling points of the eluents solvents in flash
chromatography for resolution. The E/Z isomer
ratio in the mixture or solution might be con-
trolled by the internal energies of the different
isomers. This may be understood in the future by
calculations of the energies of E and Z isomers
using appropriate molecular modelling software.

The binding of 1 to the progesterone and
androgen receptors (PR and AR) was found to
be different to that of its parent ketosteroid
[5,14]. This indicates that the =NOH group plays
an important role in the binding of 1 to PR and
AR. As the spatial arrangements of (E)- and
(Z2)-1 for O and H atoms in the 3-oxime sub-
stituent are very different, one can speculate that
the binding of 1a and 1b to the receptors could
not be the same. However, it is not feasible to
measure the relative binding affinity to receptors
of an individual isomer, as the species would
isomerize into each other in aqueous solution,
which cannot be avoided in the receptor binding
assay. The only way to study the binding to the
receptors is through molecular modelling, which
is under investigation.

In conclusion, a convenient and preparative
resolution of norgestimate (1) (or other «,B-
steroidal oximes) using flash chromatography has
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been developed. The studies of the characteris-
tics of the resolved isomers indicated that the
E/Z isomer ratio determined by HPLC may be
inaccurate owing to the different absorbances of
the two isomers at a certain wavelength. An
accurate and convenient method for determining
the E/Z isomer ratio is to use the 'H NMR
signals of the 4-olefinic hydrogen, which are
different for the E and Z isomers.
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ABSTRACT

The enantiomers of substituted tryptophans were examined by thin-layer chromatography on microcrystalline cellulose.
Aqueous solvents and liquid-liquid systems yielded essentially the same separations, suggesting that adsorption can play a role in

liquid-liquid (partition) systems in some instances.

INTRODUCTION

In previous work [1-3], we had been im-
pressed by the readiness with which tryptophan
enantiomers separate with aqueous solvents on
microcrystalline cellulose thin layers. The sepa-
rations and also those of enantiomers of methyl-
substituted- tryptophans were shown to be insen-
sitive to temperature and to salt concentration in
the solvent [1] and also to the salt used [2]. They
were, however, sensitive to the type of cellulose
used as adsorbent, native cellulose giving poorer
separations than microcrystalline cellulose [3].

Enantiomer separations have also been re-
ported with classical partition solvents such as
butanol-acetic acid-water by Dalgliesh [4] and
with polar solvents such as pyridine—ethanol-

* Corresponding author.

water by Yuasa and co-workers [5,6]. In view of
the differences in the chiral properties of various
celluloses, a comparison of adsorption and parti-
tion systems can only be made if the same adsor-
bent is used in both systems. We report here on
comparative results obtained on Merck DC Plas-
tikfolien plates (Art. 5577), which are made of
microcrystalline cellulose. We also report on a
number of substituted tryptophans that were not
available to us in previous work.

EXPERIMENTAL

All chromatograms were prepared by ascend-
ing development in glass containers with a tightly
closing lid on 20 cm X 20 cm DC Plastikfolien
plates (Merck Art. 5577), cellulose layer thick-
ness 0.1 mm. The sample solutions (in water)
were applied to the thin layer as fine lines (less
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than 1 mm wide) by means of PTFE paint
brushes size 00. With capillaries the porosity of
the layers produces much larger zones. After a de-
velopment of about 100 mm the chromatograms
were exposed to iodine vapour (in a desiccator),
which produced brown spots that copied well on
a photocopier. This proved to be a much better

TABLE 1
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means of documentation than reaction with
ninhydrin and subsequent photography.

RESULTS AND DISCUSSION

The results obtained with substituted trypto-
phans are shown in Table I and Figs. 1 and 2.

R, VALUES OF SUBSTITUTED TRYPTOPHANS ON MERCK DC PLASTIKFOLIEN CELLULOSE PLATES

Compound Solvent
1 M NaCl Pyridine-ethanol-water Butanol-acetic acid—water
(1:1:1) (4:1:5)
D- L- AR, D- L- AR, D- L- AR,
4-Methyltryptophan 0.33 0.25 0.08 0.52 0.42 0.10 0.50 0.45 0.05
5-Methyltryptophan 0.35 0.27 0.08 0.54 0.48 0.06 0.53 0.49 0.04
6-Methyltryptophan 0.33 0.26 0.07 0.55 0.47 0.08 0.52 0.48 0.04
4-Fluorotryptophan 0.47 0.39 0.08 0.60 0.53 0.07 0.54 0.50 0.04
5-Fluorotryptophan 0.48 0.42 0.06 0.64 0.59 0.05 0.52 >0.03
6-Fluorotryptophan 0.47 0.40 0.07 0.65 0.61 0.04 0.54 0.51 0.04
5-Hydroxytryptophan 0.31 0.25 0.06 0.48 0.41 0.07 0.30 0.28 0.02
o= .
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[ EatRe B
ST T Sy ¥ 2
oy
. s
S i s ¢ |
A : 9 é 4 5 6 ) l/F ; |
a b -~ c d . o

Fig. 1. Thin-layer chromatograms of (a) 4-, 5- and 6-methyltryptophan developed with 1 M NaCl; (b) 4-, 5- and 6-methyl-
tryptophan developed with ethanol-pyridine-water (1:1:1); (c) 4-, 5- and 6-fluorotryptophan developed with 1 M NaCl; and (d)
4-, 5- and 6-fluorotryptophan developed with ethanol-pyridine-water (1:1:1).
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There are a few notable features: (a) there is
little difference between “‘adsorption’” and ‘“‘par-
tition” chromatograms as far as the separation of
enantiomers is concerned; (b) a substituent in
the 5-position increases the R value and de-
creases the separation factor in most instances;
(c) the separation factors do not change much
with the various substituents; and (d) Yuasa and
co-workers’ polar solvent [5,6] separates enan-
tiomers as efficiently as an aqueous solvent,

TABLE I1

R, VALUES OF p- AND L-KYNURENINE ON MERCK
DC PLASTIKFOLIEN CELLULOSE PLATES

Solvent D- L- AR,

1 M NaCl 0.61 0.54 0.07
Ethanol-pyridine—water (1:1:1) 0.51 0.43 0.08
Butanol-acetic acid—water (4:1:5) 0.55 0.50 0.05

Ethanol-butanol-water:

2:1:2 0.46 0.34 0.12
1:1:1 0.50 0.39 0.11
5:3:7 0.57 0.47 0.10
5:1:9 0.65 0.54 0.11

a b c..

