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Liquid chromatography—time-of-flight mass spectrometry with
continuous-flow matrix-assisted laser desorption ionization

Davinder S. Nagra, Liang Li*
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Abstract

Matrix-assisted laser desorption ionization (MALDI) mass spectrometry has been combined with liquid
chromatography (LC) by using a continuous-flow sample inlet system. The on-line interface consists of two major
components: a three-port mixing tee for post-column matrix addition and a flow probe for introducing the solution
directly into a time-of-flight mass spectrometer. In the experiment, the LC effluent and the matrix solution flow
ato the mixing tee through two separate ports. The resulting mixture is directed to the flow probe for MALDI.
Both conventional LC and microbore L.C have been successfully interfaced to MALDI for on-line detection of
proteins. It is demonstrated that the interface does not degrade the chromatographic performance significantly.
With microbore LC, LC-MALDI can be performed with total-sample injection in the low-picomole region. An
example is also given to illustrate the application of on-line LC-MALDI for peak identification in a protein mixture

separation.

1. Introduction

Matrix-assisted laser desorption ionization
(MALDI) mass spectrometry along with electro-
spray ionization has become an increasingly
important method for biological macromolecule
characterization. The MALDI technique has a
wide applicability and is remarkably tolerant to
buffers, salts, and other additives in the sample
{1,2}. However, compared with electrospray,
MALDI is difficult to interface to solution-based
separation methods, such as liquid chromatog-
raphy (LC) and capillary electrophoresis (CE),
for mixture analysis [2]. While MALDI can be
used for analyzing simple mixtures directly, it is
still highly desirable and often required to per-

* Corresponding author.

0021-9673/95/$09.50
S§DI 0021-9673(95)00658-3

form sample clean-up and fractionation by chro-
matographic methods. There are reports of off-
line combination of LC and CE with MALDI
mass spectrometry [3-8]. In these techniques,
the effluents are collected onto either a rotating
disk or an array of collecting cups. The matrix
solution is then added to the sample and
MALDI can be performed in a way similar to
conventional static MALDI experiments. In an
attempt to introduce solutions directly into a
MALDI mass spectrometer, Murray and Russell
recently developed an elegant system in which an
aerosol beam is formed from the protein samples
and the matrix solution {9,10]. These aerosols
are subsequently transferred to a time-of-flight
mass spectrometer. MALDI is performed from
the aerosol particle surfaces. Although the detec-
tion sensitivity is demonstrated to be about 100

© 1995 Elsevier Science B.V. All rights reserved
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nmol with a mass resolution of 5-10, samples
can be continuously introduced into a TOF-MS
at 1 ml/min and the technique has been recently
used for LC detection [10].

We have developed a continuous-flow matrix-
assisted laser desorption ionization (CF-
MALDI) technique for introducing solutions
directly into a conventional MALDI-TOF-MS
system [11]. This technique uses a flow probe to
continuously flow the sample and a liquid matrix,
3-nitrobenzyl alcohol (3-NBA), for MALDI. In
this earlier work [11], a frit-type flow probe was
used to deliver the sample and matrix at a flow-
rate of 1-5 ul/min through a capillary tube and
onto the probe surface, upon which laser desorp-
tion/ionization was carried out. Detection sen-
sitivity of hundreds of picomoles was demon-
strated. The use of 3-NBA liquid matrix was
found to be very important in achieving re-
producible signals under the flow conditions [11].

In this report, we describe the design of a
much improved flow probe for CF-MALDI.
With this new probe, CF-MALDI can be used
for the detection of proteins with an injection of
low picomoles of samples in flow injection ex-
periments. Furthermore, we report the develop-
ment of an interface for combining conventional
as well as microbore LC to CF-MALDI for
protein analysis. The interface consists of a
three-port mixing tee, similar to that employed
in continuous-flow fast-atom bombardment for
coupling L.C [12]. The effluent from the liquid
chromatography system is directed to one port of
the mixing tee. The second port is connected to a
syringe pump which continuously feeds in the
MALDI liquid matrix, 3-NBA, in a diluted
solution. In this manner the LC effluent is
allowed to mix with the liquid matrix. The
resulting mixture flows out of the third port and
through a flow probe to a TOF mass spectrome-
ter for MALDI. One major advantage of this
post-column matrix addition method is that since
no matrix is added to the elution solvent, there is
no need to change the LC separation process. In
addition, flow-rates for LC separation and matrix
introduction can be independently changed and
optimized for speed and ion detection sensitivity.

2. Experimental
2.1. Probe design consideration

In MALDI, a small amount of sample in the
low-picomole to femtomole range, loaded onto a
solid probe, often yields a mass spectrum with a
good signal-to-background  ratio (static
MALDI). The detection limit achieved with the
MALDI technique depends on several factors,
including ionization efficiency, detection ef-
ficiency, and the sample loading procedure.
From a technical point of view, the major
difference between static MALDI and CF-
MALDI is the sample loading procedure. In
both cases only a small area of the sample is
subject to laser desorption, since the laser beam
is normally focused onto a spot size of less than
500 pm in diameter. Thus, the question of how
one loads the sample into a small, confined area
on the probe becomes important in determining
the overall detection limit of a MALDI system.
In CF-MALDI, the sample is either injected or
dissolved into a carrier solvent containing 3-
nitrobenzyl alcohol, and flows continuously over
the probe surface. Consequently, it is expected
that the detection limit of the CF-MALDI meth-
od is affected by the size of the area of the probe
surface in which the solution diffuses. Diffusion
of the sample solution into a large area on the
probe surface would result in a high detection
limit. We note that other parameters may also
play a role in determining the overall sensitivity,
such as the degree of sample adsorption onto the
capillary tube or to other parts of the probe with
which the sample solution makes a direct con-
tact.

In order to obtain better detection sensitivity
with CF-MALDI it is thus necessary to maximize
the ratio between the area of the sample being
desorbed and the total area of the sample dif-
fused on the probe. There are two major ways of
achieving this goal. First, an increase in the laser
beam size would allow a larger sample area to be
desorbed. However, we found that an increase in
the beam size above 0.5 mm in diameter does
not enhance the signal-to-background ratio sig-
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nificantly [11]. An alternative way to maximize
the ratio is to decrease the sample probe area.
This would allow the sample to flow in a more
confined region on the probe surface. The new
flow probe described below is geared towards
this latter strategy. In addition, the stainless steel
frit used in our previous design has been elimi-
nated.

2.2. Design of the new probe

Fig. 1 shows the design of the new flow probe
along with the ionization region of the time-of-
flight mass spectrometer. A silica capillary tube
(100 um L.D., 360 pm O.D.) (Polymicro Tech-
nologies, Phoenix, AZ, USA) is inserted into a
1.27 cm O.D. and 0.635 cm L.D. stainless steel
tube and extends from the injector to the probe
tip. For electrical insulation the end section of
the probe is made of vespel (~2.5 cm long, 2.8
mm O.D.). At the vespel tip a piece of kapton
(2.8 mm diameter), with a small hole pierced
through the center, is mounted. The use of the
kapton sheet improves the flow stability, possibly
due to the improvement of surface properties
such as the surface flatness over the vespel
material. The capillary tube is fitted to the hole
in the kapton and is placed no more than 1 mm
above the surface. The hole will allow the
capillary to slide back and forth but it is not big

enough to allow backflow of the liquid. A piece
of filter paper is wrapped several times around
the probe tip to absorb the excess liquid. The
flow probe is inserted into the TOF mass spec-
trometer between the repeller and extraction
plates via a custom-built solid probe lock.

2.3. Mixing tee for LC-CF-MALDI

Fig. 2 shows the schematic diagram of the
3-port mixing tee. It is constructed from a
stainless steel 1.59-mm Swagelok tee. The tee is
connected to the MALDI flow probe through a
transfer tube. This tube is made of stainless steel
and has 1.59 mm O.D. and 127 pm 1.D. with
both ends enlarged. The total length of the tube
is 5 cm. In the experiment, the LC effluent from
either a micro-LC column or a conventional LC
with a sample splitter (see below) flows through a
30 pm I.D., 360 pm O.D. capillary tube to the
transfer tube. In order to mix the effluent with
the matrix solution, this sample capillary tube is
inserted into one end of the transfer tube (500
pm I.D. and about 1 cm depth) and placed
about 50-150 um away from the recessed edge
of the transfer tube (see Fig. 2). The liquid
matrix solution is pumped through the space
between the transfer tube (500 um I.D.) and the
sample tube (360 um O.D.). At the other end of
the transfer tube, a hole with 370 um [.D. and a

To Flight Tube

Ground Grid

Microsyringe
Pump

Extraction Grid

7 1 .
4\\ Laser Beam

¥ !

Sample Capillary stainless
Injector Tube Steel Tube

1 Repeller
Kapton Sheet

Filter Paper

Fig. 1. Schematic of the flow probe used for continuous-flow matrix-assisted laser desorption. Drawing is not to scale. The

dimensions of the major components are given in the text.
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Connector
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Flow Probe Capillary
Tube

To MALDI

TOFMS N

Transfer Tube

3-Port Mixing Tee

Sample Capillary Tube

v
N LC
Effluent

Matrix Capillary Tube

Matrix Solution

Fig. 2. Schematic of the 3-port mixing tee used for CF-MALDI with post-column matrix addition. Drawing is not to scale.

depth of 1 cm has been drilled to fit to the flow
probe capillary tube (100 um I.D. X360 pum
O.D. X 45 cm) snugly. The mixed solution then
flows to the tip surface of the flow probe, at
which point MALDI is carried out. Note that
different tube I.D.s are used in the interface
assembly. This arrangement seems to create a
sufficient amount of turbulence in the transfer
tube, resulting in better sample/matrix mixing
and stable ion signals.

For delivering the matrix solution, a syringe
pump (Harvard Apparatus, Model 11, South-
natick, MA, USA) is used. The solution consists
of 15% of 0.1% trifluoroacetic acid (TFA), 45%
ethylene glycol, 25% 1-propanol, and 15% 3-
nitrobenzyl alcohol (all by volume). The flow-
rate is generally fixed at 5 wl/min. The LC
effluent or sample flow-rate is normally in the
range of 1-5 wl/min.

2.4. Conventional LC with CF-MALDI

Fig. 3 shows the overall schematic of the LC
system and the interface. A Shimadzu LC-600
dual pump system is used for solvent delivery.
For protein separation, a Vydac 25 cm X 2.1 mm
L.D. Protein and Peptide C column is used. A
Rheodyne Model 7125 injection valve with a
20-pl internal loop is used for sample injection.
The LC separation is carried out at a flow-rate of
0.5 ml/min. In order to achieve a sample flow-

rate of 1-5 pl/min prior to matrix addition, the
LC effluent is split by a tee using two Swagelok
metering valves connected in parallel. This
combination of a fine and coarse metering valve
gives reproducible and fine flow-rate control of
the LC effluent entering the mixing tee.

2.5. Micro-column LC with CF-MALDI

Fig. 4 shows the schematic of the micro-col-
umn LC/MALDI system. The LC system con-
sists of a Shimadzu LC-600 dual pump and a
home-built solvent splitter. The latter is used to
obtain a fiow-rate compatible for the micro-col-
umn LC separation. The solvent splitter consists
of a tee connected to a parallel combination of a
coarse and fine metering valve, allowing a con-
trollable flow-rate of 1-10 ul/min for the LC
separations. The micro-column (LC Packings,
Fusica C.g, 5 cm X 320 um 1.D.) is connected
directly to a Valco sample injector (60 nl) with
finger tight fittings. For MALDI detection, the
end of the capillary column is connected to the
3-port mixing tee through a short transfer tube,
as shown in Fig. 4.

2.6. Time-of-flight mass spectrometer
A Jordan’s reflectron time-of-flight mass spec-

trometer (R.M. Jordan co., Grass Valley, CA,
USA) is used for the CF-MALDI experiments
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Fig. 3. Schematic of the conventional LC-MALDI system.

reported here. This angular reflectron system,
designed primarily for multiphoton ionization of
small molecules, has been described previously
in detail [13-15]. The reflector can withstand up
to 5 kV reflecting voltage. Thus, the present
design of the reflector is suitable for reflecting
relatively low mass ions. However, for ions with

Solvent
Splitter
Tee

molecular masses above 5000 it is generally
found that a voltage much higher than 5 kV is
required to achieve good detection sensitivity.
Therefore, for the CF-MALDI experiments re-
ported here, the reflectron system is operated in
a linear mode. As shown in Fig. 1, the fiow
probe is placed in between the repeller and the
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LC-600 Pump
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Valve Sample
Injector
60 nL

Micro-Column

Valve L_» Waste
Connector 3-Port
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Fig. 4. Schematic of the micro-column LC-MALDI system.
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extraction grid. The ions generated from the
MALDI process expand in a direction orthogon-
al to the flight path.

The TOF mass spectrometer is mounted verti-
cally in a six-port cross pumped by a 6-inch
diffusion pump (Varian Associates, Lexington,
MA, USA). The 1-m flight tube is pumped by a
4-inch diffusion pump (Varian). The pressure in
the flight tube is usually below 9-10~* Pa during
operation. A Bayard-Alpert ion gauge with
Varian’s multi-gauge controller is used for the
pressure measurement. It is worth noting that
the vacuum pressure reading can sometimes be
used as an indication concerning the stability of
the continuous flow. A stable flow would result
in an almost constant reading or only minor
fluctuations in the vacuum pressure.

2.7. Laser desorption and data processing

A frequency quadrupled Nd:YAG laser
(GCR-3, Spectra-Physics, CA, USA) which gen-
erates 266 nm radiation is used for performing
MALDI. The laser is operated at 10 Hz repeti-
tion rate. A convex lens (300-mm focal length) is
used to focus the laser beam to a ~0.5 mm
diameter spot on the flow probe. The spot size is
estimated by examining the dark image created
on a thermal-sensitive paper, which is placed on
the probe using double sided tape, after the
paper has been briefly exposed to the laser
beam. The laser power density used varies from
10° to 10’ W/cm®. The laser power is measured
with an Ophir Model 10A-MED-AN laser
power/energy meter (Diamond Ophir Optics,
Wilmington, MA, USA).

The mass spectrum generated by the laser
desorption process is recorded with a LeCroy
9400A digital oscilloscope. The analog signal is
preamplified 25 X before being fed into the oscil-
loscope. Data produced on the oscilloscope are
then transferred in real time to a PC via General
Purpose Interface Bus (GPIB). The PC is a
generic 486DX33 machine with a 210-MByte
hard drive and 4 MBytes of RAM. The data
transfer and data analysis software is developed
in-house. Details of the functions of the data
system and its performance for chromatography—

time-of-flight mass spectrometry have been re-
ported elsewhere [16]. In brief, the data system
is capable of transferring and storing transients
up to 20k data points at a repetition rate of
greater than 10 Hz from the oscilloscope to the
PC via GPIB. After storing all the mass spectra
in the PC, either a selected-ion or a total-ion
chromatogram can be established. Both the mass
spectrum and the chromatogram can be saved
into a text disk file for use by other commercial
software packages for further processing such as
mass spectral averaging.

All samples are purchased from Sigma and
Aldrich (St. Louis, MO, USA). Protein sample
solutions are prepared in 0.1% aqueous TFA.

3. Results and discussion

With the new flow probe for performing CF-
MALDI experiments, it is found that flow injec-
tion analysis (FIA) can be readily performed.
Using the experimental setup shown in Fig. 1 for
FIA without the mixing tee, protein samples can
be introduced into the matrix flow with the use
of a 60-nl sample injector. The microsyringe
pump delivers the matrix solution through a
capillary tube. This solution consists of 95%
ethanol (25%), 0.1% TFA (25%), ethanediol
(35%), 3-NBA (15%), and trypsinogen (6-10°
M). Trypsinogen is added to the mobile phase
and is continuously introduced into the probe for
the purpose of optimizing the flow conditions.
We note that during the initial development of
CF-MALDI, the use of the standard can greatly
assist the optimization of the flow conditions.
During the course of the experiment, the ion
signals in the molecular ion region of trypsinogen
is carefully monitored to ensure that experimen-
tal conditions such as laser power are not sig-
nificantly changed. Fig. S shows the ion profile of
five repeated injections of 3 picomoles of horse
heart cytochrome ¢ (M, 12 361) along with the
ion profile from repeated injections of 9 pico-
moles. The ion profile is obtained by integrating
the molecular-ion peak area of each mass spec-
trum collected and summing 10 peak areas to
generate one data point in the ion profile. As
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Fig. 5. Flow injection ion profiles of repeated injections of
different amounts of horse heart cytochrome c: (A) 3 pico-
moles and (B) 9 picomoles, without the use of the mixing
tee.

Fig. 5 illustrates, the peak areas are dependent
on the concentration of the protein injected. We
find that under the same experimental conditions
(i.e., using the same laser power, same gain for
the detector, etc.), a linear calibration can be
obtained with the injection of cytochrome c at an
amount ranging from 1 to 12 picomoles. Higher
concentration requires the reduction of laser
power to prevent signal saturation, in order to
extend the dynamic range of the technique. This
is consistent with the results reported by using
static MALDI [17].

In order to examine the effect of the addition
of the mixing tee on the performance of CF-

0.8
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0 100 200 300 400 500 600
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Fig. 6. Flow injection ion profiles obtained from 3 repeat
injections of 10 picomoles of cytochrome ¢ with the use of the
mixing tee.

MALDI, FIA is first carried cut. The ex-
perimental setup for FIA is similar to that used
for micro-column LC detection as shown in Fig.
4. In FIA, the LC column is not used. Fig. 6
shows three repeat injections of 10 pmol cyto-
chrome c. In this case, the mobile phase solvent
contains 60% water and 40% acetonitrile. The
peak shapes shown in Fig. 6 are almost the same
as those obtained without a 3-port mixing tee as
shown in Fig. 5. This indicates that the mixing
tee does not introduce a significant amount of
dead volume. By examining the ion signal repro-
ducibility, it appears that the injected sample is
well mixed with the matrix solution in the tee.
By alternately injecting different samples, we do
not observe any cross-over ion signals, indicating
the absence of memory effect in the interface. It
should be pointed out that the current design of
the mixing tee has evolved from several earlier
attempts. We find that the optimization of the
tube diameters and the manner in which the
matrix solution is guided to the transfer tube is
critical in achieving stable and reproducible
results. For example, doubling the I.D. of the
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transfer tube would result in larger peak tailing
in the FIA ion profile. This can be attributed to
the increase of dead volume in the transfer tube.

This mixing tee is then used to combine LC
separation with MALDI. In using a conventional
2.1-cm column for protein separation, the flow-
rate used is relatively high, i.e., 0.5 ml/min.
Since the flow probe can only accept a flow-rate
of 1-10 ul/min for stable operation, the LC
effluent has to be split. The experimental ar-
rangement shown in Fig. 3 is very easy to set up
and we find it to be quite convenient in combin-
ing conventional LC with MALDI. Fig. 7A
shows the ion chromatogram of a simple mixture
containing horse heart cytochrome c and chicken
egg white lysozyme obtained by LC-MALDI. In
this case, binary gradient elution is used for
separation. Pump A contains 0.1% aqueous
TFA, while pump B delivers acetonitrile-water
(90:10) containing 0.1% TFA. A gradient was
performed from an initial 40% solvent B to 65%
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Fig. 7. (A) Ion chromatogram of LC separation of a mixture
of horse heart cytochrome ¢ and chicken egg white lysozyme
by using a conventional 2.1 mm 1.D. column. The total
sample injected is 5 nmol each with a 0.2% sample split ratio
to MS. (B) UV chromatogram (242 nm) of the same mixture.

solvent B in 5 min. From 5 to 8 min the gradient
was increased to 70%, and subsequently held
thereafter. A 5-nmol injection of each protein
was made, with about 0.2% split to the MALDI
mass spectrometer. Thus, about 10 pmol of each
protein was actually used for producing the ion
chromatogram shown in Fig. 7A. We note that,
although the rest of the sample was split to the
waste in this experiment, it should be possible to
recover the sample either directly or after flow-
ing through a UV detector in a real sample
application.

Fig. 7A clearly shows that the two proteins are
well separated. For comparison, a UV chromato-
gram of the same mixture obtained by using a
conventional LC-UV detection system is shown
in Fig. 7B. Since the UV chromatogram was not
obtained on-line with the CF-MALDI results, a
strict comparison cannot be made. Nevertheless,
based on peak shapes and widths, the LC inter-
face for CF-MALDI does not introduce a signifi-
cant amount of peak broadening or distortion to
the LC separation. Note that there are several
other small peaks observed in the UV chromato-
gram. These peaks are not detected in LC-
MALDI. They are very likely from low-molecu-
lar-mass species present. in the sample (M, <
1000). Since the background signals are quite
strong in CF-MALDI in the region with m/z <
1000, these small ions are not resolved from the
background signals.

A representative mass spectrum of cytochrome
c is shown in Fig. 8. The resolution of the mass
spectrum shown in Fig. 8 is 16 FWHM (full
width at half maximum) for cytochrome c. With
external calibration, the calculated mass for
cytochrome ¢ is 12 325. Compared with the
known molecular mass of cytochrome ¢ (12 361),
the mass measurement error is about 0.29% in
this case. Similar results are obtained for other
proteins separated by LC. In light of the fact that
the current mass spectrometric system is not fully
optimized for high-resolution MALDI, these
results are quite encouraging.

We also find that the resolution obtained with
CF-MALDI is not degraded when compared
with static MALDI in this TOF-MS instrument.
Therefore, the resolution of CF-MALDI is very
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Fig. 8. Mass spectrum cytochrome c obtained at the LC peak
shown in Fig. 7.

much related to the design of the mass spec-
trometer. One of the major reasons of observing
low resolution in this TOF-MS system is related
to the orientation of the sample probe with
respect to the flight tube. In our experimental
setup for CF-MALDI, the ions are extracted in
an orthogonal configuration with constant volt-
ages applied to the repeller and extraction grid.
This configuration allows us to flow the liquid
into the ionization region of the TOF without
electric breakdown. However, with this configu-
ration, even using a very small laser beam size,
one would expect some ion spatial distribution,
which would result in poor mass resolution. The
development of high-resolution TOF-MS for CF-
MALDI is currently underway. Preliminary re-
sults indicate that parallel ion extraction provides
5 to 10 times enhancement in mass resolution as
well as detection sensitivity [18]. Mass resolution
in the range of 100 to 250 and mass measurement
error in the range of 0.02% to 0.12% have been
obtained for small peptides for CF-MALDI [18].
A full account of this work will be reported in
the future.

While LC separation is convenient to perform
with a conventional LC system, CF-MALDI-
TOF-MS requires a high sample split ratio, on

the order of 500, in order to avoid overloading
the mass spectrometer with excess solvent. We
thus explored the possibility of using microbore-
LC for separation. With slight modifications the
methodology applied to the conventional column’
LC was also applied to the micro-column LC as
shown in Fig. 4. The 3-NBA matrix solution is
added to the mixing tee after the column sepa-
ration, and the entire sample mixture is intro-
duced through the flow probe and onto the
probe surface. Fig. 9A shows the MALDI-TOF-
MS ion chromatogram of a mixture of cyto-
chrome ¢ (9 pmol) and lysozyme (8 pmol)
separated by micro-column LC. The separation
is carried out using isocratic conditions [60%
solvent A containing 0.1% TFA and 40% sol-
vent B consisting of acetonitrile—water (90:10)
containing 0.1% TFA]. Peak A in Fig. 9A is
from cytochrome ¢ and peak B from lysozyme.
The chromatogram of the same mixture using a
UV detector replacing the MALDI-TOF-MS is
shown in Fig. 9B for comparison. To obtain the
UV chromatogram a piece of capillary tubing (50
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Fig. 9. (A) Ion chromatogram of LC separation of a mixture
of horse heart cytochrome ¢ and chicken egg white lysozyme
by using a micro-column. The injected sample consists of 9
pmol cytochrome ¢ and 8 pmol lysozyme. (B) UV chromato-
gram (214 nm) of the same mixture.
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pm ED. X360 um O.D. X 60 cm) was connected
to the outlet of the LC capillary column, and the
other end of the capillary positioned into a 214
nm UV detector (Waters Quanta 4000 capillary
electrophoresis). At a point 7 cm from the
capillary end a 1-cm portion of the polyimide
coating was burnt away to yield a clear quartz
surface. Peak S in this UV chromatogram is from
the solvent and peaks A and B from cytochrome
¢ and lysozyme, respectively. The comparison of
these two chromatograms shown in Fig. 9 shows
a small loss in resolution in the ion chromato-
gram, particularly for peak A. However, the ion
chromatogram still retains good overall chro-
matographic integrity.

A unique application of LC-MALDI is shown
in Fig. 10 for the separation of three proteins:
horse heart cytochrome c, chicken egg white
lysozyme, and horse heart myoglobin on a re-
versed-phase LC column. The separation is per-
formed with a linear gradient (65%A/35%B to
15%A/85%B in 20 min), where eluent A is
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Fig. 10. Ion chromatogram of a mixture of horse heart
cytochrome ¢, chicken egg white lysozyme, and horse heart
myoglobin with conventional LC separation and MALDI-
TOF-MS detection. The chromatogram represents 5 nmol
injection each with 0.2% split to MS.

0.1% TFA and eluent B is 0.1% TFA in
acetonitrile-H,O (90:10). The flow-rate is 0.5
ml/min. In the ion chromatogram shown in Fig.
10, peak A is from cytochrome c, and peak B is
from lysozyme and peak C is from myoglobin.
Under the solution and separation conditions
used here, an unexpected peak (peak U) is also
observed. The mass spectra obtained during the
elution of this peak are the same as those of
cytochrome c. This suggests that other forms of
cytochrome c have been generated during the
course of sample preparation and LC separation.

The peaks A and U may belong to cytochrome
¢ with different degrees of folding. Proteins can
alter their conformational structures under non-
physiological conditions, such as in acidic solu-
tions or in a column [19]. For example, lysozyme
remains folded at 20°C under the acidic con-
dition whereas apo-cytochrome c¢ is unfolded
with differing degrees depending on the ionic
strength of the protein solution [20,21]. This
uncertainty can often create artifacts in the
chromatographic trace with a conventional de-
tector. Recently, it was shown that on-line UV
spectroscopy using photodiode-array detector in
conjunction with temperature studies can be
quite useful in confirming whether any additional
peaks in protein separation are due to protein
itself or to impurities [19]. However, for un-
known sample separation, peak identification in
UV chromatography would still be difficult. On
the other hand, with the use of MALDI for LC
detection as illustrated in Fig. 10, the mass
spectra provide an additional dimension for
identification.

In conclusion, we have developed an on-line
LC-MALDI system for protein analysis. We
envision that the ability of separating and iden-
tifying structurally closely related species by this
on-line method should be very useful in protein
chemistry. We are exploring the applications of
this technique for real-world biological sample
analysis. In addition, the on-line technique may
provide unique advantages over other LC-MS
methods such as electrospray ionization MS in
the area of tandem MS for peptide sequencing
where MALDI can generate singularly charged
species that can be dissociated via collisional-
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induced dissociation (CID) to produce full se-
quencing information, as well as in the area of
combining size-exclusion chromatography with
MS for industrial polymer analysis. We plan to
extend this work to a sector tandem MS instru-
ment for high energy CID experiment with L.C-
CF-MALDI.

On the instrumental development of LC-
MALDI, our future work will mainly concen-
trate on improving the mass resolution and mass
measurement accuracy. To this end, we are
developing a second generation time-of-flight
mass spectrometric system for high-resolution
CF-MALDI. This new instrument will incorpo-
rate parailel ion extraction, instead of the ortho-
gonal configuration used in this work. In addi-
tion, we will incorporate a time-lag focusing
technique for ion extraction. In a linear instru-
ment with static MALDI, we have recently
shown that mass resolution in the range of 3000
to 6000 can be obtained with time-lag focusing
[22]. With this high resolution, isotopically re-
solved mass “spectra are observed for peptides
with masses up to 3000. For proteins such as
cytochrome ¢ and myoglobin, mass resolution up
to 1200 can be obtained. In view of these new
developments, the prospect for developing a
high-performance on-line LC-CF-MALDI-
TOF-MS is good. With this improved instru-
ment, we will then compare the performance of
the LC-CF-MALDI-MS technique with the
well-established LC—electrospray ionization mass
spectrometry for analytical applications.
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Abstract

Uniform-sized macroporous polymer-based separation media were prepared through a typical two-step swelling
method utilizing vinyl methacrylate or other ordinary cross-linking agents to investigate their properties as packing
materials in HPLC. A simple and less hydrophobic cross-linking agent, vinyl methacrylate, afforded stable
macroporous packing materials unexpectedly affording the largest retention volume towards hydrophobic solutes in
reversed-phase liquid chromatography with good column efficiency. The retention ability towards seven halo-
genated organic solvents from chloroform to tetrachloroethylene was found to be much higher than that with a
typical hydrophobic polymer-based packing material, poly(styrene—divinylbenzene) particles, and also a typical C,

silica-based hydrophobic station phase.

1. Introduction

With growing needs for the recovery and/or
analyses of environmental organic pollutants
such as halogenated organic solvents, various
strategies to simplify the pretreatment of en-
vironmental samples have been developed [1-3].
Generally, concentration of organic pollutants
from aqueous media is necessary because of the
low solubility of such compounds in an aqueous
phase [4,5]. Recovery of organic pollutants by
reversed-phase liquid chromatography (RPLC)

* Corresponding author.
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.SSDI 0021-9673(95)00493-9

using solid-phase extraction has frequently been
utilized for pretreatment [1,2,4,5].

From its retention properties in RPLC, a C,
stationary phase is one of the most effective
adsorbents and various types of C,; packing
materials are commercially available for utiliza-
tion in solid-phase extractions. Hydrophobic
compounds are effectively concentrated from
aqueous media with a C; stationary phase
followed by easy recovery of the concentrated
compounds by a subsequent flow of an organic
solvent such as methanol [1].

Of the available adsorbents for the recovery
and analysis of halogenated organic solvents such
as chloroform or tetrachloroethylene, a polymer-

© 1995 Elsevier Science B.V. All rights reserved
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based packing material is more effective than a
silica-based packing material [6]. Fig. 1 shows a
comparison of separation selectivity towards
seven common halogenated organic solvents
between a typical monomeric C,; packing ma-
terial and two ordinary polymer-based packing
materials, poly(methyl methacrylate—ethylene di-
methacrylate) beads (MMA-EDMA) and poly-
(styrene—divinylbenzene) beads (ST-DVB) [7].

Although MMA-EDMA is considered to be
relatively hydrophilic packing material in RPLC,
the k' values for the four trihalogenated
methanes utilized (chloroform to bromoform)
are larger than those with the C,; stationary
phase. This means that MMA-EDMA affords a
higher concentration ratio than the C,; station-
ary phase for the four solutes employed.

Both of the polymer-based packing materials
utilized here can separate the four trihalogenated
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Fig. 1. Separation selectivities towards halogenated organic
solvent on ordinary polymer-based packing materials com-
pared with monomeric C,; packing material. Solute Nos.
1-7: © = poly(methyl methacrylate—ethylene dimethacrylate)
packing material (MMA-EDMA) versus C,; packing materi-
al. Solute Nos. 8-14: O = poly(styrene—~divinylbenzene)
packing material (ST-DVB) versus C,; packing material.
Solutes: 1 =chloroform; 2 =bromodichloromethane; 3=
dibromochloromethane; 4 =bromoform; 5=1,1,1-trichloro-
ethane; 6 = trichloroethylene; 7 = tetrachloroethylene; 8=
chloroform; 9 = bromodichloromethane; 10 = dibromo-
chloromethane; 11 = bromoform; 12 = 1,1,1-trichloroethane;
13 = trichloroethylene; 14 = tetrachloroethylene. Chroma-
tographic conditions: mobile phase, 60% aqueous acetoni-
trile; flow-rate, 0.8 ml/min; detection, UV at 205 nm.

methanes, which cannot be separated with the
C,; stationary phase, whereas the C,; stationary
phase easily separates the four trihalogenated
methanes from a trihalogenated ethane, which
cannot be readily achieved with the polymer-
based packing materials. Moreover, the C,,
stationary phase can hardly separate trichloro-
ethane and trichloroethylene, whereas ST-DVB
can easily separate these two compounds, having
different molecular planarities. These different
separation selectivities between silica- and poly-
mer-based packing materials are of interest for
effecting different types of separations such as
group separation or isomer separation. Polymer-
based separation media are good for isomer
separations, and we have been trying to prepare
new media or adsorbents to extend their po-
tential utility.

Most synthetic polymer-based separation
media have been prepared utilizing a few limited
cross-linking agents, which would affect their
chromatographic properties. As utliized for the
preparation of MMA-EDMA and ST-DVB,
relatively reactive ethylene dimethacrylate and
divinylbenzene (Fig. 2) are alternatively utilized
for the preparation of majority of synthetic
hydrophobic polymer-based HPLC packing ma-
terials. Therefore, when the copolymerization
reactivity between the cross-linking agents and
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Fig. 2. Structures of cross-linking agents.
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comonomers to be incorporated is not well
matched, the macroporous copolymer beads
obtained will become chemically and/or phys-
ically heterogeneous {8]. In severe cases, no
comonomers are incorporated in the cross-linked
structure owing to the badly mismatched co-
polymerization [9].

In order to alleviate possible mismatching of
the copolymerization of reactive ethylene di-
methacrylate or divinylbenzene with less reactive
comonomers, we recently prepared macroporous
polymer beads utilizing different types of cross-
linking agents having lower polymerization reac-
tivities [10]. Divinyl adipate (Fig. 2) was found
to show interesting retention properties, but the
polymer beads obtained were all unstable gel-
type beads, probably owing to the flexible struc-
ture and swelling in an aqueous acetonitrile
mobile phase, leading to high column pressure
drops.

Although the divinyl succinate utilized previ-
ously [10] (Fig. 2) afforded stable macroporous
beads, the retention properties (hydrophobicity)
were not suitable for the purpose to be discussed
here, because the hydrophobicity of the beads
was lower than that of beads prepared utilizing
ethylene dimethacrylate as the cross-linking
agent.

In this work, we utilized vinyl methacrylate
(Fig. 2) as a cross-linking agent, to overcome the
disadvantages encountered when using divinyl
adipate and divinyl succinate. Vinyl methacrylate
is one of the simplest cross-linking agents, but
one of the possible dimers that might be formed
by the faster reaction between methacrylate
groups compared with vinyl alcohol groups
would have an intermediate structure between
divinyl succinate and divinyl adipate, with the
possibility of overcoming the disadvantages of
both of those beads.

2. Experimental
2.1. Materials

Divinyl succinate and vinyl p-tert.-butylben-
zoate were gifts from Fuso Chemical Industry

(Osaka, Japan) and divinyl adipate and vinyl
methacrylate were gifts from ShinEtsu Vinyl
Acetate (Osaka, Japan). Ethylene dimethacry-
late and methyl methacrylate were purchased
from Tokyo Chemical Industry (Tokyo, Japan)
and Wako (Osaka, Japan), respectively. All the
monomers were purified by general distillation
techniques in vacuo to remove the polymeri-
zation inhibitors. Benzoyl peroxide as a radical
initiator was purchased from Nacalai Tesque
(Kyoto, Japan) and utilized as received.

2.2. Two-step swelling and polymerization
method

Uniformly sized polystyrene seed particles as
shape templates were prepared through an emul-
sifier-free emulsion polymerization and purified
by the previously reported method [11]. The size
of the seed particle was ca. 1 um in diameter.

The preparation of uniformly sized macropor-
ous polymer beads by a two-step swelling and
polymerization method was carried out as fol-
lows. An aqueous dispersion of the uniformly
sized polystyrene seed particles (9.5 x107°
g/ml) (1.4 ml) was admixed with a microemul-
sion prepared from 0.95 ml of dibutyl phthalate
as activating solvent [12], 0.085 g of benzoyl
peroxide, 0.04 g of sodium dodecyl sulfate and
10 ml of distilled water by sonication. This first
swelling step was carried out at room tempera-
ture while stirring at 125 rpm. Completion of the
first swelling step was determined as the vanish-
ing point of micro oil droplets in the microemul-
sion observed using an optical microscope.

A dispersion of 10 ml of cross-linking agent (or
8 ml of cross-linking agent and 2 ml of
comonomer) and 10 ml of cyclohexanol as a
parogenic solvent in 90 ml of water containing
1.92 g of poly(vinyl alcohol) (degree of
polymerization = 500, saponification value =
86.5-89 mol-%) as a dispersion stabilizer was
added to the dispersion of swollen particles.
Swelling was carried out at room temperature for
12 h while stirring at 125 rpm.

After the second swelling step was completed,
the polymerization procedure was started at 70°C
under an argon atmosphere with slow stirring.
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After 24 h, the dispersion of polymerized beads
was poured into 250 ml of water to remove the
poly(vinyl alcohol) suspension stabilizer and the
supernatant was discarded after sedimentation of
the beads.

The polymer beads were redispersed in metha-
nol and the supernatant was again discarded
after sedimentation. This procedure was re-
peated three times in methanol and twice in
tetrahydrofuran (THF), then the polymer beads
were filtered on a membrane filter, washed with
THF and acetone and dried at room temperature
to determine the chemical yields of the beads.