Fig. 2. Thin-layer chromatograms of 5-hydroxytryptophan
with different loadings on each layer (most on right, least on
left): (a) developed with 1 M NaCl; (b) developed with
ethanol—pyridine-water (1:1:1); (c) developed with butanol-
acetic acid-water (4:1:5).

whereas Dalgliesh’s less polar mixture [4] gives
smaller R, differences.

The results for kynurenine are given in Table
II. Several butanol-ethanol-water mixtures
were also tried and those rich in ethanol and
water gave even larger R differences for the
enantiomers than an aqueous solvent.

These results pose a problem for the theory of
chromatography. It is generally assumed that the
cellulose in partition (i.e., liquid-liquid) chro-
matography plays the role of an inert support. In
the treatise by Copius Peereboom [7], com-
parisons are listed between experimental parti-
tion coefficients and those calculated from paper
chromatograms by various workers for amino
acids, sugars, organic acids and steroids, and in
all instances the agreement is excellent. Similar
work was also done by Eliseeva [8] with inor-
ganic ions with equally good agreement. Even
for water-miscible solvents, Martin [9] postulated
a ‘‘partition mechanism” if one considers the
stationary phase to be like a saturated solution of
a sugar.

However, this work clearly presents an excep-
tion. For strongly adsorbed compounds, adsorp-
tion and hence also chiral discrimination can still
be functioning in addition to the liquid-liquid
mechanism, which without doubt is the major
contributor to most separation effects obtained
in solvents such as butanol-acetic acid—water.
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Liquid chromatography—mass spectrometry, by W.M.A. Niessen and J. van der Greef, Marcel Dekker,
New York, 1992, VI + 479 pp., price US$ 165.00 (USA and Canada), US$ 189.75 (rest of world),

ISBN 0-8247-8635-1.

This is a soundly written book from two well
known experts in the field who manage to
convey a sense of depth and comprehensiveness
in the way they approach this timely subject. The
topic is really a “hot” item in analytical chemis-
try and developments and changes in this area
are certainly taking place at a surprising pace. In
fact, at the time of writing the manuscript the
authors themselves acknowledge that owing to
the considerable progress to be expected in the
field, the text would need updating even by its
appearance date. Considering the very recent
developments, for instance in high-flow electro-
spray, this was indeed an accurate prediction.

Nevertheless, the text covers under five main
headings with a total of 20 chapters virtually
everything there is to know about the coupling of
liquid chromatography to mass spectrometry, pro-
viding an accurate and thorough perspective of the
various hybrid systems existing on the market.

The General Introduction gives both a brief
but sufficient overview of the individual tech-
niques of liquid chromatography and mass spec-
trometry and a summarized but informative
account of the interfacing of the two systems. In
this regard, general logistic problems and solu-
tions are included with a very good discussion of
important practical aspects such as flow splitting
and miniaturization of LC systems. This is all
covered in the first 80 pages of text and is
followed by a very detailed 218-page presenta-
tion of interface technology covering, after a
general and thorough overview, each and every
one of the known interfaces.

This information is addressed in eight chapters
containing abundant and clear illustrations on
the moving belt interface, direct liquid intro-

duction, thermospray, continuous-flow fast atom
bombardment, the particle beam interface, elec-
trospray and ionspray, supercritical fluid chroma-
tography—mass spectrometry and capillary elec-
trophoresis—mass spectrometry. Each of these
chapters provides a very detailed account of the
technology and physical principles behind the
various interfaces and also presents a summary
of data on applications, tabulated in a very
useful form for rapid reference. Pertinent bib-
liographic references can be found up to articles
that appeared in 1991, which is indeed a major
effort for a book appearing early in 1992. Also,
the different ionization methods and mechanisms
on which these interfaces are based are discussed
in five information-rich chapters dealing with
electron impact, chemical ionization, ion evapo-
ration, fast atom bombardment and induction of
fragmentation by collision techniques.
Although, as indicated by the authors, the book
is focused on strategies and principles of operat-
ion rather than on a simple revision of applications,
there is a chapter illustrating the applicability
of LC-MS interfaces, emphasizing the state of
the art for qualitative and quantitative analysis
and limitations in general. Well documented
cases of pharmaceutical, biochemical and environ-
mental applications are reviewed, demonstrating
the use of LC-MS in solving real problems that
are difficult to approach by CG-MS techniques.
Finally, even though each chapter ends with
specific conclusions and perspectives, the book
incorporates a final major heading devoted to
these considerations. Both final chapters within
this heading would by themselves be very useful
to those already working or considering future
work with LC-MS systems. Accordingly, the



350 E. Gelpi | J. Chromatogr. 635 (1993) 349-350

book is destined to become an indispensable trometry end, provided, of course, that they can
source of knowledge and practical information to afford the relatively high price.

users approaching the field of LC-MS from .
either the chromatography or the mass spec- Barcelona (Spain) Emilio Gelpi
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The book Trace Metal Analysis and Speciation,
edited by 1.S. Krull (Department of Chemistry,
Barnett Institute, Northeastern University, Bos-
ton), arose from a mini-symposium held in 1987
at the Eastern Analytical Symposium in New
York. It appeared to the organizers that the
material presented was certainly worth collection
and presentation in the format of a book. This
was an excellent idea and the result presented
here is of great value.

The scope of this book has been carefully and
well targeted. Total metal determination by vari-
ous spectroscopic techniques is already a well
beaten path and the Editor has evidently well
avoided following it. The field of speciation is
most often the privilege of expert laboratories.
Here, all their very different expertise is
gathered, offering to the reader a considerable
expansion of analytical possibilities addressing
the area of trace metal determinations and
speciation. All chapters are written by leading
experts in the field. They cover coupled systems
between the most recent techniques both with
respect to the different types of chromatography
(gas or liquid) and the various type of detectors.
In all nine chapters, general fundamentals of the
separation techniques used are given. Interfaces
are described when needed. General good criti-
cisms with regard to the limits and pitfalls of
tandem systems are presented. Applications to
real samples are discussed whenever possible.
The many figures, tables and lists of references
will allow the reader to obtain a good start to
solving his or her particular speciation problem.