The prepared beads were packed. into a stain-
less-steel column (100 mm X 4.6 mm L.D.) by a
slurry technique, using aqueous acetonitrile as
the slurry medium, to evaluate their chromato-
graphic characteristics.

2.3. Chromatography

All the chromatographic solvents were pur-
chased from Nacalai Tesque and used as re-
ceived. HPLC was performed with a Jasco 880-
PU Intelligent HPLC pump equipped with a
Rheodyne Model 7125 valve loop injector and a
Jasco UVIDEC-100-III UV detector set at 254 or

Table 1
Properties of the prepared packing materials

205 nm. Chromatography was carried out at
30 = 0.5°C and a Shimadzu C-R4A recorder was
utilized.

2.4. BET measurements

BET measurements on the prepared beads
were carried out at Fuso Chemical Industry
(Fukuchiyama, Japan).

3. Results and discussion
3.1. Physical properties of the beads

The physical data for the prepared beads are
summarized in Table 1. The beads prepared
through homopolymerization of each cross-link-
ing agent were obtained in good chemical yields.
As mentioned in the Introduction, the specific
surface area of DVAP is severely limited by BET
measurement, whereas the pore volume mea-
sured by size-exclusion chromatography (SEC)
in tetrahydrofuran (THF) resembles those of
EDMA and DVSA. This means that DVAP has
a gel-type structure which cannot retain a porous
structure under the dry conditions required for

Cross-linking Comonomer Abbreviation Yield C(%)* SA® Pressure®  Pore volume*
agent ‘ (%) (caled.) (m’/g) (MPa) (ml/g)
Ethylene No EDMA 99 59.48 376.6 2.4 0.656
dimethacrylate (60.59)
Diviny! succinate No DVSA 98 55.68 204.7 2.7 0.627
(56.47)
Divinyl adipate No DVAP 95 60.07 4.7 4.0 0.664
(60.59)
Vinyl methacrylate No VMA 95 64.17 300.8 4.4 0.548
(64.27)
Vinyl methacrylate Methyl VMA-MMA 79 63.14 15.9 4.4 0.540
i methacrylate (63.41)
Vinyl methacrylate Vinyl p-tert.- VMA-VPTBBA 93 66.16 320.4 3.4 0.565
butylbenzoate (66.70)

* Measured by elemental analyses.
® SA = specific surface area measured by the BET method.

¢ Pressure = column pressure drop observed in 60% aqueous acetonitrile at 0.8 ml/min. Column size: 100 mm X 4.6 mm 1.D.

¢ Measured by SEC in tetrahydrofuran.
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Fig. 3. Calibration graphs for the beads prepared using vinyl
methacrylate as cross-linking agent. l=VMA: @ =VMA-
MMA: A =VMA-VPTBBA. Chromatographic conditions:
mobile phase. tetrahydrofuran: flow-rate. 0.5 ml/min: detec-
tion. UV at 254 nm: samples. polystyrene standards and
alkylbenzenes.

BET measurements. In fact, the calibration
graph for DVAP in THF indicated that DVAP
has only small pores. which is a typical property
of gel-type beads [13].

BET measurements indicated that VMA has a
large specific surface area. and a broad pore size
distribution is observed from the calibration
graph obtained by SEC in THF, as depicted in
Fig. 3. These observations suggest that VMA has
a stable porous structure, hence the preparation
of macroporous beads utilizing vinyl methacryl-
ate overcomes the problem with DVAP men-
tioned above.

The size monodispersity of VMA appears
excellent, as demonstrated in Fig. 4. Whereas
DVSA and DVAP show warped shapes (Fig. 4).
owing to their relatively slow polymerization rate
[14], the shape of VMA is spherical. In detail,

10 pm

10 pm

Fig. 4. Optical micrographs of the prepared beads: (a) EDMA: (b) DVSA: (¢) DVAP: (d) VMA.
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Fig. 5. Scanning electron micrographs of (a) VMA and (b) DVSA.

the scanning electron micrograph of VMA (Fig.
S) exhibits a very rough surface with a few pits
and the particle size of the beads obtained is
smaller (4.7 wm) than the calculated size of the
final particles in the swelling process (5 wm).
Moreover, Table 1 also shows that VMA is
obtained with a slightly smaller pore volume
than other beads. Since the chemical yield of
VMA is good and the observed carbon content
of VMA is comparable to the calculated value,
these reductions in the particle size and pore
volume mean that part of the porogenic solvent
is somehow lost from the swollen particles during
the polymerization step [15]. On the basis of the
data obtained, the amount of the porogenic
solvent left in a swollen or polymerizing particle
is calculated to be 83 vol.-% of the amount
introduced. This percentage is equivalent to the
decrease in the particle size and the pore volume

Table 2
Chromatographic properties of the beads

Packing material ~ k/,,...,on C,;* «(CH,)" «(T/O)
EDMA 3.63 1.24 1.30
DVSA 1.74 1.17 2.12
DVAP 4.47 1.23 2.26
VMA 2.75 1.32 1.30

“k' of each monomer on C, column in 60% aqueous
methanol (UV detection at 205 nm).

b ’ ” 4 - ateri H [
kpemylbenzcnc/khuxymcnunc on each packing material in 60%
aqueous acetonitrile.

< ’ ’ = (%, - H 1
K iphenyiene K o ierpheny IN 60% aqueous acetonitrile.

of the final beads. Although the observed de-
crease in particle size affords a comparatively
higher column pressure drop which is similar to
that of gel-type DVAP, the pressure drop was
very stable, and the prepared VMA is stable
enough to be utilized as a column packing
material for HPLC.

Copolymerization of vinyl methacrylate with
methyl methacrylate affords (VMA-MMA) a
lower yield with a much smaller specific surface
area compared with those of VMA, while that
with  vinyl  p-tert.-butylbenzoate =~ (VMA-
VPTBBA) results in a good yield with a large
specific surface area (Table 1). Generally, the
addition of a monovinyl comonomer decreases
the specific surface area of the macroporous
beads through a decrease in the volume in the
small pore regions compared with those pre-
pared by homopolymerization of a divinyl mono-
mer cross-linking agent [13]. However, the cali-
bration graphs measured in THF (Fig. 3) on
three packing materials (VMA, VMA-MMA
and VMA-VPTBBA) indicate that VMA-MMA
involves more micropores, while the pore vol-
ume is just equal to that of VMA, as found in
Table 1. Since the polymerization reactivity of
methyl methacrylate is relatively high, this
should disturb the formation of a stable cross-
linked structure by vinyl methacrylate, having a
relatively slow polymerization reactivity. There-
fore, the large decrease in specific surface area
found in VMA-MMA is due to the formation of
a gel-type structure.



K. Hosoya et al. | J. Chromatogr. A 711 (1995) 247-255 253

On the other hand, copolymerization with the
less reactive comonomer vinyl p-tert.-butylben-
zoate [9] afforded stable macroporous beads with
a good yield and a large specific surface area.
Since no stable macroporous beads were ob-
tained by copolymerization of divinyl adipate
and vinyl p-tert.-butylbenzoate or with methyl
methacrylate, vinyl methacrylate increases the
possible combination of copolymerizations which
can afford stable macroporous beads.

3.2. Chromatographic properties of the beads

When the chromatographic separation selec-
tivities of DVSA and DVAP are compared with
those of EDMA in the RPLC mode, both DVSA
and DVAP show different separation selec-
tivities, as depicted in Fig. 6, where flat aromatic
solutes (nos. 7-11) such as pyrene or triphenyl-
ene are preferably retained with DVSA and
DVAP compared with alkylbenzenes (Nos. 1-6).
These tendencies with DVSA and DVAP indi-
cate relatively large a(T/O) (Kiiphenyiene’
Kk, icepnenyr) Values, which is usually utilized as a
parameter to show molecular recognition of the
stationary phase toward flat solutes [16], com-
pared with that with EDMA, as summarized in
Table 2. The reason why these differences occur
is not clear, but a different polymerization pro-
cess, including cyclization, might be a possible
reason for the effect on the cross-linked struc-
tures [14].

As mentioned in the Introduction, DVSA
affords smaller retention volumes for the solutes
used, probably owing to the lower carbon con-
tent of the monomer, which would reduce the
hydrophobicity of the stationary phase in RPLC.
The k’ value of divinyl succinate - monomer
measured with a C,, stationary phase is the
smallest for all the cross-linking agents. On the
other hand, DVAP shows much larger retention
volumes than EDMA. In this case, the k' value
of divinyl adipate monomer is 1.2 times larger
than that of ethylene dimethacrylate monomer,
in spite of the identical carbon contents. This
clearly means that both the hydrophobicity of
the monomer and the carbon content play an
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Fig. 6. Comparison of separation selectivities on polymer-
based separation media. Solutes: 1= benzene; 2 = toluene;
3 = ethylbenzene; 4 = propylbenzene; 5 = butylbenzene; 6=
pentylbenzene; 7 = naphthalene; 8= anthracene; 9=
triphenylene; 10 = fluorene; 11 = pyrene; 12 =
diphenylmethane; 13 = triphenylmethane; 14 = o-terphenyl;
15 = triptycene; 16 = nitrobenzene. Chromatographic condi-
tions: mobile phase, 60% aqueous acetonitrile; flow-rate, 0.8
ml/min; detection, UV at 254 nm.

important role in affecting the retention volume
of the polymer beads in RPLC.

VMA shows a better column efficiency than
DVSA and DVAP for the separation of alkyl-
benzenes in 60% aqueous acetonitrile. The chro-
matogram with VMA is presented in Fig. 7 [7].
The separation selectivities of VMA were com-
pared with other polymer-based packing materi-
als as discussed above and depicted in Fig. 8.
Although vinyl methacrylate monomer has the
second smallest k' on the C,, stationary phase
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Fig. 7. Chromatogram for the separation of alkylbenzenes
with  VMA. - Chromatographic conditions: column size,
100 mm X 4.6 mm I.D.; mobile phase, 60% aqueous acetoni-
trile; flow-rate, 0.8 ml/min; detection, UV at 254 nm.

(Table 2) in spite of having the highest carbon
content, VMA unexpectedly affords much larger
retention volumes even than DVAP, consisting of
a more hydrophobic monomer. As also indicated
in Table 2, the «(CH,) value of VMA is the
largest and the «(T/O) value is the smallest.
This is useful because the predicted possible
dimeric structure of vinyl methacrylate resembles
those of divinyl succinate and divinyl adipate,
but the separation selectivity observed is similar
to that with EDMA.

Finally, if the capacity factors of the seven
halogenated organic solvents with VMA are
compared with those of common hydrophobic
separation media, VMA affords a much larger
retention than ST-DVB and C,; stationary
phases, as shown in Fig. 9. This simply means
that VMA will afford a much higher concen-
tration ratio than the other stationary phases,
which is one of the targets of this work. The
separation selectivity of VMA is very similar to
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Fig. 8. Comparison of separation selectivities on polymer-
based separation media. Solutes: 1=benzene; 2 = toluene;
3 = ethylbenzene; 4 = propylbenzene; 5 = butylbenzene; 6 =
pentylbenzene; 7 = naphthalene; 8= anthracene; 9=
triphenylene; 10 = fluorene; 11 = pyrene; 12=
diphenylmethane; 13 = triphenylmethane; 14 = o-terphenyl;
15 = triptycene; 16 = nitrobenzene. Chromatographic condi-
tions: mobile phase, 60% aqueous acetonitrile; flow rate, 0.8
ml/min; detection, UV at 254 nm.



K. Hosoya et al. | J. Chromatogr. A 711 (1995) 247-255 255

10 —
/
9r s
Ve
8 |- , A7
'
G7F ,
e /
O 6 s
Coap .’
- d
3+ v 55
s o©
2+ // nuuﬂA
1+ - 123
s
0 Loty
10 ~
,
9 /
s
8 |- ,
m7v // 7
> A
g6t .’
-
25k -’
z 4t e 6
= | s s Qg
3 , as
2 - ’ nnz
4 1
1+
o/l S S S B

i
01 2 3 456 7 8 9 10
k' with VMA

Fig. 9. Comparison of separation selectivities toward halo-
genated organic solvent with polymer- and silica-based pack-
ing materials. Chromatographic conditions: mobile phase,
60% aqueous acetonitrile; flow-rate, 0.8 ml/min; detection,
Uv at 205 nm. Solutes: 1 =chloroform; 2=
bromodichloromethane; 3= dibromochloromethane; 4=
bromoform: 5 =1,1,1-trichloroethane; 6 = trichlorethylene;
7 = tetrachloroethylene.

those of ST-DVB, which means that the sepa-
ration selectivity of polymer-based separation
media is retained. As mentioned before, EDMA
rather than DVSA or DVAP shows a similar
separation selectivity to VMA, and therefore the
retention volume, which is one of the most
important parameters of adsorbents for solid-
phase extraction, can be enhanced using vinyl
methacrylate.

4. Conclusion

Vinyl methacrylate afforded stable macropor-
ous separation media with good size monodis-

persity. Although the monomer utilized has a
simple and hydrophilic structure, the polymer -
beads prepared unexpectedly show a much larger
retention volume than common hydrophobic
separation media which have been utilized as
commercial adsorbents for solid-phase extrac-
tions. So far, detailed investigations have not
been completed, but the chromatographic prop-
erties obtained with VMA are of interest and
useful for the preparation of a new variety of
stationary phases and adsorbents.
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Abstract

Three different types of non-polar sorbents, i.e., C,, silica, apolar styrene—divinylbenzene copolymer (PRP-1)
and porous graphitic carbon (PGC), were compared for the solid-phase extraction of atrazine, simazine and nine
degradation products obtained by dealkylation, dehalogenation, hydroxylation or deamination mechanisms. The
C,, silica was shown to be effective only for the first degradation products (deethyl-, deisopropyl- and

hydroxyatrazine), the others being too polar. Despite a

higher retention provided by PRP-1, the retention of the

hydroxy-dealkylated derivatives is too low to allow the handling of a sufficiently large volume for determinations
below the pg/l level. The more polar derivatives, i.e., ammeline, ammelide and cyanuric acid, are not retained by

either C,, silica or PRP-1, whereas the capacity factor measured on a PGC column eluted with water was above
100. The conditions of extraction and elution using a cartridge packed with 500 mg of PGC are described for all the
series of compounds and recoveries above 90% were obtained from 500-ml samples. The analytical separation was
carried out using a C,, silica column and confirmation was obtained using a PGC column. Determinations of the

degradation products in real samples are presented with detection limits below the 0.1 g/l level.

1. Introduction

Chlorotriazine herbicides have been extensive-
ly used as pre- and post-emergence weed control
agents on crops. The potential for contamination
of waters and sediments by the widely used
herbicides simazine and atrazine is high owing to
their relatively high solubility, their weak adsorp-
tivity, as measured by the partition coefficient
between soil organic carbon and water, and their

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00527-7

relatively long hydrolysis half-life in some soils.
Residue levels between 0.01 and 300 wpg/l in
ground waters have been reported [1]. The
degradation of these herbicides after their
spreading depends on several factors such as
hydrolysis, photolysis and microbial activity.
The main degradation products so far in
ground and surface waters and in soils are
dealkylated metabolites [1-7] and therefore
deethyl- and deisopropylatrazine have been in-
cluded in the National Pollutants Survey (NPS)
list in the USA [8]. According to European
Directives for drinking water, the concentration

© 1995 Elsevier Science BV. All rights reserved
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of each pesticide and related components should
be lower than 0.1 pg/l. Although it is not clear
whether degradation products are included in
this regulation, some European countries are
now routinely monitoring these two dealkylated
metabolites in drinking and ground waters.
Another important pathway for atrazine degra-
dation is its conversion to the hydroxy analogue
and methods have been reported for the ex-
traction and determination of hydroxyatrazine in
soils and waters [2,9-14]. Data on the pollution
of ground water with hydroxyatrazine are less
numerous because many environmental labora-
tories employ mostly gas chromatographic (GC)
techniques and hydroxyatrazine cannot be de-
termined by GC, but by liquid chromatography
(LC). Other degradation products formed by
mechanisms involving further dealkylation and
hydrolysis have been mentioned in the literature,
but their trace-level determination in environ-
mental waters or soils has not been reported
[15-20]. One reason is that these further degra-
dation products are more polar so that their
extraction from the aqueous media is difficult
and/or impossible using conventional extraction
techniques.

It is of environmental interest to establish the
degradation pathway directly in environmental
media, which requires the corresponding ana-
lytical techniques. Atrazine is now detected in
many surface waters which are used for drinking
supply after further purification in treatment
plants. Atrazine is oxidazable with difficulty by
some classical treatments. It is therefore im-
portant that trace-level analytical methods are
available for studying the transformation of
atrazine during the process under real field
conditions and not in laboratory conditions with
concentrated pure spiked water samples.

The objectives of the investigation reported in
this paper were to provide extraction procedures
for the polar degradation products, i.e., for
hydroxydeethylatrazine, hydroxydeisopropyl atra-
zine, deethyldeisopropylatrazine (2,4-diamino-
6-chloro-1,3,5-triazine) ammeline (2,4-diamino-
6-hydroxy-1,3,5-triazine), ammelide (2-amino-
4,6-dihydroxy-1,3,5-triazine) and cyanuric acid
(2,4,6-trihydroxy-1,3,5-triazine), allowing their

determination in environmental waters at the 0.1
ng/l level. No methods are available for ex-
tracting these polar metabolites from water.
Previous work has shown that the retention of
some polar and water-soluble organic com-
pounds in water can be very high using porous
graphitic carbon (PGC), available recently as a
stationary phase for LC [21,22]. The potential of
extraction using C,; silica, the apolar styrene—
divinylbenzene copolymer PRP-1 and the carbon
PGC was investigated with respect to the polari-
ty of the main transformation products, on the
basis of LC data, by measuring directly or
calculating the capacity factors of each solute.
An application to the trace-level determination
of the whole series of compounds is presented
with detection limits as low as 0.1 ug/l in
drinking waters.

2. Experimental
2.1. Apparatus

A Model 5060 liquid chromatograph equipped
with a UV 200 variable-wavelength or a Model
9065 Polychrom diode-array detector (Varian,
Palo Alto, CA, USA) was used for direct injec-
tion of standard solutions and extracts obtained
with off-line preconcentration procedures. On-
line preconcentration was performed using a
Varian 2010 Model pump for percolation of
samples. Precolumn and analytical columns were
connected with two Rheodyne (Berkeley, CA,
USA) valves. Quantitative measurements were
provided by a CR3A integrator computer from
Shimadzu or by using the software of the Poly-
chrom detector.

2.2. Stationary phases, columns and precolumns

A commercial column packed with Hypercarb
porous graphitic carbon (100 mm X 4.6 mm L.D.,
7 pm particle size) from Shandon HPL.C (Run-
corn, UK), a column laboratory packed with
PRP-1 copolymer (150 mm X 4.6 mm-1.D., 10
pwm particle size) from Hamilton (Reno, NV,
USA) and a commercial column packed with
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Sepralyte C; silica (250 mm X 4.6 mm [.D., 5
pm particle size) from Analytichem Internation-
al (Harbor City, CA, USA) were used for
retention measurements. The void volumes of
the columns were measured by injecting a 2 M
solution of sodium nitrate for each buffered
mobile phase. The analytical separations were
performed on a commercial column packed with
Spherisorb ODS-2 C; silica (250 mm X 4.6 mm
I.D., 5 um particle size) from Whatman (Mach-
erey—Nagel, Diiren, Germany). A Hypercarb
analytical column (100 mm X 4.6 mm LD., 7
pm) was also used for confirmation.

On-line preconcentrations were made through
stainless-steel precolumns (10 mm X 4.6 mm)
prepacked with 10-15-um Hypercarb PGC, pro-
vided by Shandon HPLC. These precolumns
were coupled on-line to the Hypercarb analytical
column. Off-line preconcentrations were per-
formed by packing disposable cartridges with
300-1000 mg of 40-60-um Hypercarb PGC also
provided by Shandon HPLC.

2.3. HPLC conditions

The separation of the three more polar prod-
ucts, ammeline, ammelide and cyanuric acid,
was performed using the Spherisorb ODS-2
column, eluted with water, adjusted to pH 3 with
perchloric acid, at a flow-rate of 1 ml min~"' and
with UV detection at 205 nm. The separation of
the six other degradation products plus simazine
and atrazine was performed on the same ana-
lytical column at the same flow-rate with a 5-
107> M aqueous phosphate buffer (pH 7)-ace-
tonitrile gradient. The gradient was 5% of ace-
tonitrile from 0 to 2 min, 30% at 6 min and 80%
at 25 min. Detection was carried out at 210 nm.

2.4. Chemicals

HPLC-grade acetonitrile was kindly provided
by Baker France (Noisy-le-Grand, France) and
methanol was purchased from Prolabo (Paris,
France). LC-grade water was obtained from
Baker or was prepared by purifying demineral-
ized water in a Milli-Q filtration system (Milli-
pore, Bedford, MA, USA). Pesticides and deg-

radation products were supplied by Riedel-de
Haén (Seelze, Germany) or by Cluzeau (Sainte-
Foy-la-Grande, France), except ammelide and
ammeline, which were prepared by synthesis.
Their purities were higher than 98% and traces
of ammeline were identified in ammelide and
vice versa. Other chemicals were purchased from
Prolabo, Merck (Darmstadt, Germany) or Fluka
{Buchs, Switzerland).

Stock standard solutions of degradation prod-
ucts were prepared by weighing and dissolving
them in methanol, except ammeline, ammelide
and cyanuric acid, which were prepared in water
owing to their higher solubility in water than in
methanol. The standard solutions were stored at
4°C and used for the preparation of working
standard solutions and for spiking the water
samples. Their stability was controlled by LC.
The final spiked water samples did not contain
more than 0.5% of methanol.

2.5. Sorption and desorption procedures

Because of their differences in terms of polari-
ty and water solubility, the degradation products
were divided into two groups, one containing
ammeline, ammelide and cyanuric acid and the
second, all the other compounds. Before any
use, the PGC cartridge was washed with 10 ml of
methanol and conditioned with 10 ml of LC-
grade water. For the first group, the water
samples were adjusted to pH 3 and 250-500 ml
were percolated through the cartridge containing
500 mg of PGC at a flow-rate of 5-10 ml/min
using vacuum aspiration. The residual water was
removed by air aspiration and elution was per-
formed with 20 ml of methanol, the eluate
subsequently being évaporated to dryness at
50°C under nitrogen. The residue was dissolved
in 500 wp! of the mobile phase used for the
separation (water adjusted to pH 3 with per-
chloric acid) and a 100-ui aliquot was injected.

For the second group, sample volumes of 500
ml of water were percolated through a cartridge
containing 300 mg of PGC. After removal of
residual water, elution was achieved with a
mixture of 15 ml of methanol and 15 ml of
tetrahydrofuran. After evaporation of the eluate
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to dryness under the same conditions as used for
the first group, the residue was dissolved in 500
w1l of methanol and 20 il were injected on to the
analytical column.

Previous work indicated that the breakthrough
volume of cyanuric acid was ca. 50 ml using a 10
mm X 4.6 mm [.D. precolumn and that the
detection limit from 50-ml samples was 3 ug/l.
An on-line set-up could not be used here for
direct determination at low-ug/l levels. How-
ever, on-line preconcentration was used for
confirmation of cyanuric acid, in order to inject
the whole extract. The precolumn was placed at
the loop position of a six-port switching valve. In
the load position, the PGC precolumn was
washed with 10 ml of methanol and conditioned
with 10 ml of LC-grade water. The raw water
sample was percolated, then the precolumn was
placed in front of the Hypercarb analytical
column by switching the valve in the inject
position and elution was effected with an aque-
ous mobile phase containing 30% of methanol.
In order to analyse the whole extracts obtained
by off-line concentration from the cartridge, the
dry extracts were dissolved in 30 ml of L.C-grade
water and 25 ml were percolated through the
precolumn and analysed on-line.

Table 1

3. Results and discussion

3.1. Degradation products of atrazine

The degradation products studied in this work
are listed in Table 1. The water—octanol parti-
tion coefficients, P, ,, which have been shown to
be useful for the prediction of the extraction
parameters [23], decrease with the number of
dealkylation and hydroxylation, showing that the
degradation products can be much more polar
than the parent molecule. The last five have
negative values, indicating that these compounds
are more soluble in water than in octanol and
cannot be extracted from water using liquid-
liquid extraction techniques. In the literature,
there is a great variation in log P, values
depending on the authors and on the methods
[24]. An average value of 2.7 was obtained for
atrazine using the shake-flask method whereas
values measured by HPLC were between 2.2 and
2.8. For simazine, only values calculated or
obtained via HPLC have been reported and are
between 1.5 and 2.3. The values in Table 1 were
calculated according to the method described by
Rekker [25] and from the mean value of 2.7 for
atrazine. In Ref. [24], values of 1.53 and 1.51

Substituents on the 1,3,5-triazine ring, water—octanol partition coefficients and ionization constants of atrazine, simazine and

degradation products

Compound Abbreviation Substituents in position LogP,, pK,

2- 4- 6-
Atrazine A NHCH(CH,), NHC,H;, Cl 2.7° 1.7
Simazine S NHC,H, NHC,H, Cl 2.3 1.65
Deethylatrazine DEA NHCH(CH,), NH, Ci 1.6 1.3
Hydroxyatrazine OHA NHCH(CH,), NHC,H;, OH 1.4 4.9
Deisopropylatrazine DIA NH, NHC,H; Cl 1.2 1.3
Hydroxydeethylatrazine OHDEA NHCH(CH,), NH, OH 0.2 4.5
Deethyldeisopropylatrazine DAA NH, NH, Cl 0 1.5
Hydroxydeisopropylatrazine OHDIA NH, NHC,H, OH -0.1 4.6
Cyanuric acid ACY OH OH OH ~0.2 6.9
Ammelide ADE NH, OH OH -0.7 1.8;6.9;13.5
Ammeline ANE NH, NH, OH -1.2 4.5;9.4

® Value from Ref. [24]; ionization constants from Ref. [16] or measured according to Ref. [13].
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were calculated and measured by HPLC, respec-
tively for deethylatrazine (1.12 and 1.15, respec-
tively, for deisopropylatrazine), so that the
agreement with the values in Table 1 is good.
Another important parameter for the environ-
mental analytical chemist is the ionization con-
stant, because when using a non-polar sorbent
for extraction, it is of prime importance to adjust
the pH so that the compounds should be in their
neutral form.

These compounds were selected because they
represent the most probable transformation
products. Studies of drinking water treatment
with ozone and addition of hydrogen peroxide
under laboratory conditions indicated that the
ultimate identified transformation products are
ammeline and cyanuric acid; most of the com-
pounds in Table 1 have been identified as inter-
mediate compounds [26-28].

3.2. Comparison of retention factors in water

To a first approximation, solid-phase extrac-
tion is a simple chromatographic process, the
sorbent being the stationary phase and the water
of the sample the mobile phase, so that data
generated by LC measurements can be used for
predicting the SPE parameters [23,29]. Solutes
are trapped provided that they are not eluted by
water. In practice, the most important parameter
is the volume that can be percolated with 100%
recovery, known as the breakthrough volume,
V,, which can be estimated from the retention
volume V, measured with water as mobile phase.
As V. can be easily calculated from the capacity
factor of solutes in water, k., by the equation
V.=V, (1+k.), V, being the void volume, one
can rapidly obtain the order of magnitude of the
breakthrough volume. For example, a log ky,
value higher than 2.2 is required for a V, value
higher than 100 ml using a cartridge packed with
500 mg of sorbent.

The values of k! can be measured in water or
can be extrapolated from more rapid measure-
ments in water—methanol. For the three reversed-
phase sorbents, the capacity factors were mea-

sured for each solute in Table 1 with various
methanol-water mobile phases and the results
are reported in Fig. 1. As expected, only DEA,
OHA and DIA can be preconcentrated using C,g
silica. The others are not retained enough and
ADE, ANE and ACY were not reported as they
have log k' values below —0.5 even in pure
water. These results could have been predicted,
without any calculation, from the relationship
between log k/ and log P, which has been
intensively studied in reversed-phase chromatog-
raphy with C,; silicas [30].

The retention of compounds on the apolar
copolymer PRP-1 was shown to be between 20
and 40 times higher than that measured on Ciq
silicas [22]. Fig. 1b effectively shows that at-
razine, simazine, DEA, OHA and DIA are
more retained. However, the log k|, values of
the more polar OHDEA, DAA, OHDIA, ADE,
ANE and ACY are very similar to those ob-
tained on C,; silica. The limitation of the ex-
traction potential of both C,; and the apolar
copolymer is clearly shown for highly polar
compounds.

The retention mechanism was shown to be
different on PGC, so that log k, cannot be
predicted from the hydrophobicity (Fig. 1c).
First, simazine and atrazine are more retained
than they are on PRP-1 and the retention order
is different. The same inversion is found for
DEA and DIA and for OHDEA and OHDIA.
In comparison with simazine, atrazine contains a
more hydrophobic substituent, isopropyl instead
of ethyl, on the nitrogen atom in position 2, and
the retention order on C,; silica and on PRP-1 is
easily explained by this difference in hydropho-
bicity. On PGC, the retention mechanism de-
pends on both the hydrophobicity and the local
dipoles in the molecule, so that the inversion
between simazine and atrazine can be explained.
However, the most important point is that the
very polar ACY, ANE and ADE are very well
retained by the PGC in water with log k., values
higher than 2.5. All other compounds have log
k! values above 3. These results are in agree-
ment with previous work where we have shown
that the log k, values of 1,3,5-trihydroxybenzene
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Fig. 1. Variation of capacity factors (log k') with the mobile phase composition obtained on (a) C,, silica, (b) PRP-1 copolymer
and (c) porous graphitic carbon. Solutes: A = atrazine; A = simazine; ¢ = OHA; ® = DEA; { =DIA; O = OHDEA; V =DAA;
V¥ =OHDIA; B = ACY; O = ADE; 0= ANE. Mobile phase, methanol-0.05 M sodium phosphate adjusted to pH 7, except for
ADE and ACY on PGC (pH 3); flow-rate, 1 ml/min; unretained compound, 2 M sodium nitrate.
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were around 3 whereas this compound was not
retained at all on C silica [21].

3.3. Analytical separation

The analytes were divided into two groups
because of their different solubility properties
and also because of the different pH values that
should be used. The separation of ADE, ANE
and ACY was performed on a C,; column eluted
with pure water adjusted to pH 3, showing that
these compounds are just slightly retained with
C,, silica (Fig. 2). Bad peak shapes were ob-
tained on dissolving the injection mixture in
aqueous solutions containing methanol or ace-
tonitrile. The solubility in other solvents was
very poor and this practical problem prevented
us from separating these compounds in the
normal-phase mode. The other compounds were
separated with an acetonitrile gradient at pH 7.
A similar separation was not possible using the
only available 10-cm long analytical column of

ADE
ACY
—6 2 4 time (min)

Fig. 2. Analytical separation of simazine, atrazine and the
degradation products on a C; column. Mobile phase, 107°
M perchloric acid; detection UV, at 205 nm.

PGC because of the lack of efficiency in com-
parison with a 25-cm C,¢ column [31]. Neverthe-
less, the PGC column was used as a confirmation
column, the retention volume of ACY being the
same as that with C; silica, but using an aque-
ous mobile phase containing 30% of methanol.

3.4. Solid-phase extraction conditions

The extraction also has to be carried out
separately for the two groups, owing to the
different solvents used for dissolving the corre-
sponding extracts. Only water was effective for
dissolving the extract when the three more polar
analytes were studied. For the three more polar
analytes, a cartridge packed with 500 mg of PGC
was selected in order to increase the V|, values.
Recoveries were first measured by preconcen-
trating 250 ml of LC-grade water samples spiked
with 5 ug/l of ADE, ANE and ACY. Average
recoveries above 95% were obtained on eluting
the cartridge with 15 ml of methanol or 15 ml of
acetone. The organic solvent was evaporated to
dryness at ambient temperature under a stream
of nitrogen and the residue was dissolved in 0.5
ml of water adjusted to pH 3. An aliquot of 100
wl was injected and recoveries were calculated
by comparison with standard solutions. The
sample volume can be increased to 500 ml with
an amount of 1 g of PGC sorbent and a desorp-
tion volume of 20 ml of methanol. The recovery
obtained with 500 ml of water samples spiked
with 5 ug/l of ACY was 96 + 5% (three replicate
extractions). ANE was shown to be fairly un-
stable. This was verified by regularly monitoring
the stock solution containing ADE, ANE and
ACY and it was observed that the concentration
of ADE increased while the concentration of
ANE decreased, indicating a slow transforma-
tion of ANE into ADE.

For the other group, as the log k., values were
above 3, a 300-mg PGC cartridge was selected.
However, the elution was more difficult owing to
the strong retention of the less polar analytes.
The curves Fig. lc indicate that simazine and
atrazine are still retained in pure methanol. The
recoveries were first measured with an elution
volume of 15 ml of pure organic solvent. Metha-
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nol, acetonitrile, THF and methylene chloride
could not elute each analyte completely. The
highest recoveries were obtained with THF,
except for the hydroxy analogues, which were
better eluted with methanol. The recoveries
obtained with an eluent consisting of 15 ml of
methanol and 10 ml of THF were above 90% for
each analyte with a sample volume of 500 ml and
using a cartridge containing 300 mg of PGC.

3.5. Application to drinking waters

Cyanuric acid was first studied. The off-line
procedure described previously using a 500-mg
PGC cartridge was applied to 250 ml of LC-
grade water spiked with 5 ug/1 of cyanuric acid,
to 250 ml of non-spiked drinking water and to a
250-ml sample of the same drinking water spiked
with 5 ug/1 of cyanuric acid. The chromatograms
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of the extracts are presented in Fig. 3. The-
drinking water shows numerous interfering com-
pounds and peaks identified with asterisks have
the same retention times as ammeline, cyanuric
acid and ammelide, indicating that PGC is not a
selective extraction sorbent and that C,; silica is
not able to separate the interferents from the
analytes in the extract. As the mobile phase is
pure water, it is impossible to modify it to delay
the analytes. When spiking the drinking water
with cyanuric acid alone, it was verified that both
the retention time and the shape of the peak
were identical (Fig. 3c). The analytical PGC
column was therefore used as a confirmation
column. As it was impossible to dissolve the
whole dry extract in less than 500 wul of water
and to inject more than 100 ul on to the 10-cm
long Hypercarb column, this procedure could
not provide determinations below 3 pg/l. Owing

-

L

—
0 2

6 2 4 6 8 time (min) 4 6

10 time (min) 0 2 4 6 8 10 time (min)

Fig. 3. Analysis of the off-line water extracts on the C,, analytical column. (a) 250 ml of LC-grade water spiked with 5 pg/l of
cyanuric acid; (b) 250 ml of drinking water, non-spiked, taken in Paris, May 1993; 1 = ANE, 2= ACY and 3 = ADE; (c) 250 ml
of the same drinking water spiked with 5 pg/1 of cyanuric acid (peak 2). Experimental conditions as in Fig. 2a. Dissolution of the
extract in 0.5 ml of mobile phase and injection of a 100-ul aliquot; UV detection at 205 nm, (a) 0.01 AUFS, (b) and (c) 0.02

AUFS.
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to the poor UV property of cyanuric acid, there
was interest in injecting nearly all of the dry
extract, which was possible by diluting it in a
larger volume of water and using an on-line
set-up, as described in the Experimental section.
The three extracts analysed in Fig. 3 were then
analysed on the PGC analytical column and the
corresponding chromatograms are presented in
Fig. 4. There are considerable differences be-
tween the chromatograms in Figs. 3 and 4 and it
can be seen that the analytical PGC column is
able to separate the interferents from the ana-
lytes using an aqueous mobile phase containing
30% of methanol. Therefore, it was possible to
confirm that the chromatograms in Fig. 3b were
false-positive. The detection limit obtained using
this procedure was 0.2 ug/l in drinking water
samples.

The other less polar metabolites were also
determined using a 300-mg PGC cartridge, ac-
cording to the experimental conditions described
above. Fig. 5 represents the analysis of an
extract obtained from the preconcentration of
500 ml of drinking water spiked with 0.5 ug/! of
each analyte. Detection limits below the 0.1 pg/1

by 4

level are easily obtained even for OHDIA,
OHDEA and DAA.