The titles of the chapters are as follows: Chro-
matography—element-selective detection; inter-
facing of gas chromatography with microwave-
induced plasma emission detection (GC-MIP);

Determination of organometallic compounds in
environmental samples with element-specific de-
tectors; Chromatographic sample introduction
for plasma mass spectrometry; The future of
intelligent spectrometers in speciation by atomic
emission spectrometry; Inductively coupled plas-
ma mass spectrometry for element-selective de-
tection in liquid chromatography; The use of
complexing eluents for high-performance liquid
chromatographic determination of metal species;
Instrumentation and procedures for the long-
term monitoring of metal ions in industrial ef-
fluents by liquid chromatography with electro-
chemical detection; Ion chromatographic specia-
tion of trace metals; and Interfacing of GC-
HPLC with direct current plasma (DCP) emis-
sion spectroscopic detection for trace metal anal-
ysis and speciation.

Chapter 1. This chapter deals with the inter-
facing of gas chromatography with microwave-
induced plasma (MIP) emission detection for the
determination of metals. It offers a comprehen-
sive overview of the different approaches of
interfacing between both gas (GC) and liquid
chromatography (HPLC) with MIP. Application
of these techniques to the chromatographic de-
tection of metal is very well described. An excel-
lent discussion on the possible use of metal
chelates of sufficient volatility will inform the
reader of the wide range of applications and
errors associated with the chromatographic de-
tection of metals after derivatization with com-
plexing ligands such as 2,4-pentanedione
(acetylacetone) and its fluorinated derivatives.

Chapter 2. A very wide array of technical
solutions have been adapted for the determina-
tion of organometallic compounds. This chapter
has the difficult task of covering all main trends
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developed. Here also both gas and liquid chro-
matography interfaced with various detectors are
discussed (mainly atomic absorption or plasma
emission detectors). A good perspective is given
of hydride generation methods. Many examples
referring to arsenic speciation are given and most
particularly with HPLC-ICP techniques. It is
obvious that the author has mastered these tech-
niques well and can provide useful criticisms with
regard to the potential and limitations of each
trend.

Chapters 3 and 5. The combination of these
two chapters provides a complete overview of
the various possibilities of coupling between
either gas or liquid chromatography and ICP-
MS. Direct practical considerations make these
contributions of great interest. These two chap-
ters should have been consecutive in the arrange-
ment of the book. They both give a short state-
ment of the fundamentals of ICP-MS operation.
Procedures for interfacing gas and liquid chro-
matography with the ICP-MS system are well
described. Environmental applications of arse-
nic, tin and mercury speciation are given using
HPLC-ICP-MS systems. Gas chromatography
coupled to ICP-MS is also well commented upon
with a special mention of the combination of
GC-MIP-MS and its application to the determi-
nation of halogenated compounds. Chromato-
graphic procedures to minimize interferences are
discussed and results for trace metal determina-
tions in sea water are mentioned.

Chapter 4. The authors of this chapter pro-
vide the reader with a comprehensive overview
of the possibilities and problems associated with
improved detection systems for plasma emission
detection. Multi-channel array and charge-trans-
fer detectors are described and their respective
advantages and weaknesses discussed. Special
emphasis is placed on the applications of the
charge-injection device to the simultaneous
multi-element emission analysis of chromato-
graphic eluents.

Chapter 6. This and all the subsequent chap-
ters cover the field of metal speciation applying
liquid separation methods prior to detection.
The first part of this chapter is an excellent and
extensive review of recent metal cation separa-
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tion techniques involving HPLC coupled with
UV or fluorimetric detection. The numerous
complexing agents, postcolumn reactions, appli-
cations to real samples, detailed descriptions and
comments provide the reader with a complete
overview of the possibilities of this analytical
approach. The second part of the chapter de-
scribes the mathematical and fundamental as-
pects of retention in HPLC separations based on
ion-exchange-type mechanisms.

Chapter 7. Here the detection mode consid-
ered after metal separation by liquid chromatog-
raphy is electrochemistry. The author describes
the principles and pitfalls of an automated sys-
tem designed to monitor the effluents of indus-
trial activities or rivers. It is based on chroma-
tography and on-line electrochemistry of metal
complexes. Optimization of the formation of
dithiocarbamate complexes with regard to full
automation is discussed with respect to the type
of application. Finally, several real examples are
described and discussed adding to the value of
the work presented.

Chapter 8. Metal speciation is treated here
using ion chromatographic separation techniques
interfaced with various detectors including ICP-
AES. An extensive review of the various tech-
niques used for ion chromatography, referring
more specifically to ion-exchange chromatog-
raphy or ion-pair chromatography, are de-
scribed. Most of the emphasis of this chapter is
directed towards applications to the speciation
of Cr(IILVI), Fe(ILII), As(IILV), Te(1V),
Se(IVVI), V(IVV), Sn(1L,IV), Hg(I,II) and ele-
ments such as AI(IIT), Au(I, III), Cu(LII) and
Mg(ILIII) in various samples.

Chapter 9. This last chapter is complementary
to Chapters 1, 2, 3 and 5. It focuses on the
determination of organometallic compounds of
tin or mercury in real samples such as fish. The
advantages of GC interfaced to a flame ioniza-
tion or a direct current plasma (DCP) detector
are presented with many practical details. Simi-
larly, the possibilities of HPLC with on-line hy-
dride generation and DCP detection applied to
organotin detection in various type of samples
are well presented, discussing clearly the possibi-
lities, limits and pitfalls of the technique. A very
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detailed conclusion gives good highlights of the
future potential coupled systems based on chro-
matography and DCP detectors.

Speciation is the future of trace metal determi-
nation. This book is certainly published at the
right time and will contribute to expanding this
specific domain of analytical chemistry by pro-

353

viding the reader with an insight into the future
and information on the wide range of possibili-
ties available to date. It should be on the shelf of
anyone concerned with trace metal determina-
tion in general.

Olivier F.X. Donard

Talence (France)
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ANNOUNCEMENTS

10th LC-MS MONTREUX SYMPOSIUM, ITHA-
CA, NY, USA, JULY 21-23, 1993 AND SHORT
COURSE ON LC-MS, SFC-MS AND CE-MS,
JULY 19-20, 1993

The 10th Montreux Symposium on LC-MS, SFC-
MS, CE-MS and MS-MS will deal with all areas of
these topics including technical developments with
on-line and off-line aspects, theoretical consider-
ations and applications of the techniques in environ-
mental, clinical and pharmaceutical analysis and
other fields.

Sub-topics will be introduced by plenary and in-
vited research lectures, followed by oral and poster
presentations. A major portion of the symposium will
be devoted to panel and group discussions on the
state-of-the-art LC-MS, SFC-MS, CE-MS and MS-
MS.

Abstracts may be submitted until June 1, 1993.
The registration fee for the symposium is US$ 495.

An introductory course in LC-MS, SFC-MS and
CE-MS will be offered on the two days preceding the
symposium.

Topics to be covered include:

o Ionization methods;

o LC-MS interfaces: principles, techniques and
applications of:

° Continuous flow FAB

. 635, No.2

NEWS SECTION

° Thermospray LC-MS

Particle beam interfaces
Electrospray/ionspray interfaces

° APCI

Novel interfaces

® LC-MS-MS: principles and applications;
e SFC-MS;

e CE-MS.

Registration fee for the short course will be US$
525 (US$ 475 for symposium attendees). The deadline
for course registration is June 1, 1993.

For further information contact: Dr. Jack Henion,
Drug Testing and Toxicology Program, NY State Col-
lege of Veterinary Medicine, Cornell University, 925
Warren Drive, Ithaca, NY 14850, USA. Fax: (+1-607)

INTERNATIONAL ION CHROMATOGRAPHY
SYMPOSIUM 1993, BALTIMORE, MD, USA,
SEPTEMBER 12-15, 1993

The scientific program will cover the following
general topic areas:

e Environmental applications;

e New instrumentation and phases;

e Applications;

e Fundamental principles; and,

e Industrial applications.



Abstracts are welcomed describing original research
in areas including;
o Ion analysis in the electrical generation industry;
® Separation selectivity and column technology;
e Interactions at the capillary-wall interface and
ion separations;
Air and water monitoring;
Theoretical aspects of IC;
Special sample treatment procedures;
Detection techniques;
Selectivity modification in CE;
Carbohydrate separations;
Process monitoring;
Pharmaceutical applications; and,
Applications to waste management problems.
The registration fee is US$ 350 for speakers; US$
250 for full-time university registrants (faculty or stu-
dent); and US$ 575 for participant registration prior
to July 1, 1993. A US$ 50 surcharge will apply to all
registrations paid after July 1, 1993.

Paper- and poster presenters are invited to submit
a manuscript for inclusion in the proceedings which
will be published as a special issue of the Journal of
Chromatography. Instructions for manuscript prep-
aration will be provided upon acceptance of an ab-
stract.

For further information contact: Century Interna-
tional, P.O. Box 493, Medfield, MA 02052, USA. Tel.:
(+1-508) 359-8777; Fax: (+1-508) 359-8778.

8th SYMPOSIUM ON SEPARATION SCIENCE
AND TECHNOLOGY FOR ENERGY APPLICA-
TIONS, GATLINBURG, TN, USA, OCTOBER 24~
28,1993

Topics to be emphasized at this symposium are:

e Solvent extraction;

e Adsorption, ion exchange, and chromatography;
® Membrane separations;

® Separation methods for waste management; and,
e Novel or new separation techniques.

Papers on any topic in separation science will be
considered for presentation at the symposium.
Anyone interested in presenting a paper at one of the
sessions should submit a 200-250 word abstract no
later than April 1, 1993.

A special poster session is being scheduled for the

presentation of selected papers on the session topics
indicated, as well as for the description of significant
advances in other areas of separation science.

The registration fee for regular attendees is US$
275.

For further information contact: Dr. J.T. Bell, Oak
Ridge National Laboratory, P.O. Box 2008, Oak
Ridge, TN 37831-6223, USA. Tel.: (+1-615) 574-
4934; or, Dr. J.S. Watson, K-25 Plant, P.O. Box 2003,
Oak Ridge, TN 37831-7298, USA. Tel.: (+1-615)
574-6795.

ELECTROPHORESIS ’93, CHARLESTON, SC,
USA, NOVEMBER 7-10, 1993

The program of this symposium will bring together
experts to examine new developments, theories and
applications of electrophoretic techniques dealing
with all aspects of electrophoresis as it relates to the
separation and detection of bioproducts, such as: 2D,
capillary, DNA, genetics, PCR, analytical clinical
forensics, imaging, preparative, biotechnology, detec-
tion, gels, molecular biology, and sequencing,.

The comprehensive program will include lectures,
poster presentations, stimulating discussion sessions,
workshops, new products and instrumentation exhi-
bits, student awards, best poster competition and so-
cial events.

Free practical workshops will be presented, begin-
ning Sunday, November 7, to all interested registrants.
Registration will be on a first-come, first-serve basis.

The deadline for submission of Abstracts is June 1,
1993.

For further details contact: Mrs. Janet Cunning-
ham, Electrophoresis 93, c/o The Electrophoresis So-
ciety, P.O. Box 279, Walkersville, MD 21793, USA.
Tel.: (+1-301) 898-3772; Fax: (+ 1-301) 898-5596.

13thINTERNATIONAL SYMPOSIUM ON HPLC
OF PROTEINS, PEPTIDES AND POLYNUCLE-
OTIDES, SAN FRANCISCO, CA, USA, NOVEM-
BER 30-DECEMBER 3, 1993

This international meeting will examine new de-
velopments and applications in the areas of HPLC
and other high resolution techniques for the analysis



of purification of proteins, peptides, and polynucleo-
tides. Sessions will also include advances in biophar-
maceutical, carbohydrate and lipid analysis. The
program will include invited and contributed lec-
tures, poster presentations and discussion sessions.