4. Conclusion

Many transformation products of pesticides
are more polar than the parent molecules and
their extraction from aqueous media requires
specific sorbents. Although the limitations of C,
silica and apolar copolymers can be predicted
according to the well known retention behaviour
of solutes with the sorbents in LC, little is known
about the retention mechanism of polar com-
pounds on PGC and more studies are necessary.
The potential of PGC for the extraction of some
water-soluble analytes has been demonstrated in
this study, since previously no conventional
sorbent was able to extract the water-soluble
degradation products of atrazine in drinking
waters. Moreover, it was also pointed out in this
particular example that C,; silica columns were
not able to analyse the extracts, but that PGC
used as an HPLC stationary phase was able to
separate interferents from the analytes, thus

—
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Fig. 4. On-line analysis of water extracts using a PGC precolumn and a PGC analytical column. (a) LC-grade water extract
spiked with 5 ug/l of cyanuric acid; (b) non-spiked drinking water extract; (c) spiked drinking water extract with 5 ug/l of
cyanuric acid. Dry extracts (obtained by off-line preconcentration) were dissolved in 30 ml of LC-grade water and 25 ml were
analysed on-line (see text). Mobile phase, methanol-0.05 M sodium phosphate buffer (pH 7) (30:70) detection UV, at 220 nm,

0.05 AUFS.
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DIA
DEA

OHA

0 10 time (min)

Fig. 5. Off-line analysis of the extract corresponding to 250
ml of drinking water spiked with 0.5 pg/l of each analyte.
Experimental conditions: water—acetonitrile gradient at pH 7
(see Experimental section for the gradient shape); dissolution
of the extract in 0.5 ml of methanol and injection of a 100-u1
aliquot; detection, UV at 210 nm, 0.02 AUFS.

providing a useful confirmation method. There-
fore, PGC will contribute to the increase in the
number of polar analytes that can be monitored
at trace levels in water. The solid-phase ex-
traction of very polar compounds is certainly an
area which needs to be developed with the
introduction of new sorbents.
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Abstract

Simultaneous ion-pair/supercritical fluid extraction (SFE) was investigated as an alternative to liquid solvent
extraction for clenbuterol determination. Clenbuterol was extracted from diatomaceous earth and food matrices
(feedstuff, lyophilized milk and liver) as its 10-camphorsulfonate jon-pair using supercritical (SC) CO, for 30 min
of dynamic extraction at 383 bar and 40°C. The ion-pair forming reagent was added to the extraction cell prior to
SFE. Recoveries ranged from 12 to 87% with mean R.S.D. of 15% for triplicate extractions. The use of the
ion-pair reagent as a CO, modifier was also studied in depth.

1. Introduction

Supercritical fluid extraction (SFE) has proved
to be an expeditious technique to leach quantita-
tively non-polar organic compounds from a great
variety of matrices [1-4]. Nevertheless, addition
of a polar modifier to the extractant fluid is
required for the quantitative extraction of polar
or ionic analytes when the fluid is non-polar (e.g.
CO,). In situ derivatization [5-8], complexation
[9-17] and ion-pairing [18,19] under supercritical
conditions are recently used approaches to im-
prove efficiency of polar- and ionic-species ex-
traction.

Quaternary ammonium salts have been used
for ion-pair-supercritical fluid extraction. Ali-
phatic and aromatic surfactants have been quan-
titatively (>90%) extracted from sewage sludges

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00526-9

as their tetrabutylammonium ion-pairs using
supercritical CO, [18], while trimethylphenylam-
monium hydroxide has been used to improve the
extraction of sulphonamides [19]. Metals ions
[9,11-15,17] and organometallic compounds
[8,10,16] have been extracted with CO, after
conversion to non-charged species.

The use of clenbuterol, a B-adrenergic agonist
drug, as feed additive is not permitted in the
European Union (EU) but it is illegally used as a
growth promoter in meat-producing animals.
Clenbuterol persist in liver at levels much higher
than in other edible tissues. For this reason rapid
methods for the determination of clenbuterol in
liver samples are required. Enzyme immuno-
assay has been used for B-agonist screening of
bovine urine [20,21], liver {21,22] and eye [21]
samples, whereas liquid [23-26] and gas [27-30]
chromatography have been used after laborious
and time-consuming preliminary steps (liquid—

© 1995 Elsevier Science B.V. All rights reserved
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Fig. 1. Proposed interaction between camphorsulfonate ion
and protonated clenbuterol.

liquid and solid-phase extractions) for the de-
termination of clenbuterol in biological matrices.
The aim of this work was to study the supercriti-
cal fluid extraction of clenbuterol from different
matrices to overcome those preliminary steps.
Aminoalcohols form stable ion-pairs with cam-
phorsulfonic acid in a non-polar medium. In
addition to electrostatic attraction, hydrogen
bonding between. the aminoalcohol and cam-
phorsulfonic acid takes place in a non-polar
medium such as supercritical CO,. In this paper
camphorsulfonate is proposed as counterion for
ion-pair-SFE of clenbuterol. The proposed in-
teraction between camphorsulfonate ion and
protonated clenbuterol is shown in Fig. 1.

2. Experimental
2.1. Instrumentation

A Hewlett-Packard HP 7680A supercritical
fluid extractor equipped with a 7-ml thimble as
extraction cell and a packing of small stainless-
steel balls as analyte trap was used. An HP 1050
liquid chromatograph and an HP 1040A diode-
array detector were used for the determination
of clenbuterol in the extracts. A Fisons super-
critical fluid extractor consisting of an SFC 300
double-syringe pump, an SFE 30 collector unit,
an SFE 300 control system and a Haake K20
cooling circulator (ethanol-filled) and a VR 100
variable restrictor (CCS Instrument Systems,
PA, USA) were used for continuous addition of
the ion-pair reagent during the SFE process. An

Ultraterm 6000383 P-Selecta recirculating ther-
mostat was used to control the collector tem-
perature.

2.2. Materials

Stock standard solution of clenbuterol hydro-
chloride (>95%, Sigma) of 0.4 g/l in HPLC-
grade methanol (Romil Chemicals) was pre-
pared. Diatomaceous earth (Sigma) was used as
solid support.

SFE/SFC-grade CO, (Air Products) and
methanol-modified CO, (nominally 10% metha-
nol in CO,, SEO, Spain), HPLC-grade methanol
and acetonitrile (Romil Chemicals), glacial acetic
acid and ammonia (Panreac, Spain) were also
used.

Ion-pair reagents were prepared as 0.1 M
methanolic solutions except where noted. The
reagents tested included (15)-(+)-10-camphor-
sulfonic acid (S-CamH), (1R)-(—)-10-camphor-
sulfonic acid (R-CamH, Sigma) and (1R)-(—)-10-
camphorsulfonic acid ammonium salt (R-
CamNH,, Aldrich). The 0.1 M (15)-(+)-10-
camphorsulfonic acid ammonium salt (S-
CamNH,) solution was prepared from S-CamH
and ammonia.

2.3. Coupling of the ion-pair reagent and
supercritical fluid extraction modes

The ion-pair reagent was incorporated into the
system in three different ways. (a) A small
volume (500 p1) of reagent methanolic solution
was added to the sample in the extraction cell
before the extraction with supercritical CO, was
started. (b) The reagent was dissolved in the
cosolvent used as polar modifier of CO, and so
continuously added to the fluid in the dynamic
procedure. (c) A static addition followed by a
dynamic addition of the ion-pair reagent was also
performed.

Static addition

Extractions were performed using the HP
extractor (Fig. 2A). CO, and methanol-modified
CO, were delivered from a cylinder supplied
with a dip tube, and they were aspirated by a



M.M. Jimenez-Carmona et al. | J. Chromatogr. A 711 (1995) 269-276 271

co,/
CO,+Cosolveit

L

I

C
LIE

H

Fig. 2. Schematic diagram of the extraction systems used for
ion-pair-SFE with (A) static addition and (B) dynamic
addition of the ion-pair reagent. (P) pump, (EC) extraction
chamber, (AT) analyte trap, (VR) variable restrictor, (E)
extract, (RS) rinsing solvent, (V) vent, (R) ion-pair reagent
solution, (C) collector, (CS) collection solvent and (H)
collector heater with thermostat.

double-piston pump and passed through the 7-ml
extraction cell which contained the sample. The
extraction cell was ca. 25% filled and not-inert
filler was added. The leached clenbuterol was
driven to a 0.45-ml stainless-steel bead trap
through an automated variable-diameter restric-
tor which virtually avoided plugging and pro-
vided a constant flow-rate during the extraction
process. In a subsequent step (rinsing), an ace-
tonitrile—acetic acid/ammonium acetate buffer
(30:70) stream at 0.5 ml/min flow-rate was
pumped through the trap by a syringe pump. In
order to avoid methanol retention in the trap the
temperature of this device was increased to 70°C
during the extraction step when either methanol-
modified CO, or methanolic solutions were used
or added to the samples, respectively. Restrictor
and trap temperatures were 60°C during the
rinsing step. The extract was collected in vials
which had been previously weighed in order to
determine the weight of the extract as the

difference. The recoveries were calculated from
analyte concentrations determined by HPLC and
the volume of the extract, the latter being
obtained from weight/density data, which were
more precise than those obtained from the
values of the volume dispensed by the extractor.

Dynamic addition

Extractions were performed using the Fisons
extractor (Fig. 2B). Pure CO, and cosolvent
(pure methanol or methanolic solution of the
reagent) were separately delivered by a dual-
syringe pump and mixed prior to the extraction
chamber. The fluid flow-rate through the 3-ml
extraction cell was controlled by a manually
actuated variable restrictor that was immersed in
a solvent trap (4 ml of 30:70 acetonitrile—acetic
acid/ammonium acetate buffer in the collector at
50°C). Larger cells were difficult to handle due
to the dimensions of the extraction chamber.
The collector was heated at 50°C to avoid freez-
ing during the fluid expansion.

2.4. Chromatographic separation and detection

A liquid chromatograph with a diode-array
detector equipped with an Ultrabase-C,; (250 X
4.6 mm, 5 pm) column was used to determine
clenbuterol in the extracts. The injection volume
was 20 ul. A 70:30 10 mM acetic acid—am-
monium acetate buffer solution (pH 4.6)/ace-
tonitrile mobile phase was used at a 1 ml/min
flow-rate. The chromatogram was recorded at
244 nm, the maximum-absorbance wavelength of
clenbuterol, and the peak area was used to
quantify the analyte. The peak was identified by
both the retention time (4.98 + 0.08 min) and the
spectrum. The calibration curve obtained by
using the peak area was linear over the range
1-60 pg/ml. The equation for the linear segment
obtained by the least-squares method was: A =
1.77 4+ 25.65¢ (where A and c¢ denote peak area
and concentration of clenbuterol expressed in
wg/ml, respectively), and the regression coeffi-
cient was 0.99989. The precision (expressed as
the relative standard deviation, R.S.D.) of the
HPLC method was 3.62% (n =11, 10 ug/ml of
clenbuterol).
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2.5. Support and sample preparation

Diatomaceous earth (0.5 g) and samples (0.3-
0.5 g) were directly weighed in the extraction cell
following addition of 50-100 wl of clenbuterol
stock solution and 0.5 ml of ion-pair reagent
solution. No drying stage was performed. Sup-
port and samples were extracted 15 min after
spiking.

3. Results and discussion
3.1. Static addition of the ion-pair reagent

Preliminary experiments were carried out to
determine the extraction efficiency of clenbuterol
with supercritical CO, and to search for alter-
natives to improve the extraction efficiency.

Ion-pair reagent survey

The two enantiomers of both camphorsulfonic
acid and its ammonium salt were tested as ion-
pair reagents. An amount of 0.5 ml of metha-
nolic solution of the reagent (0.1 M) was added
to 0.5 g of diatomaceous earth in the extraction
cell that had previously been spiked with 20 pg
of clenbuterol prior to SFE with pure CO,.
Recoveries were greatly improved by using the
ammonium salt instead of the acid form, while
there was no difference using the R- or S-en-
antiomers.  Clenbuterol  recoveries  from
diatomaceous earth with SC-CO, were 30% and
70% using camphorsulfonic acid and the am-
monium salt, respectively. The (1R)-(-)-10-cam-
phorsulfonic acid ammonium salt was chosen as
ion-pair reagent for further experiments. This
behaviour is in accordance with the features of
clenbuterol, a polar compound with two-NH,
groups which could be protonated under the
extraction conditions used. A charged analyte
can not be extracted with pure CO, unless it is
converted into a neutral form, i.e. by ion-pair
formation. Camphorsulfonic acid hardly would
form the ion-pair, so a prior deprotonation
would be mandatory, which in turn could give
rise to protonation of the second amino group of
clenbuterol. This latter effect, highly undesir-

able, does not appear when the ammonium salt
is used.

Methanol and dichloromethane were studied
as solvents to prepare the ion-pair reagent solu-
tion. Methanol gave higher recoveries than di-
chloromethane. In addition, the latter gave rise
to extract turbidity, probably due to retention of
dichloromethane somewhere between the trap
and the vent, where the temperature was not
controlled. The presence of dichloromethane
caused drawbacks in the chromatographic de-
termination, such as baseline noise.

The trap temperature was increased to 70°C
during the extraction step to avoid solvent re-
tention. The addition of volumes of reagent
solution larger than 0.5 ml (1.5 ml) resulted in
irreproducible results. Reproducibility was im-
proved by decreasing the amount of liquid added
to the extraction cell and increasing the trap
temperature.

Solutions of ion-pair reagent with a concen-
tration higher than 0.1 M were used to optimize
the amount of reagent used. There was no
improvement using 0.3 M (close to saturation)
solution compared to 0.1 M solution.

Influence of the extraction fluid

Some experiments were performed with the
aim of choosing the optimal extraction fluid.
Extractions of clenbuterol from diatomaceous
earth were carried out using SC-CO, (40°C, 281
bar, d=0.9 g/ml) and supercritical methanol-
modified CO, premixed, (nominally 10%, 70°C,
314 bar, d=0.8 g/ml), the latter as the only
procedure to use cosolvent in the HP extractor
employed. Working conditions were as follows:
30 min at a flow-rate of 0.5 ml/min with and
without addition of 0.5 ml of R-CamNH, metha-
nolic solution or pure methanol.

Clenbuterol could not be extracted (0% re-
covery) into pure CO, without prior ion-pair
formation. Recoveries increased (15-30%) when
methanol was added to the extraction cell or
when methanol-modified CO, was used. Regard-
less of the fact that the CO,-MeOH premixed
fluid was a better extractant than pure CO, in
the absence of camphorsulfonate, the best result
(80% recovery) was obtained with pure CO, and
prior addition of R-CamNH, to the extraction
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cell; this procedure was selected for further
experiments. Only 60% of clenbuterol was re-
covered with methanol-modified CO, and R-
CamNH, addition.

Influence of SFE variables

The experimental variables as density, tem-
perature, equilibration, extraction time and CO,
flow-rate were optimized in order to maximize
extraction in a short time. The univariate meth-
od was used for this purpose. CO, density and
extraction time had the largest influence on
extraction efficiency.

CO, density. Increasing the density (or pres-
sure) at 40°C resulted in increased recovery
throughout the range studied (0.70-0.95 g/ml).
A density of 0.95 g/ml was chosen for further
experiments.

Temperature. The effect of this variable was
studied at a constant CO, density of 0.8 g/ml,
which allowed a wider range of temperatures
than 0.9 g/ml (because of instrumental pressure
limitations). The temperature range over which
the effect was investigated was 40—-80°C. Increas-
ing the temperature resulted in increased re-
coveries, but the recovery at the highest tem-
perature was lower than 80%, the value achieved
at 0.95 g/ml and 40°C. Thus a temperature of
40°C was selected as optimum.

Dynamic variables. CO, flow-rate and
equilibration time were studied in the range of
0.5-4.0 ml/min and 1-30 min, respectively; both
variables had no influence on the recovery.
Extraction times from 5 to 60 min were studied;
increasing extraction time up to 30 min resulted
in increased recovery, above this value recovery
remained almost constant.

Reproducibility

The precision, expressed as relative standard
deviation (n =7), obtained for the overall pro-
cess, i.e. ion-pair—-SFE (static addition)-HPLC)
under optimum conditions was 8.9%.

3.2. Dynamic addition of the reagent
In the dynamic addition mode, the ion-pair

reagent is continuously introduced in the ex-
tractor by dissolving it in the cosolvent used as

CO, modifier. The amount of reagent that can
be used in the dynamic mode is limited by the
solubility of the reagent in the supercritical
CO,—cosolvent mixture, which is lower than that
in the cosolvent. The use of amounts of reagent
larger than the saturation concentration could
give rise to precipitation in the extraction system
and restrictor plugging.

Extractions of clenbuterol (50 ul stock solu-
tion added to 0.5 g diatomaceous earth) were
carried out using concentrations of 1 and 5% 10
mM R-CamNH, in the methanolic solution
modified CO, with and without previous addi-
tion of this reagent to the extraction cell. Ex-
traction time was 30 min and the flow-rate was
kept between 0.8 and 1.2 ml/min. The re-
coveries obtained are listed in Table 1. Neither
dynamic nor combined static and dynamic addi-
tion modes improved extraction compared to
reagent addition to the extraction cell before
SFE with CO,. The low extraction recovery
obtained in the dynamic addition mode should
be expected due to the presence of methanol as
cosolvent. The fact that a different extraction
system was used must also be taken into account.
The extraction system became plugged and CO,
almost stopped flowing in the combined static
and dynamic addition mode with 5% cosolvent,
and it was unfeasible to reset the flow-rate at 1
ml/min by opening the variable restrictor. This

Table 1
Recovery of clenbuterol from diatomaceous earth

Addition procedure Recovery + R.S.D* (%)

Static addition® 858
Dynamic addition®
1% cosolvent 14=x5
5% cosolvent 677
Static + dynamic addition®
1% cosolvent 38x7
5% cosolvent 39+6

*Here n =3 except that for static addition (n =7).

® Conditions: HP extractor, CO, at 40°C and 383 bar (=0.95
g/ml).

° Conditions: Fisons extractor, CO, modified with 1% and
5% of methanolic solution of R-CamNH, (10 mM) at 40°C
and 281 bar (=0.90 g/ml) and 50°C and 314 bar (=0.88
g/ml), respectively.
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Table 2
Recovery of spiked clenbuterol by ion-pair~SFE

Sample Recovery = R.S$.D? (%)

20 png 40 ng
Diatomaceous earth 7310 82+6
Feedstuff 47+12 63+10
Lyofilized milk 59+7 86+ 11
Lyofilized liver 12+2 37+7
*n=3.

could be the reason of the decreased recovery in
this mode.

The stability of the ion pair increases in a
non-polar medium such as pure CO,, so increas-
ing the fluid polarity by adding methanol is
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Fig. 3. HPLC chromatogram for the 20 pg/ml clenbuterol
standard solution (A) and for the ion-pair-SFE extract of
spiked diatomaceous earth (B). Peak identification: clen-
buterol (1) and camphorsulfonate (2). For HPLC conditions
see text. SFE conditions: 0.5 ml/min pure CO, at 40°C and
383 bar for 30 min and addition of 0.5 ml of 0.1 M R-
CamNH, prior to extraction.

unfavourable. Moreover, competition of the
methanol dissolved in CO, for the groups of
clenbuterol and camphorsulfonate involved in
the hydrogen bonding decreases the ion-pair
stability.