You are invited to submit abstracts describing
original research in areas including:

o Electrokinetic separations;

e Column technology and support materials;

e Protein conformation and chromatographic be-
haviour;

Polypeptide structural studies;

Protein purity and QC of recombinant proteins;
Polynucleotides;

Polysaccharides;

Membrane proteins;

Lipids and lipoproteins;

Affinity chromatography;

Analytical applications;

Sample preparation;

Preparative chromatography of bio-polymers;
High resolution electrophoresis;

Integrated purification systems;

Biospecific detectors;

Mass spectroscopy;

Process monitoring;

Recovery of recombinant proteins;
Protein—surface interaction;

Molecular biorecognition;

Isolation and purification techniques;
Regulatory issues and quality control;

Detection and amplification;

Electrophoresis;

Separation and protein engineering;

Membrane technology; and,

Special topics.
The Scientific Committee welcomes suggestions
for additional topics to be covered in the Symposium.
Abstracts must be submitted before July 1, 1993.
Proceedings will be published as a special symposium
volume of the Journal of Chromatography.

The registration fee is US$ 400 for advanced reg-
istration, US$ 450 for on-site registration, and US$
100 for students.

For further information contact: Ms. Paddy Bat-
chelder, Conference Manager, 7948 Foothill Knolls
Drive, Pleasanton, CA 94588, USA. Tel.: (+1-510)
426-9601; Fax: (+1-510) 846-2242.

INTERNATIONAL SYMPOSIUM ON PURITY
DETERMINATION OF DRUGS, STOCKHOLM,
SWEDEN, DECEMBER 6-8, 1993

The rapid development of analytical techniques
offers new possibilities to control the purity of drug
substances. Methods based on TLC, GC, LC, LC-
MS, CE and NMR are frequently used by the phar-
maceutical industry in order to establish purity. The
state of the art of these techniques and their relevance
in purity testing will be discussed during the sympo-
sium. The symposium is addressed to those who are
involved in development, quality control, registration
and monitoring of medicinal products as well as those
working on pharmacopoieal monographs.

Sessions will include such topics as:

Registration and pharmacopoieal requirements: ra-
tional impurity limits — an overview; viewpoints on
toxicological testing of impurities; purity of enanti-
omers—a regulatory point of view; quality re-
quirements on rDNA derived proteins.

Technics: overview on analytical techniques; aspects
on selectivity and detection in separation tech-
niques; peak purity and optimization of LC.

Poster session: modern TLC applied to drug analysis;
NMR-spectroscopy for structural determination
and purity control; the use of thermoanalytical
methods in pharmaceutical development; quanti-
tative aspects on CE.

Panel discussion: analytical aspects on packaging and
container material; classification of chiral station-
ary and mobile phases for LC; optimization and
validation of chiral LC methods.

Other sessions will include: purity and structural anal-
ysis of recombinant derived human insulin-like
growth factor I; identification of inorganic im-
purities in pharmaceutical material; residual
solvents; influence of impurities on the physico-
chemical properties of pharmaceutical materials;
and, purity determination of reference substances.

Poster abstracts may be submitted up to October 1,

1993.

For further information contact: The Swedish
Academy of Pharmaceutical Sciences, Symposium
on "Purity Determination of Drugs", P.O. Box 1136,
S-111 81 Stockholm, Sweden. Tel.: (+ 46-8) 245-085;
Fax: (+46-8) 205-511.



24th ANNUAL SYMPOSIUM OF THE INTER-
NATIONAL ASSOCIATION OF ENVIRON-
MENTAL ANALYTICAL CHEMISTRY,
OTTAWA, CANADA, MAY 16-19, 1994

This symposium will feature recent developments
in instrumentation, sample preparation and analyti-
cal techniques on all aspects of environmental chem-
istry (air, water, soil, sediments, food, biological
materials, etc.). The program will consist of invited
keynote speakers and contributed oral and poster
presentations. A special workshop on supercritical
fluid extraction for environmental analyses is also
planned.

For further information contact: Dr. M. Malaiyan-
di, CAEC, Chemistry Department, Carleton Univer-
sity, 1255 Colonel By Drive, Ottawa, Canada, K1S
5B6. Fax: (+1-613) 788-3749; or Dr. J.F. Lawrence,
Food Research Division, Banting Research Centre,
Health Protection Branch, Ottawa, Ontario, Canada,
K1A OL2. Fax: (+1-613) 941-4775.

COURSES

CHROMATOGRAPHIC FUNDAMENTALS
COURSE, KENT, OH, USA, JUNE 7-11, 1993

This course will provide a coherent overview of
chemical separations via chromatographic methods.
It is unique from most other short courses in that
material will be included on gas, liquid and thin-layer
methods. It will emphasize the three techniques as
complementary rather than competing processes.
The course will be a blend of fundamental informa-
tion on theory and instrumentation with emphasis
placed on the latest developments and trends. Addi-
tional periods will provide time to discuss practical
problems related to HPLC, GC, GC-MS, TLC and
CE instrumentation.

For further information contact: Dr. Carl J.
Knauss, Chemistry Department, Kent State Univer-
sity, Kent, OH 44242, USA. Tel.: (+1-216) 672-2327,
Fax: (+1-216) 672-3816.

ADVANCE EUROPEAN TRAINING COURSE
IN LIQUID CHROMATOGRAPHY AND CAP-
ILLARY ELECTROPHORESIS, MONTPEL-
LIER, FRANCE, SEPTEMBER 14-17, 1993

The aim of this European training course is to
disseminate the latest information and research
methodology in HPLC and related techniques to a
wide range of pharmaceutical, chemical, medical,
cosmetic and food enterprises.

This course will cover the following topics:

e Enantiomeric separations by chromatographic
techniques and CZE;

e Optimization in LC and expert systems;

e Capillary electrophoresis; and,

e Method, software and instrument validation in

LC.

The course will be given as lectures and workshops by
various specialists. Instrument demonstrations will
also be a feature of the course.

Simultaneous translation English-French and vice-
versa is provided.

The course fee is FF 4000.

For further information contact: Professor Fabre
or Dr. M.D. Blanchin, Laboratoire de Chimie Analy-
tique, Faculté de Pharmacie, 34060 Montpellier
Cedex 1, France. Tel.: (+33-67) 63-5432; Fax:
(+33067) 61-1622.

CALL FOR NOMINATIONS

CHIRALITY MEDAL

Nominations are invited for the Chirality Medal to
be awarded in 1993 at the 4th International Sympo-
sium on Chiral Discrimination in Montreal, Quebec,
Canada. The Chirality Medal was instituted by the
Italian Chemical Society in connection with the Inter-
national Symposium on Chiral Discrimination in
Rome 1991. This Medal is awarded to recognise dis-
tinguished achievement in any aspect of the field of
chiral discrimination. Nominations, together with a
short supporting statement, should be sent before 30
April 1993 to: Professor A.F. Fell, Secretary, Chirality
Medal Honours Committee, Pharmaceutical Chem-
istry University of Bradford, Bradford BD7 1DP, UK.



CALENDAR OF FORTHCOMING EVENTS

May 3-5,1993
Veldhoven, Netherlands
EURORESIDUE II—-Interna-
tional Conference on Residues of
Veterinary Drugs in Food
Contact: Dr. N. Haagsma, Sec-
tion of Food Chemistry, Depart-
ment of Food of Animal Origin,
Faculty of Veterinary Medicine,
University of Utrecht, P.O. Box
80.175,3508 TD Utrecht, Nether-
lands. Tel.: (+31-30) 535-
365/535-367; Fax: (+31-30)
532-365.

May 35,1993
Szombathely, Hungary
Sth Symposium on the Analysis of
Steroids

Contact: Professor S. Gorog,
c/o Chemical Works of Gedeon
Richter Ltd.,P.O. Box 27, H-1475
Budapest, Hungary. Tel.: (+36-
1) 1574-566; Fax: (+36-1) 1571-
578; Telex: 22-5067 richt h.

B May 4, 1993

Greenford, UK
Meeting on Capillary Chromato-
graphy

Contact: The Secretary, Suite
4, Clarendon Chambers, 32
Clarendon Street, Nottingham
NG1 5ID, UK. Tel.: (+44-602)
500-596; Fax: ( +44-602) 500-614.

May 9-14, 1993

Hamburg, Germany

17th International Symposium on

Column Liquid Chromatography
Contact: Gesellschaft Deut-

scher Chemiker, Abteilung Ta-

gungen, P.O. Box 900440,

Varrentrappstrasse 40-42, W-

6000 Frankfurt am Main 90, Ger-
many. Tel: (+49-69) 7917-360;
Fax: (+49-69) 7917-475.

May 24-28, 1993

Riva del Garda, Italy

15th International Sympsium on

Capillary Chromatography
Contact: Professor Dr. P. San-

dra, .O.P.M.S,, Kennedypark 20,

B-8500 Kortrijk, Belgium. Tel.:

(+32-56) 204-960; Fax: ( +32-56)

204-859.

May 25-27, 1993
Ghent, Belgium
Sth International Symposium on
Quantitative Luminescence
Spectrometry in Biomedical
Sciences

Contact: Dr. Willy R.G.
Baeyens, Symposium Chairman,
University of Ghent, Pharmaceu-
tical Institute, Harelbekestraat
72, B-9000 Ghent, Belgium. Tel.:
(+32-91) 218-951, ext. 246; Fax:
(+32-91) 217-902.

B May 25-27, 1993

San Diego, CA, USA
Pollution Prevention Conference
on Low- and No-VOC Coating
Technologies

Contact: Coleen Northeim,
Research Triangle Institute, P.O.
Box 12194, Research Triangle
Park, NC 27709-2194, USA. Tel.:
(+1-919) 541-5816.

B May 27-28, 1993
Riva del Garda, Italy
2nd European Symposium on
Analytical Supercritical Fluid
Chromatography and Extraction

Contact: Professor Dr. P. San-
dra, 1.O0.P.M.S,, Kennedypark 20,
B-8500 Kortrijk, Belgium. Tel.:
(+32-56) 204-960; Fax: ( +32-56)
204-859.

June 24,1993
Stockholm, Sweden
International Symposium on
Analysis of Peptides

Contact: Swedish Academy of
Pharmaceutical Sciences, Sym-
posium on "Analysis of Peptides",
P.O. Box 1136, S-111 81 Stock-
holm, Sweden. Tel.; ( +46-8) 245-
085; Fax: (+46-8) 205-511.

June 24, 1993
Sandefjord, Norway
ICES-ELPHO °’93, Meeting of
the International Council of Elec-
trophoresis Societies

Contact: Professor Nils Olav
Solum, Research Institute for In-
ternal Medicine, Rikshopitalet,
Pilestredet 32, N-0027 Oslo, Nor-
way. Tel.: (+47-2) 868-226; Fax:
(+47-2) 868-303.

B June 7-11, 1993
Kent, OH, USA
Chromatographic Fundamentals
Course

Contact: Dr. Carl J. Knauss,

Chemistry Department, Kent
State University, Kent, OH
44242, USA. Tel.: (+1-216) 672-
2327; Fax: (+1-216) 672-3816.

June 14-16, 1993

Arlington, VA, USA

Prep ’93, 10th International Sym-
posium on Preparative Chroma-

tography



Contact: Washington Chroma-
tography Discussion Group, c/o
Barr Enterprises, P.O. Box 279,
Walkersville, MD 21793, USA.
Tel.: (+1-301) 898-3772; Fax:
(+1-301) 898-5596.

1 June 20~-25,1993

Loughborough, UK
Short Course in Radioisotope
Techniques

Contact: Miss C.L. Archer,
Course Secretary, Loughborough
University of Technology, Lough-
borough, Leicestershire LE11
3TU, UK. Tel.: (+44-509) 222-
581.

June 27-July 1, 1993
Santa Barbara, CA, USA
Fullerenes 93, 1st International
Interdisciplinary Colloquium on
the Science and Technology of
the Fullerenes

Contact: (for North America)
Kim Cavellero, Pergamon Semi-
nars, 660 White Plains Rd, Tarry-
town, NY 10591-5153, USA, or:
(for UK and all other countries),
Gill Spear, Pergamon Seminars,
c/o Elsevier Advanced Technol-
ogy, Mayfield House, 256 Ban-
bury Road, Oxford OX2 7DH,
UK. Tel.: (444 865) 512242; Fax:
(+44 865) 310981

June 29-July 4, 1993
York, UK
XXVIII Colloquium Spectros-
copicum Internationale

Contact: XXVIII Colloquium
Spectroscopicum Internationale,
Department of Chemistry (CSI
Secretariat), Loughborough
University of Technology, Lough-

borough, Leicestershire LE11
3TU, UK. Tel.: (+44-509) 222-
575; Fax: (+44-509) 233-163;
Telex: 34319.