3.3. Application of ion-pair—SFE to spiked
samples

The performance of the proposed ion-pair—
SFE was tested by applying it to the recovery of
clenbuterol at two different concentration levels
from several food matrices (lyophilized milk,
feedstuff and liver). Spiked samples were used
because no real samples containing native clen-
buterol were available. In addition, the HPLC-
UV method used to determine clenbuterol in the
extracts is not sensitive enough for the residue
levels occurring in real samples. Extractions
were performed in triplicate and provided good
results. Table 2 shows the mean recovery and
R.S.D. (n =3) for each sample and spiked level
(20 and 40 pg). The recoveries from food
matrices were generally lower than those from
diatomaceous earth. The sample amounts were
0.5 g for diatomaceous earth, feedstuff and
lyophilized liver and 0.35 g for lyophilized milk.

The lowest recovery was obtained for lyophil-
ized liver (12% for 20 ug). Recoveries from
lyophilized milk ranged from 59 to 86% and
were higher than that from milk mixed with
diatomaceous earth as water sorbent.

Additional and successive rinsings of the ana-
lyte trap with acetone, hexane and acetone (this
sequence was used in order to avoid miscibility
problems with the aqueous rinsing solvent) were
necessary after the extraction of milk samples to
remove extracted matrix components that were
not soluble in the rinsing solvent and remained
in the trap after the rinsing step. In the case of
feedstuff and lyophilized liver only one rinsing
step with acetone was sufficient to clean the
analyte trap. The extracts were very clear and
did not need clean-up before HPLC analysis.
Chromatograms of the extracts of diatomaceous
earth and food samples are shown in Figs. 3 and
4, respectively.
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Fig. 4. HPLC chromatogram for the ion-pair-SFE extracts of lyophilized milk (A), feedstuff (B) and lyophilized liver (C). Peak

identification and conditions as in Fig. 3.

4. Conclusions

The extraction of clenbuterol into supercritical
CO, is enhanced by using camphorsulfonate as
counterion to form an ion-pair. The clenbuterol—-
camphorsulfonate ion-pair formed is less polar
than clenbuterol and so more soluble in SC-CO,.

Extraction efficiency is not enhanced by a
previous static extraction. Although the SFE
efficiency of clenbuterol is improved by metha-
nol modification of CO,, the opposite occurs for
ion-pair—SFE of the target analyte since the ion-
pairing extraction is favoured in a non-polar
medium.

The recovery study performed on food ma-
trices (milk, liver and feedstuff) demonstrates
that ion-pair—SFE with camphorsulfonate and
CO, reduces preliminary steps in the determi-
nation of clenbuterol by a sensitive technique,
although it did not provide good recoveries for
some kinds of samples, such as liver.
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Abstract

A sensitive method for the quantitative determination of lipid A, the covalently bound hydrophobic component
of lipopolysaccharides (endotoxins), has been developed. The determination of lipid A was based on the
quantitative measurement of B-hydroxymyristic acid and B-hydroxylauric acid by reversed-phase HPLC. -
Hydroxy acids were liberated from ester and amide linkages in endotoxins by acid catalyzed methanolysis. The
resulting methyl esters were derivatized with 9-anthracene-carboxyl chloride, 9-fluorene-carboxyl chloride and
4-(1-pyrenyl)butyric acid chloride and quantified with a fluorescence detector. The effectiveness of the three
derivatizing agents was compared.

As internal standards-B-hydroxytridecanoic acid [8-OH(13:0)] and B-hydroxypentadecanoic acid [B-OH(15:0)]
ethyl esters were used. The limits of detection of 8-hydroxymyristic acid were 0.5 pg for the 9-anthroyl and 2 pg for
the fluorenoyl and 4-(1-pyrenyl)butyroyl ester per sample (signal-to-noise ratio of 3). The detection limits of
lipopolysaccharide from a smooth strain (Escherichia coli 0111:B4) was 20 pg, while that from two rough strains (E.
coli Nissle 1917 and Salmonella typhimurium SL 1181) was 5 pg per sample after methanolysis and derivatization
with 9-anthroyl chloride.

1. Introduction clotting cascade in the amebocyte lysate derived

from the crab Limulus polyphemus. Endotoxins

Endotoxins constitute a part of the outer
membrane of the cell wall of Gram-negative
bacteria [1]. The lipid A moiety of endotoxins is
responsible for the toxic effects of lipopolysac-
charides (LPS), like fever, tissue necrosis, endo-
toxic shock and activation of the complement
system [2,3].

A common technique for the determination of
endotoxins is the Limulus amebocyte lysate
(LAL) test [3], in which endotoxins activate a

* Corresponding author.

0021-9673/95/809.50
SSDI 0021-9673(95)00518-8

are measured by determination of the induced
gel formation. For quantitative measurements of
endotoxins, a chromogenic reaction has been
coupled to the clotting cascade [4,5]. However,
the selectivity of the LAL test remains ques-
tionable considering that some non-endotoxic
substances are known to activate the LAL clot-
ting enzymes [6,7].

B-Hydroxy acids, especially 8-hydroxymyristic
acid [8-10] and B-hydroxylauric acid [11}, consti-
tute an essential part of lipid A and have been
used therefore as chemical markers for the
quantitation of lipid A. These acids have been

© 1995 Elsevier Science B.V. All rights reserved
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analyzed by gas chromatography—mass spec-
trometry [8-11].

This study aimed at developing a sensitive,
specific and reproducible reversed-phase HPLC
method for the determination of lipid A by
detection of B-hydroxymyristic acid and B-hy-
droxylauric acid after derivatization with a
fluorophore.

The reaction of acid chlorides with hydroxyl
groups is known to be fast and to result in high
yields. Hence, fluorescent polycyclic hydrocar-
bons with an adjacent carboxyl chloride group
like 9-anthracene carboxylic chloride have been
used on several occasions for sensitive detection
of compounds containing hydroxyl groups [12-
15].
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In this work, three reagents [9-anthroyl chio-
ride, 9-fluorenoyl chloride and 4-(1-pyrenyl)-
butyroyl chloride] were tested to determine their
suitability for fluorescent labeling and quantita-
tion of B-hydroxymyristic and B-hydroxylauric
acid esters as endotoxin markers (Fig. 1).

2. Experimental
2.1. Chemicals and glassware

a-Bromoethyl acetate, decanal, undecanal,
dodecanal and tridecanal (technical grade, 90%—

97%) were obtained from Aldrich (Steinheim,
Germany) and distilled twice in vacuo before

0 oH
_C-CH,—CH-R

A

Cx
C LS
0% D
—CHy—CH-R ey 0 CCHamCHR
+ HCI + HCI

Fig. 1. Formation of B-hydroxy fatty acids from lipid A after methanolysis and derivatization with 4-(1-pyrenyl)butyroyl chloride,
9-fluorenoyl chloride and 9-anthroyl chloride. Resulting products are (a) 3-(4-(1-pyrenyl)butyroyl) fatty acid methyl ester, (b)
3-(9-fluorenoyl) fatty acid methyl ester and (c) 3-(9-anthroyl) fatty acid methy} ester. R:-(CH,);,,,—CH;; R :—H or—fatty acid.
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use. Zinc powder (99%) and boronic acid tri-
methylester (98%, distilled before use) were
delivered by Fluka (Buchs, Switzerland). All
solvents used for synthesis and purification were
analytical grade (Merck, Darmstadt, Germany).
9-Anthracene carboxylic acid, 9-fluorene car-
boxylic acid and 4-(1-pyrene)butyric acid (Al-
drich) were recrystallized three times in acetoni-
trile before derivatization with thionylchloride
(Fluka, distilled twice). Solvents used for chro-
matography were of chromatography gradient
grade (Merck) and used as delivered. Single use
solid-phase extraction cartridges, type Lichrolut
Si and Lichrolut RP 18 were obtained from
Merck. Glassware for analysis was heated to
300°C for 14 h before use. Plasticware was
extracted for 6 h in a Soxhlet apparatus with
acetonitrile.

2.2. Apparatus and HPLC conditions

"H NMR spectra were recorded with a Bruker
WM 250 NMR spectrometer. Excitation and
emission spectra were measured with a Shimadzu
RF 551 fluorescence spectrophotometer, which
was also used for detection during analysis.

The HPLC apparatus was a Merck-Hitachi
system with a L-5000 LC low-pressure gradient
controller and a C-655A-12 pump. Detector
signals were integrated with a Shimadzu CR 3A
Chromatopac integrator. Compounds were sepa-
rated on a reversed-phase column (NuSil 5 um
120 A Cis> 250 X3 mm 1.D., Macherey-Nagel,
Diiren, Germany) with a guard column (20 X3
mm 1.D.), employing a 20 ul sample loop. Flow-
rate was 1 ml/min.

Table 1

2.3. Synthesis of B-hydroxy acid ethyl esters

B-Hydroxymyristic acid ethyl ester and B-hy-
droxylauric acid ethyl ester were synthesized for
use as reference substances, while B-hydroxy-
tridecanoic acid ethyl ester and B-hydroxy-
pentadecanoic acid ethyl ester were synthesized
as internal standards. Synthesis was performed
by Reformatzky reaction from «-bromoethyl
acetate and a 10 g mass of the corresponding
aldehyde in tetrahydrofuran in the presence of
boronic acid trimethylester and zinc powder [16].
The products were extracted with diethyl ether
and the diethyl ether solution was washed three
times with water. After removal of the organic
solvent, the crude product was distilled twice in
vacuo. Table 1 shows the yield, the boiling point
at 20 mbar, and the molecular mass obtained
from mass spectrometry of the product for each
aldehyde reacted. Chemical structures of prod-
ucts were verified by '"H NMR.

'"H NMR specifications in CDCl, & (ppm)
were: 0.88 (6H, t,-CH;), 4.17 (2H, q, CH;-
CH,-CO,-), 4.00 (1H, m,~CHOH-), 2.34 and
2.55 (2H, m, RCO,-CH,-CHOH-), 1.26-1.38
(16H/18H/20H/22H - (CH,)4~ / —(CH,)o— / —
(CHz)lo—/_(CHz)n')-

2.4. Synthesis of carboxylic acid chlorides

For fluorescence labeling, carboxylic acid chlo-
rides were synthesized by derivatization of 9-
anthracene carboxylic acid, 9-fluorene carboxylic
acid and 4-(1-pyrene)butyric acid with thionyl-
chloride in dried toluene [11]. After removal of
the solvent, the product was recrystallized three

Yields, boiling points and molecular masses determined by mass spectrometry (m/z M ") of B-hydroxy acids (first row) formed by
the Reformatzky reaction of an aldehyde (second row) with a-bromoacetic acid ethyl ester

Product Aldehyde Yield b.p. at M,
(~ ethyl ester) (%) 20 mbar (°C)

B-OH(12:0) Decanal 69 123 244
B-OH(13:0) Undecanal 74 133 258
B-OH(14:0) Dodecanal 78 143 272
B-OH(15:0) Tridecanal 77 152 286
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times in dried hexane. During the recrystalliza-
tion, the humidity of ambient air reacted with
acyl chlorides and caused precipitation of insolu-
ble carboxylic acid. These precipitates were
removed by filtration of the hot solution through
a dried ceramic filter. For color, yield and
melting point (uncorrected) see Table 2.

2.5. Synthesis of fluorescence-derivatized B-
hydroxy ethyl esters

For determination of fluorescence sensitivity,
1.00 g of B-hydroxymyristic acid ethyl ester,
dissolved in 20 ml of dried acetonitrile, was
allowed to react with 1.06 g 9-anthroyl chloride,
1.01 g 9-fluorenoyl chloride and 1.35 g 4-(1-
pyrenyl)butyroyl chloride, each dissolved in 30
ml of dried acetonitrile (30 min, 22°C). The
resulting products were recrystallized three times
from ethanol-water. Melting points were de-
termined for 3-(9-anthroyl)myristic acid ethyl
ester (white powder, m.p. 37-38°C) and 3-(9-
fluorenoyl)myristic acid ethyl ester (white pow-
der, m.p. 36°C). The 3-(4-(1-pyrenyl)bu-
tyroyl)muyristic acid ethyl ester was a honey-con-
sistent, bright green fluorescent product.

'"H NMR specifications in CDCl, & (ppm)
were:

(1) 3-(9-anthroyl)myristic acid ethyl ester: 0.88
(6H, t,—CH;), 1.22-1.38 (18H-(CH,),-),
1.89 (2H, m,-CHCO,Ar-CH,-CH,-), 2.73
and 2.90 (2H, m, RCO,-CH,-CHCO, Ar-),
4.20 (2H, q, CH,-CH,-CO,-), 5.86 (1H,
m,-CHCO,Ar-), 7.50 (4H, m, Ar-H),
8.03 (4H, m, Ar-H), 8.50 (1H, s, Ar-H).

(2) 3-(9-fluorenoyl)myristic acid ethyl ester: 0.88

Table 2
Color, yield and melting points of polycyclic hydrocarbon
acyl chlorides used for derivatization of B8-hydroxy acids

Acid chloride Color Yield m.p.
(%) O
9-Anthroyl- Bright yellow 82 95
9-Fluorenoyl- Pale brown 85 72
4-(1-pyrenyl)-
butyroyl- Brown 79 82

(6H, t, CH,), 1.22-1.38 (18H-(CH,),-),
1.61 (2H, m,~CHCO,Ar-CH,-CH,-), 2.51
and 2.63 (2H, m, RCO,~CH,-CHCO,Ar-),
4.07 (2H, q, CH,-CH,-CO,-), 4.85 (1H, s,
Ar-CH-Ar), 5.34 (1H, m,-CHCO,Ar-),
7.38 (4H, m, Ar-H), 7.65 (2H, m, Ar-H),
7.77 (2H, m, Ar-H).

(3) 3-(4-(1-pyrenyl)butyroyl)myristic acid ethyl
ester: 0.88 (6H, t, CH,-), 1.22-1.38 (20H-
(CH,),-), 1.61 (2H, m,—CHCO,Ar-CH,~-
CH,-), 2.17 (2H, m,-CHCO,-CH,-CH,-
CH,~CH,~Ar), 2.43 (2H, t,—~CHCO,-
CH,-CH,-CH,~CH,-Ar), 2.57 (2H, m,
RCO,-CH,-~CHCO,Ar-), 3.37 (2H, t,
CHCO,-CH,-CH,-CH,~CH,~Ar), 4.10
(2H, q, CH,-CH,~-CO,-), 5.29 (1H, m,-
CHCO,Ar~), 7.85 (1H, d, Ar-H), 7.94-
8.17 (7H, m, Ar-H), 8.29 (1H, d, Ar-H).

The maximum excitation and emission wave-
lengths, fluorescence intensities and detection
limits at individual wavelengths of each com-
pound have been determined after HPLC sepa-
ration.

2.6. Endotoxin standards

Pure endotoxins were obtained by extracting
dried bacteria mass (E. coli Nissle 1917; Ar-
deypharm, Herdecke, Germany), using the
phenol-water extraction procedure [17]. Further
endotoxin standards from E. coli serotype
0111:B4 and Salmonella typhimurium serotype
SL 1181 (Re mutant) were obtained from Sigma
(Deisenhofen, Germany).

2.7. Methanolysis of endotoxins and isolation of
B-hydroxy acid methyl esters

Endotoxin from E. coli Nissle 1917 and E. coli
0111:B4 was dissolved in aqueous 0.05% tri-
ethylamine solution. The stock solution (1 mg/
ml endotoxin) was diluted to give 1 ug/ml
endotoxin. The kinetics of methanolysis was
investigated using hydrochloric acid (1 mol/l and
4 mol/1 in methanot) and sulfuric acid (0.5 mol/l
and 2 mol/] in methanol). The acid-methanol
mixture was added to 100 ul of the endotoxin
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solution to give a final volume of 5 ml. Tempera-
ture during methanolysis was kept at 110°C
[9,18-20]. The liberation of B-hydroxymyristic
acid as methyl ester from endotoxin was de-
termined as a function of acid concentration and
duration of heating (procedure described later).

After cooling, 2 ml of water and 1.5 ml of
n-hexane were added to the clear reaction mix-
ture. This was shaken vigorously (2 min) and the
resulting emulsion was centrifuged (10 min, 1500
g). The upper hexanoic layer was transferred to
a Lichrolut Si cartridge. Washing (4 ml) and
elution (double portion of 700 ul) of B-hydroxy
acid esters were optimized with various con-
centrations of fert.-butyl methyl ether in n-hex-
ane. The eluted solution was collected in screw-
cap vials (vial volume 1.5 ml) and the solvent
was removed with a dry nitrogen stream at room
temperature.

2.8. Derivatisation of B-hydroxy acid methyl
esters

A 100-p1 volume of 9-anthroyl chloride, 9-
fluorenoyl chloride, or 4-(1-pyrenyl)-butyroyl
chloride in acetonitrile (5 mg/ml) was added
separately to residues obtained from the above
described procedure. The vials were closed with
Teflon-sealed screw-caps and allowed to react
after vigorous shaking. According to the re-
ported kinetics of acylation of hydroxyl groups
with 9-anthroyl chloride [12,15], B-hydroxy acid
methyl esters were allowed to react with 9-an-
throyl chloride for 20 min at room temperature
or kept for 10 min at 60°C.

The reaction mixture could not be employed
directly for analysis in HPLC because of the high
ratio of reagent to product. At a B-hydroxy-
myristic acid [3-OH(14:0)] amount of 10 pg, the
mass ratio of 9-anthroyl chloride to -OH(14:0)
was 50 millions to one. The initial peak (9-
anthracene carboxylic acid) intensity descended
too slowly to enable quantitation of the B-
OH(14:0) derivative. Therefore, the reaction
mixture was adsorbed on a Lichrolut RP 18
cartridge, and excess reagent was removed by an
acetonitrile—water mixture.

Before adsorption, C,; cartridges were con-
ditioned with 1 ml acetonitrile—water (60:40, v/
v) avoiding dry-running of the cartridge filling
prior to the addition of the sample. Water (40
wnl) was added to the reaction mixture. After 5
min, the solution was applied to a RP 18 car-
tridge and allowed to adsorb (5 min). The
cartridge was washed with 5 ml acetonitrile—
water (60:40) and dried by the vacuum-induced
air flow (10 min). The fluorescence-derivatized
compounds were extracted with acetonitrile. The
solvent was removed from eluent with dry nitro-
gen at room temperature, and the residue was
redissolved in 150 wl acetonitrile. This solution
was employed directly for HPLC quantitation.

According to the described procedure, B-hy-
droxylauric acid methyl ester, B-hydroxy-
tridecanoic acid methyl ester, B-hydroxymyristic
acid methyl ester, B-hydroxypentadecanoic acid
methyl ester and the ethyl esters of the men-
tioned B-hydroxy acids were esterified with 9-
anthroyl chloride, 9-fluorenoyl chloride, and 4-
(1-pyrenyi)butyroy! chloride. Fluorescence spec-
tra of the synthesized 24 reaction products were
compared with regard to their excitation and
emission wavelengths, their signal intensities and
their detection limits.