July 11-14, 1993
Crete, Greece
6th International Symposium on
Polymer Analysis and Charac-
terization

Contact: Judith A. Sjoberg,
Professional Association Man-
agement, 815 Don Gaspar, Santa
Fe, NM 87501, USA. Tel.: (+1-
505) 989-4735; Fax: (+1-505)
989-1073.

July 11-15, 1993
Brno, Czech Republic
Chemometrics III, 3rd Czech
Chemometric Conference
Contact: Dr. Josef Havel, De-
partment of Analytical Chem-
istry, Masaryk University,
Kotlarska 2, CS-61137 Brno,
Czech Republic. Tel.: (+42-5)
7129-284; Fax: ( + 42-5) 740-108.

M July 19-20, 1993
Ithaca, NY, USA
Short Course on LC-MS, SFC-
MS and CE-MS
Contact: Dr. Jack Henion,
Drug Testing and Toxicology
Program, NY State College of
Veterinary Medicine, Cornell
University, 925 Warren Drive,
Ithaca, NY 14850, USA. Fax:
(+1-607) 255-3235.

H July 21-23, 1993
Ithaca, NY, USA
10th LC-MS Montreux Sympo-
sium
Contact: Dr. Jack Henion,
Drug Testing and Toxicology

Program, NY State College of
Veterinary Medicine, Cornell
University, 925 Warren Drive,
Ithaca, NY 14850, USA. Fax:
(+1-607) 255-3235.

July 26-29, 1993
Washington, DC, USA
107th Annual International
Meeting and Exposition of the
AOAC

Contact: Margaret Ridgell,
AOAC, 2200 Wilson Blvd., Suite
400, Arlington, VA 22201-3301,
USA. Tel.: (+1-703) 522-3032;
Fax: (+ 1-703) 522-5468.

BAug. 22-27,1993
Newport, RI, USA
1993 Gordon Conference on Re-
active Polymers, Ion-Exchangers
and Adsorbents

Contact: Professor Csaba

Horvith, Department of Chemi-
cal Engineering, Yale University,
P.O. Box 2159 Yale Station, New
Haven, CT 06520, USA. Tel.:
(+1-203) 432-2217; Fax: (+1-
203) 432-4360.

Aug. 23-27,1993
Budapest, Hungary
9th Danube Symposium on Chro-
matography

Contact: Symposium Secreta-
riat, Professor L4szl6 Szepesy,
Department of Chemical Tech-
nology, Technical University of
Budapest, Budafoki it 8., H-1521
Budapest, Hungary. Tel.: (+36-
1) 186-9000; Fax: (+36-1) 181-
2755; Telex: 225931 muegy h.

Aug. 23-27,1993
Calgary, Canada
9th International Conference on
Fourier Transform Spectroscopy



Contact: Conference Office,
The University of Calgary, 2500
University Drive NW, Calgary,
Alberta T2N 1N4, Canada. Tel.:
(+1-403) 220-5051; Fax: (+1-
403) 289-7287.

Aug. 24-27,1993
Boston, MA, USA
EPRI/EPA/DOE 1993 SO Con-
trol Symposium

Contact: Electric Power Re-
search Institute, Attn: Pam Tur-
ner, Conference Coordinator
P.O. Box 10412, Palo Alto, CA
94303-9743, USA.

Aug. 29-Sept. 3,1993
Bratislava, Czech Republic
9th International Symposium on
Advances and Application of
Chromatography in Industry
Contact: Department of Ana-
Iytical Chemistry, Slovak Techni-
ca University, Radinského 9, 812
37 Bratislava, Czech Republic.
Tel.: (+42-7) 560-43; Fax: (+42-
7) 493-198.

Sept. 5-11, 1993
Edinburgh, UK
EUROANALYSIS VIII, 8th Eu-
ropean Conference on Analytical
Chemistry

Contact: Miss P.E. Hutchin-
son, Analytical Division, The
Royal Society of Chemistry, Bur-
lington House, Piccadilly, Lon-
don W1V 0BN, UK. Tel.: (071)
4378656; Fax: (071) 734-1227,
Telex: 268001.

H Sept. 7-10, 1993
Guildford, UK
10th International Bioanalytical
Forum on Biofluid and Tissue

Analysis for Drugs, including Hy-
polipidaemics

Contact: Guildford Academic
Associates, 72 The Chase, Guild-
ford GU2 5UL, UK. Tel. (N/A
early June) & Fax: (+44-483)
65324.

Sept. 7-10, 1993
Verona, Italy
12th Internation Symposium on
Biomedical Applications of
Chromatography and Electro-
phoresis and 2nd International
Symposium on the Applications
of HPLC in Enzyme Chemistry
Contact: Dr. Franco Tagliaro,
Istituto di Medicina Legale,
Universita di Verona, Policlinico,
1-37134 Verona, Italy. Tel.: ( +39-
45) 807-4618/807-4246; Fax:
(+39-45) 505-259.

Sept. 8-10,1993
Prague, Czech Republic
4th Workshop on Chemistry and
Fate of Modern Pesticides and
Related Pollutants

Contact (for Eastern Euro-
pean countries): Dra. J. Hajslova,
Department of Food Chemistry
and Analysis, Institute of Chemi-
cal Technology, Suchbatarova 5,
166 28 Prague 6-Dejvice, Czech
Republic. Fax: (+42-2) 311-4769.
For all other countries, contact:
IAEAC, M. Frei-Hiusler, P.O.
Box 46, CH-4123 Allschwil 2,
Switzerland. Fax: (441-61) 482-
0805.

Sept. 12-15, 1993
Baltimore, MD, USA
1993 International Ion Chromato-
graphy Symposium

Contact: J.R. Strimaitis, Cen-
tury International, P.O. Box 493,

Medfield, MA 02052, USA. Tel.:
(+1-508) 359-8777; Fax: (+1-
508) 359-8778.

M Sept. 13-17,1993

Loughborough, UK
Workshop in Liquid Scintillation
Counting

Contact: Dr. Peter Warwick,
Nuclear Chemistry Laboratories,
Loughborough University of
Technology, Loughborough, Lei-
cestershire LE11 3TU, UK. Tel.:
(+44-509) 222-585; Fax: (+44-
509) 233-163.