3. Results

3.1. Fluorescence spectra, linearity of standard
curve, HPLC separation and detection limits of
fluorescence-labeled B-hydroxy acid esters

The synthesized fluorescent products were
dissolved in acetonitrile—water (95:5, v/v, 10 ng/
ml). From this solution, fluorescence spectra of
the anthroyl-, the fluorenoyl- and the 4-(1-
pyrenyl)butyroyl)derivatized B-hydroxy acid
ethyl esters were recorded (Fig. 2) and the
excitation and emission maxima were deter-
mined (Table 3). The highest signal intensities
were obtained using the following excitation/
emission wavelengths: anthroyl derivative: 250
nm/462 nm, fluorenoyl derivative 262 nm/310
nm and 4-(1-pyrenyl)butyroyl derivative: 238
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Fig. 2. (a) Fluorescence spectrum of 3-(9-anthroyl)myristic
acid methyl ester dissolved in acetonitrile—water (95:5, v/v,
10 ng/ml); excitation wavelength maxima were at 250 nm
and 360 nm, emission maxima were at 462 nm for both
excitation wavelengths; fluorescence intensity ratio of 462 nm
emission at 250 nm excitation to that at 360 nm was 12:1. (b)
Fluorescence spectrum of 3-(9-fluorenoyl)myristic acid
methyl ester dissolved in acetonitrile-water (95:5, v/v, 10
ng/ml); excitation wavelength maximum was at 262 nm;
emission maximum was at 310 nm. (c) Fluorescence spectrum
of 3-(4-(1-pyrenyl)butyroyl)myristic acid methyl ester dis-
solved in acetonitrile-water (95:5, v/v, 10 ng/ml); excitation
wavelength maxima were at 238 nm, 270 nm and 336 nm;
emission maxima were at 376 nm and 395 nm; fluorescence
intensity ratio of emissions (376 nm and 395 nm) at 238 nm
excitation to emission at 270 nm excitation was 2.4:1,
fluorescence intensity ratio of emission at 376 nm to emission
at 395 nm at maximum intensity excitation wavelengths (238
nm and 270 nm) was 1.15:1.

nm/376 nm. These wavelength pairings were
used for comparison of sensitivity of the single
compounds.

Table 3

Excitation and emission wavelengths of B-hydroxymyristic
acid ethyl ester after derivatization with three different
polycyclic acyl chlorides

B-Hydroxy acid ethyl ester Excitation Emission
derivative (nm) (nm)
9-Anthroyl- 250, 360 462
9-Fluorenoyl- 262 310
4-(1-pyrenyl)- 238, 270, 342 376, 396

butyroyl-

In case of more than one excitation/emission maxima, the
values of the most intensive wavelength combination are in
bold.

No influence of the chain length of the 8-
hydroxy acid esters or the kind of ester (methyl
or ethyl ester, spectra recorded prior and after
methanolysis) on the fluorescence spectra was
observed. Using a 250 mm 5 um RP 18 column
and acetonitrile-water (95:5, v/v) as mobile
phase resulted in baseline separation of each of
the investigated B-hydroxy acid methyl ester
derivatives (Fig. 3).

The lowest detection limit (signal-to-noise
ratio 3:1) was obtained for the anthroyl deriva-
tive (0.4 fmol). Amounts between 2 fmol [0.5 pg
B-OH(14:0)] and 1 pmol [240 pg B-OH(14:0)]
showed a linear correlation to the measured
fluorescence signal. The comparison of the signal
intensities was based on the detector response
(area under the curve, unit: mVs).

Two fmol, 4 fmol, 8 fmol, 14 fmol, and 20
fmol of 3-(9-anthroyl)myristic acid ethyl ester,
3-(9-fluorenoyl)myristic acid ethyl ester, and 3-
[4-(1-pyrenyl)butyroyl]myristic acid ethyl ester
were separately dissolved in 150 ul acetonitrile.
Signal intensities of this solutions were measured
after HPLC separation at specific excitation and
emission wavelengths for each fluorophore (Fig.
4). The fluorescence signal intensity of the an-
throyl derivative was 7.4 times higher, the in-
tensity of the 9-fluorenoyl derivative 2.5 times
higher than that of the 4-(1-pyrenyl)butyroyl
derivative. Therefore, all further studies were
carried out using 9-anthroyl chloride as derivatiz-
ing agent.
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Fig. 3. Chromatogram showing peaks of 3-(9-anthroyl)lauric
acid methyl ester (5.37 min), 3-(9-anthroyl)tridecanoic acid
methyl ester (6.45 min), 3-(9-anthroyl)myristic acid methyl
ester (7.87 min) and 3-(9-anthroyl)pentadecanoic acid methyl
ester (9.72 min). Derivatization was carried out on a sample
containing 10 ng each of B-hydroxy acid ethyl esters. HPLC:
column, 5 wm RP 18, 250 x3 mm L[.D.; mobile phase,
acetonitrile—water (95:5, v/v), 1 ml/min; sample loop, 10 pl;
fluorescence detection at excitation (Ex) =250 nm and emis-
sion (Em) = 462 nm.

3.2. Formation of B-hydroxy acid methyl esters
from endotoxin

The literature-cited concentration of acid cata-
lyst used for the liberation of B-hydroxymyristic
acid from endotoxins for methanolysis prior to
GC-MS analysis varies between 1 mol/1 [21] and
4 mol/1 [10], the duration of the heating between
1 h [19] and 18 h [10]. For optimization of both
these reaction parameters, hydrochloric acid (1
mol/l and 4 mol/1) and sulfuric acid (0.5 mol/l

Fluorescence intensity signal
\

0 4 8 12 16 20

B-hydroxy myristic acid [fmol]

Fig. 4. Comparison of fluorescence signal intensities (average
of three determinations) of 3-(9-anthroyl)myristic acid
methyl ester (C: Ex=250 nm, Em=462 nm), 3-(9-
fluorenoyl)myristic acid methyl ester (1J: Ex = 262 nm, Em =
310 nm) and 3-(4-(1-pyrenyl)butyroyl)myristic acid methyl
ester ( +: Ex =238 nm, Em = 376 nm). HPLC conditions as
in Fig. 3.

and 2 mol/1) were used. The samples with 100 ng
endotoxin from E. coli 0111:B4 were heated for
0.5, 1, 2, 4 and 8 h. Fig. 5 shows the kinetics of
the liberation of B-hydroxymyristic acid from
endotoxin. B-Hydroxypentadecanoic acid was
used as an internal standard. Recoveries were
calculated from the fluorescence intensity/con-
centration ratio of the isolated derivatives.
After 4 h, the reaction showed a steady state

Qo

Fluorescence intensity

0 2 4 6 8

Reaction time {h]

Fig. 5. Kinetics of formation of free B-hydroxymyristic acid
methyl ester from endotoxin of E. coli 0111:B4 with varying
concentrations of hydrochloric acid (O: 4 mol/l; @: 2 mol/1)
and sulfuric acid (O: 2 mol/l; O: 1 mol/l). B-Hydroxy-
myristic acid methyl ester was analyzed according to de-
scribed procedure. HPLC conditions as in Fig. 3.
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with all employed acid concentrations and the
best results were obtained with sulfuric acid.
Therefore, heating at 110°C for 4 h with 2 mol/l
sulfuric acid was selected for methanolysis.

3.3. Separation of B-hydroxy acid methyl esters

After methanolysis, extraction with n-hexane,
and solid-phase adsorption on Lichrolut Si car-
tridges, B-hydroxy (myristic and pentadecanoic)
acid methyl esters were washed (4 ml), and
eluted (2x700 ul) with increasing concentra-
tions of tert.-butyl methyl ether in n-hexane.
B-Hydroxy fatty acids were not eluted from the
adsorbent at a fert.-butyl methyl ether concen-
tration of 8% (v/v), but were completely eluted
with 1 ml of a solvent containing 25% tert.-butyl
methyl ether in hexane (Fig. 6a).

3.4. Removal of excess reagent

Because of the high ratio of excess reagent to
product, the reaction mixture could not be
employed directly for analysis in HPLC. For
removal of excess reagent, the reaction mixture
was allowed to adsorb on RP 18 cartridges. For
optimization of cartridge washing, increasing
acetonitrile concentrations were tested (Fig. 6b).
Best results were obtained using 5 ml of a
acetonitrile-water mixture (60:40, v/v) for wash-
ing. The product was eluted completely from the
cartridge with 1 ml acetonitrile. The whole
analysis method is summarized in Table 4.

3.5. Detection limits of endotoxins

Standard solutions with concentrations be-
tween 10 pg/ml and 10 ng/ml of each of the
three investigated endotoxins were analyzed ac-
cording to the optimized procedure. 8-Hydroxy-
pentadecanoic acid ethyl ester was used as an
internal standard for quantitation of endotoxins
with B-hydroxymyristic ‘acid. Endotoxins may
have a changing number of oligosaccharide units
in their polysaccharide chain and do not posses a
defined molecular mass [4]. The content of 8-
hydroxy acid varies, depending on the length of
the polysaccharide chain. So, the different con-
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Fig. 6. (a) Elution profile of B-hydroxymyristic acid methyl
ester from Lichrolut Si cartridges with increasing concen-
tration of tert.-butyl methyl ether (BME) in hexane; elution
volume: 2 X 700 1. Signal intensity ratio was calculated from
the signal intensities of eluted B-hydroxymyristic acid methyl
ester before and after adsorption on cartridges. The ester
concentration was 100 pg/ml, 387 fmol/ml) in hexane, the
applied volume 1.5 ml. The ester was derivatized with 9-
anthroylchloride (5 mg/ml in acetonitrile, 100 x1, 20 min at
room temperature) after removal of hexane. HPLC con-
ditions as in Fig. 3. (b) Elution of 3-(9-anthroyl)myristic acid
methyl ester from RP 18 cartridges with increasing con-
centration of acetonitrile in water during. the preelution
procedure; 3-(9-anthroyl)myristic acid methyl ester (277 pg
dissolved in 50 w1 acetonitrile—water, 50:50) was applied to a
cartridge and washed with 5 ml of varying acetonitrile
concentrations in water. After preelution, remaining deriva-
tives were eluted with 1 ml acetonitrile. HPLC conditions as
in Fig. 3.

tents of B-hydroxymyristic acid were determined
in the investigated lipopolysaccharides (LPS).
B-Hydroxy acid content of the endotoxins from
the smooth strain (E. coli 0111:B4) was only 32
ng B-OH(14:0)/mg LPS. Endotoxin from the
rough strains (Salmonella typhimurium SL 1181
and E. coli Nissle 1917) contained more B-hy-
droxymyristic acid [154 pg B-OH(14:0)/mg LPS
and 108 pg B-OH(14:0)/mg LPS], according to
a reduced or missing polysaccharide chain. De-
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Summary of steps used in lipopolysaccharide determination
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Step

Reagent/volume

Reaction time/
reaction temperature

Methanolysis

Extraction

Solid-phase extraction I

Washing [

Extraction [

Derivatization

Hydrolysis of excess
reagent

Solid-phase extraction 11

Washing 11

Extraction II

HPLC analysis

4 M H,SO, in methanol,
5 ml total volume

with 1.5 ml hexane, after
addition of 2 ml water

Si cartridges

tert.-butyl methyl ether—hexane
8:92, 4 ml

tert.-butyl methyl ether—hexane
25:75, 2 x 700 pl

9-anthroylchloride in
acetonitrile (5 mg/ml), 100 ui

40 pl water

RP 18 cartridges,
preconditioned with
acetonitrile-water 60:40

acetonitrile—water 60:40,
5 ml

acetonitrile, 1 ml

(HPLC conditions see caption

4 h/110°C

20 min, room
temperature
or 10 min 60°C

5 min, room
temperature

adsorption time: 5 min

for Fig. 3)

tection limits of endotoxins were 20 pg for
smooth strain and 5 pg of rough strain endotoxin
per sample (Fig. 7). These endotoxin amounts
were detected successfully dissolved in 10 ml
pyrogen-free water, if a vacuum centrifuge was
used prior to analysis. No disturbing peaks at
related retention times were found in pyrogen-
free water and buffer solutions, investigated with
the described method. Pyrogen-free bovine
serum albumin (up to 1 mg/ml) did not affect
the accuracy of the test.

3.6. Recovery

Endotoxin from E. coli 0111:B4 was dissolved
in 0.05% aqueous solution of triethylamine and

diluted to give concentrations of 10 ng/ml and 1
ng/ml. Recoveries and reproducibility were de-
termined from six-fold analysis of each solution
(100 w1) with B-hydroxypentadecanoic acid ethyl
ester as internal standard (100 pg/sample and 10
pg/sample). The measured recovery was 92.5 *
6.4% (mean =S.D.) for the 1 ng amount and
78.5 £ 8.8% for the 100 pg amount. The 100%
value was determined from the purified 3-(9-
anthroyl)pentadecanoic acid ethyl ester.

4. Discussion

The described results indicate a highly sensi-
tive method for analysis of B-hydroxy acids used
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Fig. 7. Chromatogram of 20 pg endotoxin from E. coli Nissle
1917 (7.82 min) and 2 pg B-hydroxypentadecanoic acid ethyl
ester (9.64 min) after methanolysis and derivatization with
9-anthroyl chloride followed by twofold solid-phase extrac-
tion. HPLC conditions as in Fig. 3.

as markers for the determination of lipid A, the
toxic component of lipopolysaccharides.
Analysis of specific microbial pyrogenic com-
ponents is of special importance for investigation
of compounds having contact with the systemic
blood stream or tissue of mammals. The most
common technique of measuring endotoxin con-
tent in aqueous solutions is the LAL test, an
assay where lipid A activates the clotting cascade
in a lysate from amebocytes from Limulus poly-

phemus [22]. Values for endotoxin contents in
outer bacteria membranes determined by
radioimmuno assays were about 10 times higher
than the amounts measured with the LAL assay
[23]. Further, false-negative results have been
reported for the LAL assay as a result of
inactivation of the enzymes of the clotting cas-
cade {24]. Comparison of endotoxin contents in
airborne dusts from poultry-processing industries
by the LAL test and GC-MS analysis showed
that the values determined by GC-MS were 107
to 10° above those obtained by LAL [9], calcu-
lated from the content of B-hydroxymyristic
acid.

The discrepancy in these results is caused by
the different approaches to the measurement of
endotoxins. The LAL test is very sensitive (<5
pg/ml) {5], but rather measures a biological
effect of endotoxins, which can be affected by
physical, biological and chemical properties of
the sample matrix [25,26]. Electrolytes, proteins
and hormones for example may inactivate the
clotting cascade of the LAL assay [24].

B-Hydroxy acids are essential for pyrogenity
of endotoxins [22,27]. Hence, the absence of
these acids is a sufficient evidence for the ab-
sence of pyrogens from Gram-negative bacteria.
A further established technique for measuring
the content of endotoxins is the determination
via GC-MS [8-11,18], but the expensive equip-
ment and the great demand on personnel qualifi-
cation limits the application of this method.

The described method may be used to de-
termine endotoxins in aqueous solutions, using
B-hydroxy acids as markers, detecting
lipopolysaccharides in both the free and the
hidden state. Since proteins are destroyed by
acid-catalyzed methanolysis, no ‘hiding” of
endotoxins by protein adsorption can occur.
Endotoxins can be quantitated by the described
method even in the presence of proteins. In the
presence of albumin (1 mg/ml), endotoxins
could be still detected with the same precision.
The applicability of this assay still has to be
proved for other matrices. A

With acetonitrile as a solvent there were no
noticeable problems of adsorption on the used
plastic- and glassware, even at sub-ng/ml con-
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centrations. This fact can also be seen from the
determined recovery at sub-ng/ml levels.

Contamination and memory effects were cir-
cumvented by using only single-use adsorption
cartridges and heating glassware for 14 h at
300°C. After keeping glassware at this tempera-
ture, no contamination or memory effects
occurred.

Although a normal-phase HPLC separation of
B-hydroxy acids with adjacent aromatic poly-
cyclic hydrocarbons has been described [15], we
decided to develop a reversed-phase HPLC
assay. During acylation with acyl chlorides, it is
unavoidable that a part of the acyl chloride
reacts with ubiquitous traces of water forming
the free acid. This acid is adsorbed on the
column during normal-phase HPLC, changing
the surface properties of the stationary phase
and making it difficult to obtain . reproducible
results. In reversed-phase chromatography, the
polar carboxylic acid is eluted prior to the
acylated products, so that no disturbance can
occur during the following analysis.

Obtaining really dry acetonitrile and keeping it
dry for and in routine applications is of essential
interest carrying out derivatisations with car-
boxylic chlorides. Even commercially obtainable
“ultra-dried” solvents contain about 50 ppm
water. This amount, together with surface-ad-
sorbed water on glass vials and air humidity
reacts with the derivatizing agent. The reactivity
of the hydrolyzed product, the free carboxylic
acid, is too poor for formation of 8-hydroxy acid
methyl esters. Hence, acyl chloride concentra-
tions of 1 ug/ml [15] proved to be too low for
complete derivatization during routine analysis.

Apart from water, other reactive compounds
such as alcohols and amines if present in the
sample, can react with the acyl chloride making
the derivatization incomplete. This makes it
necessary to use excess derivatizing agent. In
practice, a concentration of 5 mg/ml of anthroyl
chloride showed the best results, making a visual
control during analysis possible. The yellow
color of the 9-anthroyl solution in acetonitrile
faded to nearly colorless if the acid chloride was
destroyed by the presence of reactive com-
pounds. In this case, practically no acylation of

B-hydroxy acids could be observed. A further
control of complete acylation is given by the use
of an internal standard.

B-Hydroxylauric acid could also be detected
by this assay (Fig. 2) with comparable detection
limits, indicating the presence of Neisseria men-
ingitidis [11]. Because of the high pathogenity of
this microorganism and the lack of commercially
available Neisseria endotoxin the applicability of
this HPLC assay was not tested.

The catalysis of acylation with 9-anthroyl chlo-
ride by organoamine bases like pyridine or 4-
dimethylaminopyridine has been reported to be
unsuccessful [28], therefore no efforts were made
to prove reaction enhancement by these com-
pounds.
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Abstract

A novel detection method for the cardiac glycosides digitoxin, digoxin, and their metabolites is described. Both
isocratic and gradient water—acetonitrile elutions were employed with an octadecylsilane column. The effluent was
monitored by integrated pulsed amperometry in an alkaline medium (pH>12) by adding sodium hydroxide
post-column. Using isocratic elution, peak responses were linear from 10 to 70 ng, with lower limits of detection
between 4 and 15 ng. This method allows easy modification of well-established high-performance liquid
chromatographic systems, as well as comparable sensitivity and greater selectivity than UV detection.