H Sept. 14-17, 1993

Montpellier, France
Advance European Training
Course in Liquid Chromato-
graphy and Capillary Electro-
phoresis

Contact: Professor Fabre or
Dr. M.D. Blanchin, Laboratoire
de Chimie Analytique, Faculté de
Pharmacie, 34060 Montpellier
Cedex 1, France. Tel.: (+33-67)
63-5432; Fax: (+33067) 61-1622.

Sept. 19-22, 1993
Montreal, Canada
4th International Symposium on
Chiral Discrimination

Contact: Chiral Secretariat,
Conference Office, McGill
University, West Tower, Suite
490, Montreal, Quebec H3A 1B9,
Canada. Tel.: (+1-514) 398-
3770; Fax: (+1-514) 398-4854.

Sept. 19-22, 1993

Research Triangle Park, NC,
USA

2nd National Symposium on Pla-
nar Chromatography: Modern
Thin-Layer Chromatography



Contact: Mrs. Janet Cunning-
ham, Barr Enterprises, P.O. Box
279, Walkersville, MD 21793,
USA. Tel.: (+1-301) 898-3772;
Fax: (+1-301) 898-5596.

Sept. 29-Oct. 1,1993
Lausanne, Switzerland
International Symposium on Phy-
tochemistry of Plants used in
Traditional Medicine

Contact: Professor K. Hos-
tettmann, Institut de Pharmacog-
nosie et Phytochimie, Ecole de
Pharmacie, Université de Lau-
sanne, BEP, CH-1015 Lausanne,
Switzerland. Tel.: (+41-21) 692-
2861; Fax: (+41-21) 692-2880.

M Oct. 11-13, 1993
St. Louis, MO, USA
Chiral Separations Short Course
and Workshop

Contact: Professor D.W. Arm-
strong, University of Missouri-
Rolla, 142 Schrenk Hall, Rolla,
MO 65401, USA. Fax: (+1-314)
341-6033.

B Oct. 24-28, 1993
Gatlinburg, TN, USA
8th Symposium on Separation
Science and Technology for En-
ergy Applications ‘
Contact: Dr. J.T. Bell, Oak
Ridge National Laboratory, P.O.
Box 2008, Oak Ridge, TN 37831-
6223, USA. Tel: (+1-615) 574-
4934 or (+1-615) 574-6874. Or,
Dr. J.S. Watson, K-25 Plant, P.O.
Box 2003, Oak Ridge, TN 37831-
7298, USA. Tel.: (+1-615) 574-
6795.

E Nov. 7-10, 1993
Charleston, SC, USA
ELECTROPHORESIS *93
Contact: Mrs. Janet Cunning-
ham, ELECTROPHORESIS 93,
c/o The Electrophoresis Society,
P.O. Box 279, Walkersville, MD
21793, USA. Tel.: (+1-301) 898-
3772; Fax: (+1-301) 898-5596.

ENov. 30— Dec. 3, 1993

San Francisco, CA, USA
13th International Symposium on
HPLC of Proteins, Peptides and
Polynucleotides

Contact: Ms. Paddy Bat-
chelder, Conference Manager,
7948 Foothill Knolls Drive, Pleas-
anton, CA 94588, USA. Tel.:
(+1-510) 426-9601; Fax: (+1-
510) 846-2242.

B Dec. 6-8,1993
Stockholm, Sweden
International Symposium on
Purity Determination of Drugs
Contact: The Swedish Acade-
my of Pharmaceutical Sciences,
Symposium on "Purity Determi-
nation of Drugs", P.O. Box 1136,
S-111 81 Stockholm, Sweden.
Tel.: (+46-8) 245-085; Fax:
(+46-8) 205-511.

Feb. 22-25, 1994

Antwerp, Belgium

HTC 3 — 3rd International Sym-

posium on Hyphenated Tech-

niques in Chromatography
Contact: Congress Secretariat,

Dr. R. Smits, p/a BASF Antwer-

pen N.V,, Central Laboratory,

Scheldelaan, B-2040 Antwerp,

Indicates new or amended entry.

Belgium. Tel.: ( +32-3) 568-2831;
Fax: ( +32-3) 568-3250.

May 8-13, 1994
Minneapolis, MN, USA
HPLC ’94: 18th International
Symposium on Column Liquid
Chromatography

Contact: Mrs. Janet Cunning-
ham, Barr Enterprises, P.O. Box
279, Walkersville, MD 21793,
USA. Tel.: (+1-301) 898-3772;
Fax: (+1-301) 898-5596.

B May 16-19, 1994

Ottawa, Canada
24th International Symposium of
the International Association of
Environmental Analytical Chem-
istry

Contact: Dr. M. Malaiyandi,
CAEC, Chemistry Department,
Carleton University, 1255 Colo-
nel By Drive, Ottawa, Canada,
K1S 5B6. Fax: (+1-613) 788-
3749; or Dr. J.F. Lawrence, Food
Research Division, Banting Re-
search Centre, Health Protection
Branch, Ottawa, Ontario, Cana-
da, K1A OL2. Fax: ( +1-613) 941-
4775.

June 20-24, 1994
Bournemouth, UK
20th International Symposium on
Chromatography

Contact: Executive Secretary,
The Chromatographic Society,
Nottingham Polytechnic, Burton
Street, Nottingham, NG1 4BU,
UK. Tel.: (+44-602) 500-596;
Fax: (+44-602) 500-614.



Announcing...

International
Ion Chromatography
Symposium 1993

September 12-15, 1993
Hyatt Regency Inner Harbor
Baltimore, Maryland USA

PROGRAM CHAIRMAN:
Richard M. Cassidy
Chemistry Department
University of Saskatchewan Telephone: 306/966-4668
Saskatoon, SK Canada S7N OWO0 Fax: 306/966-4730

SESSION TOPICS
m Separation Selectivity and Column Technology
m Developments in Separation Methodology
m Advances in Detection
® Special Sample Treatment Procedures
m Novel Applications
m Carbohydrate Separations
® Process Monitoring and Control
m Separation of Metal lons
m Pharmaceutical Applications
m Environmental Applications
® lon Analysis in the Electrical Generating Industry
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