1. Introduction

Digitoxin and digoxin are secondary cardiac
glycosides which occur naturally in the foxglove
plant (i.e. Digitalis lanata and Digitalis purpurea)
through enzymatic conversion of their respective
primary cardiac glycosides, lanatoside A and C.
These compounds are widely used in the thera-
peutic treatment of heart disease. It is well
known that cardioactive metabolites can be pro-
duced from these glycosides by stepwise cleavage
of the three digitoxose sugars attached to the
aglycone steroid at the C-3 atom [1,2]. The
major metabolic products are digitoxose, mono-
and bisdigitoxosides, and the remaining aglycone
steroid, either digitoxigenin or digoxigenin

* Corresponding author.

SSDI 0021-9673(95)00525-0

(Table 1). In some cases, the metabolites are
more toxic than the parent compounds [3].

A wide variety of chromatographic methods
have been used for the separation of cardiac
glycosides, including gas (GC) [4-6], thin-layer
(TLC) [7-9], and high-performance liquid chro-
matography (HPLC) [10-16]. The GC proce-
dures require hydrolysis to yield the corre-
sponding aglycone, which is subsequently de-
rivatized for greater volatility. Although these
procedures employ sensitive GC detectors, the
determination of individual cardiac glycosides
within the same cardenolide series is not possible
because they all contain the same aglycone. The
TLC methods generally suffer from a lack of
sensitivity, long development times, poor res-
olution, or require long post-separation condi-
tioning times for more sensitive fluorescence
detection [7]. High-performance liquid chro-
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Table 1
Structures of the cardiac glycosides and aglycones

R O
2

Compound R, R;
Digitoxin H -D-D-D
Digitoxigenin bisdigitoxoside H -D-D
Digitoxigenin monodigitoxoside H -D
Digitoxigenin H H
Digoxin OH -D-D-D
Digoxigenin bisdigitoxoside OH -D-D
Digoxigenin monodigitoxoside OH -D
Digoxigenin OH H

* D = D-digitoxose (2,6-dideoxy-ribo-hexose).

matographic separations of cardiac glycosides
involve less labor, and yield fast, reproducible
results. However, the cardiac glycosides contain
a relatively weak UV chromophore with A_,, at
about 220 nm. Many organic compounds absorb
at this wavelength and will interfere if they are
not adequately separated from the cardiac glyco-
sides. In addition, mobile phase solvents with
high transparency at 220 nm must be used in
order to achieve low detection limits. Pre- or
post-column derivatization is necessary to
achieve more selective and sensitive UV or
fluorescence detection [17,18].

This work focuses on the use of pulsed am-
perometric detection (PAD) for the quantitation
of the cardiac glycosides and their corresponding

aglycones. This method was investigated for the-

detection of the sugar moieties of the cardiac
glycosides because of the success of previous
works using PAD for the detection of carbohy-
drates [19-23]. Furthermore, pulsed amperomet-

ric detection allows specific electrochemical de-
tection without derivatization. Carbohydrates
are detected by direct oxidation on a gold
working electrode under alkaline conditions.
Standard high-performance liquid chromato-
graphic systems can be easily modified to permit
PAD detection of the cardiac glycosides and
their aglycones.

2. Experimental
2.1. Instrumentation

A Hewlett-Packard 1090M liquid chromato-
graph equipped with a computer workstation
(Hewlett-Packard, Palo Alto, CA, USA) was
used for the separation of digitoxin, digoxin, and
their metabolites. The octadecylsilane analytical
column measured 250X 4.6 mm ID. (De-
ltabond, Keystone Scientific, Bellefonte, PA,
USA).

The chromatograph was equipped with a
pulsed electrochemical detector (Dionex Corp.,
Sunnyvale, CA, USA) operated in the integrated
amperometry mode.

A gradient pump (Dionex, series 4500i) was
used to deliver 1.0 M sodium hydroxide post-
column. The electrochemical cell consisted of an
organic solvent compatible gold working elec-
trode (1.4 mm), a stainless steel counter elec-
trode, and a Ag/AgCl reference electrode. The
gasket, which permits flow across the working
electrode, was 0.005 inch thick. The detector
analog signal was inputted to the workstation via
a multichannel interface (HP 35900, Hewlett-
Packard).

2.2. Reagents

Digitoxin, digitoxigenin, digoxin, and digox-
igenin were obtained from Sigma (St. Louis,
MO, USA). Digoxigenin monodigitoxoside was
provided by Burroughs Wellcome Co. (Research
Triangle, NC, USA). All other mono- and bis-
digitoxosides were obtained from Indofine
Chemical Co. (Belle Mead, NJ, USA). All
analytes were of analytical grade and used with-
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out further purification. The molecular structures
of these compounds are given in Table 1. Stock
solutions of each cardiac glycoside and aglycone
were prepared separately in HPLC grade metha-
nol (Fisher Scientific, Fair Lawn, NJ, USA). The
stock solutions were kept in the dark and refrig-
erated at 4°C. No degradation of the analytes
was observed over 30 days when the stock
solutions were in use. These stock solutions were
then used to prepare separate and mixed diluted
working standards of the cardiac glycosides on
the day of the chromatographic experiments.

HPLC grade acetonitrile (ACN, Fisher Sci-
entific) was filtered once through a 0.45-um
nylon filter before use. Water was purified using
the Milli-Q + purification system (0.22 pm,
Millipore, Molsheim, France). Concentrated
50% w/w sodium hydroxide (NaOH) was ob-
tained from J.T. Baker (Phillipsburg, NJ, USA)
and diluted with water to a concentration of 1.0
M. All solvents were degassed with industriai
grade helium (Airco Gases, Denver, CO, USA).
A helium headspace was maintained in the
NaOH reservoir to prevent absorption of carbon
dioxide.

2.3. Procedure

Separation of each cardenolide series was
done under isocratic conditions. The mobile
phase composition was water—ACN (67:33, v/v)
for the digitoxin cardenolide series, and water—
ACN (77:23, v/v) for the digoxin cardenolide
series. For the separation of a combined mixture
of both the digitoxin and digoxin cardenolide
series, a linear gradient elution from water—
ACN (90:10) to water—ACN (55:45) over 8 min
was performed. The HPLC flow-rate was 1.0
ml/min for isocratic elution and 1.3 ml/min for
gradient elution. The post-column addition of
1.0 M NaOH was done at an optimum flow-rate
of 0.5 ml/min. A 500-u1 reaction coil (Dionex)
was used after the tee to ensure uniform mixing
prior to the detector.

For PAD detection, the applied potentials and
their durations were as followed: E, = +0.07 V,
t,=400ms; E,= +0.70 V, ¢, =120 ms; E; = —
1.00 V, t; = 300 ms. The duration of the sampling

period was 300 ms. The analog full-scale range
was 100 nanocoulomb (nC) for isocratic elution
and 300 nC for gradient elution.

The gold working eclectrode was lightly
polished approximately every 200 h to remove
oxidized materials. No degradation in the repro-
ducibility or the stability of the gold working
electrode was observed over a period of 9
months.

Calibration curves were constructed using the
mean peak areas from triplicate chromatograms
under the same isocratic conditions as discussed
previously. A minimum of 4 standard solutions
within the range of 10-70 ng/ml were used for
each calibration curve.

To measure the effect of the concentration of
ACN in the mobile phase on peak arca, the
column was replaced with a zero dead volume
union connector and injections of digoxigenin
monodigitoxoside were made. Small aliquots
(100 p1) of the stock solution of the compound
were evaporated under nitrogen and reconsti-
tuted in the same water—ACN solution as used
for the HPLC mobile phase. The reconstituted
solutions were further diluted to 1.0 ml each to
achieve a final concentration of 48.9 ug/ml.
Triplicate injections were made in the order of
increasing % ACN composition at 10% incre-
ment intervals from 10% to 90%. The flow-rates
for the HPLC and IC pumps were 0.6 ml/min
and 0.3 ml/min, keeping the same flow-rate ratio
as in the isocratic elutions. All other parameters
remained the same.

3. Results and discussion
3.1. Chromatography

A representative chromatogram is shown in
Fig. 1 for the digoxin cardenolides series using
an isocratic mobile phase composition. In addi-
tion, separation of all 8 cardenolides compounds
from both the digitoxin and digoxin series during
gradient elution is shown in Fig. 2. The decreas-
ing drift in the baseline in Fig. 2 is due to
adsorption of ACN on the surface of the gold
working electrode, hindering detection of the



292 K.L. Kelly et al. | J. Chromatogr. A 711 (1995) 289-295

Time (min.)

Fig. 1. Isocratic separation of a mixed standard of digox-
igenin (1), digoxigenin monodigitoxoside (2), digoxigenin
bisdigitoxoside (3), and digoxin (4) obtained by reversed-
phase HPLC; 50 pmole of each compound injected in 10 ul
of methanol. The mobile phase was water—ACN (77:23) at a
flow-rate of 1.0 ml/min. The large unlabeled peak at + 4 min
is methanol.

analytes [22,24]. The chromatograms presented
here demonstrate that the cardiac glycosides and
aglycones can be quantitated in various mobile
phase compositions of water and acetonitrile
using pulsed amperometric detection.

3.2. Pulsed amperometric detection

The oxidation of the glycosides is believed to
take place on the terminal digitoxose and lactone

400

mV

200

Time (min.)

Fig. 2. Gradient separation of a mixed standard of digox-
igenin (1), digoxigenin monodigitoxoside (2), digoxigenin
bisdigitoxoside (3), digoxin (4), digitoxigenin (5), digitox-
igenin monodigitoxoside (6), digitoxigenin bisdigitoxoside
(7), and digitoxin (8). Conditions were indentical to those in
Fig. 1 except that the mobile phase consisted of a linear
gradient from water—ACN (90:10) to water—ACN (55:45)
over 8 min at a flow-rate of 1.3 ml/min.

rings (Table 1). Both cyclic and acyclic con-
formations may be involved. Primary alcohols,
polyhydroxyl compounds, glycols, and carbohy-
drates have been detected with PAD in alkaline
media [19-23,25-28]. All of these are organic
compounds with hydroxyl functional groups.
Adsorption of the analyte onto the surface of the
working electrode via hydrogen bonding with
catalytic AuOH groups is important to several
proposed detection mechanisms [22,29,30]. Hy-
droxyl groups on the terminal digitoxose and
lactone rings are less sterically hindered than
other functional groups clsewhere on the mole-
cule. Thus for equal molar concentrations of
terminal digitoxose and lactone units, the glyco-
sides would be expected to have similar response
factors. For the aglycones, the response factors
would be expected to be different due to the
absence of any digitoxose moieties. In addition
to the lactone ring, oxidation may also take place
on the hydroxyl group at the C-3 position. For
example, the detection of cyclohexanol has been
reported [22]. Other hydroxyl groups at positions
C-12 and C-14 are more sterically hindered and
would not be expected to be electroactive. For
these reasons, both digitoxigenin and digox-
igenin would be expected to have similar re-
sponse factors. :

The peak area vs. analyte mass data are
presented graphically in Fig. 3. Each pair of
aglycone, bisdigitoxoside, monodigitoxoside, and
secondary glycoside from both cardenolide series
behaved similarly. This was expected since the
only structural difference between the digitoxin
and digoxin cardenolide series is at the sterically
hindered C-12 position of the aglycone (Table
1). The hydroxyl group present at the C-12
position on the digoxigenin aglycone is not
electroactive, as evidenced by the similar be-
havior of digitoxigenin and digoxigenin. For the
glycosides, the slopes of the curves are related to
the molecular mass of the compound. Since, at a
given mass, molar concentrations of the terminal
digitoxose and lactone moieties are inversely
proportional to the molecular mass (i.e.
monodigitoxosides > bisdigitoxisides > secondary
glycosides), the electrochemical response is
greater for the lower-molecular-mass com-
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Fig. 3. Mean peak area vs. analyte mass for digitoxin,

digoxin, and their metabolites. (O) digitoxin; (A) digitox-

igenin bisdigitoxoside; (Q) digitoxigenin monodigitoxoside;

() digitoxigenin; (O) digoxin; (A) digoxigenin bisdigitox-

oside; (O) digoxigenin monodigitoxoside; (<) digoxigenin.

pounds. For the aglycones, the lack of any
digitoxose muoieties result in a lower oxidation
current.

When the data in Fig. 3 was plotted as peak
area vs. molar concentration of analyte, the
resulting curves were found to be grouped into
two distinct groups, the glycosides and the
aglycones. At a given molarity, each glycoside
has equal molar concentration of the terminal
digitoxose and lactone units. As a result, they all
have similar response factors. The lack of a
digitoxose unit resulted in lower anodic oxida-
tion rates for the aglycones. Upon closer inspec-
tion of the curves within the glycoside group, a
pattern exists where the response factor is in-
versely related to the size of the compound:
monodigitoxosides > bisdigitoxisides > secondary
glycosides. Differences in response factors within
the glycoside group may be attributed to small
differences in molecular diffusion rates and oxi-
dation reactlork kinetics. Diffusion rates are
inversely proportional to molecular mass accord-
ing to Stokes’ Law [31]. Larger molecules diffuse
more slowly and would be less efficient at mi-
grating to the surface of the gold working elec-
trode. The kinetics of adsorption, dehydrogena-
tion, electron and oxygen transfers, and displace-
ment during the oxidation of the analyte may be
also be influenced by the size of the molecule.

Table 2
Limits of detection for digitoxin, digoxin, and their metabo-
lites

Compound Limit of detection

(injection volume,

10 pl)

Isocratic Gradient

(ng/pl) (ng/ul)
Digitoxin 1.43 0.40
Digitoxigenin bisdigitoxoside 1.22 0.28
Digitoxigenin monodigitoxoside 0.77 0.20
Digitoxigenin 1.34 0.35
Digoxin 1.06 0.23
Digoxigenin bisdigitoxoside 0.72 0.19
Digoxigenin monodigitoxoside 0.44 0.16
Digoxigenin 0.67 0.26

3.3. Limits of detection

The limits of detection for the various com-
pounds are provided in Table 2 for both isocratic
and gradient elutions. The conditions used are
the same as those for Figs. 1 and 2. The limit of
detection was calculated as the amount of com-
pound which will produce a peak-height re-
sponse equal to three times the detector baseline
peak-to-peak noise. The limits of detection pre-
sented in Table 2 for PAD detection of the
steroids are comparable to the limits of detection
reported for UV detection at 220 nm
[10,11,13,14]. However, PAD detection is more
sensitive than the reported limits of detection for
UV detection at 220 nm for the analysis of the
digitoxose containing glycosides.

3.4. Response linearity

The curves in Fig. 3 are linear (r*>0.973) in
the range of 10-70 ng for the monodigitoxisides,
15-70 ng for the bisdigitoxosides and aglycones,
and 20-70 ng for the secondary glycosides. The
ranges were chosen to include concentrations
typically used for chromatographic assays using
UV detection [10-16]. The ranges are also ap-
plicable to pharmaceutical preparations of di-
gitalis glycosides and extracts of Digitalis. The
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method described here can be used for pharma-
ceutical quality control of digitoxin and digoxin
tablets and injections, or for screening of Di-
gitalis plant materials for maximum vyield of the
cardenolides. The mean coefficient of variation
for the detector response in the range of 20-70
ng was 4.1% for the digitoxin cardenolide series
and 7.6% for the digoxin cardenolide series.

3.5. Effect of ACN on detector response

The choice of organic modifier must be made
with care. Some common oxygenated modifiers,
such as methanol, acetone, dioxane, and tetrahy-
drofuran, produce prohibitively high background
current. Acetonitrile is the most commonly used
organic modifier for the reversed-phase sepa-
ration of the cardiac glycosides. However, mo-
bile phase compositions with high percentage of
ACN greatly attenuated the peak areas of all of
the cardiac glycosides and aglycones used in this
study. Acetonitrile hinders detection by adsorb-
ing to the surface of the gold working electrode
[22,24]. The effect of % ACN composition on
the peak area of a model compound, digoxigenin
monodigitoxoside, is shown in Fig. 4. Digox-
igenin monodigitoxoside was used because it is
soluble in the mobile phase compositions chosen
for this study. At ACN compositions of less than

2,100

a {mV x s)

8

) 10 20 % 40 % @ 7w w
% ACN
Fig. 4. Mean peak area vs. % mobile phase composition of
ACN. Column was replaced with a zero dead volume
connector. Solvent composition of the injected standard was
the same as that of the mobile phase.

approximately 30%, detector response was not
affected. At ACN compositions between 30% to
70%, the analyte peak area displays an inverse
relationship with % ACN composition. At ap-
proximately 70% ACN, the baseline noise in-
creased dramatically. At ACN compositions
greater than 80%, the peak is no longer quantifi-
able due to decreased analyte response and
increased background noise.

The isocratic separations of the digitoxin and
digoxin cardenolide series were performed at the
upper plateau region of the % ACN curve shown
in Fig. 4. However, during the gradient sepa-
ration shown in Fig. 2, peak areas of the com-
pounds eluting at higher % ACN were probably
attenuated. This explains why detection limits
are higher for the digitoxin cardenolide series
than for the digoxin cardenolide series during
gradient elution.

3.6. Selectivity

Another major advantage of pulsed am-
perometric detection is direct and selective de-
tection. No pre- or post-column derivatization is
necessary. Selectivity is dependent on the oxida-
tion potentials of the target and interfering
compounds present in the sample. Adjustment
of the applied potential (E,) is made to reduce
or eliminate interferences from other com-
pounds. This helps reduce losses of the target
analytes during clean-up of the sample extract or
during derivatization reactions. In some cases,
the adjustments of the % ACN composition in
the mobile phase or the addition of ACN post-
column can be made to reduce detector re-
sponses from potential interferences such as
alcohols and simple sugars [22,24].

In conclusion, a HPLC method has been
developed for the determination of the Digitalis
cardiac glycosides with greater sensitivity and
selectivity than UV detection at 220 nm. The
analytes are separated on a conventional octa-
decylsilane column. Well-established HPLC
methods can be easily modified to allow detec-
tion by PAD.
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4. Safety

Safety precautions such as laboratory coats,
gloves, safety goggles, and fume hoods should be
used when handling solvents and cardioactive
compounds.
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Abstract

A combination of a polymerized chiral micelle, poly(sodium N-undecylenyl-p-valinate) [poly(p-SUV)] and
y-cyclodextrin (y-CD) is used for the first time for chiral separation in capillary electrophoresis. A simple theory is
presented to rationalize the synergistic effect of the enantioselectivity obtained by use of poly(p-SUV) and y-CD in
combination. A mixture of four enantiomeric pairs is successfully resolved by use of this combination. The
resolutions of the enantiomers using this approach are far superior to those obtained by use of either poly(p-SUV)
or y-CD alone. In addition, the effects of the antipode (1-SUV), y-CD concentration, buffer concentration,
organic solvents, and urea concentration on the resolution are also examined.

1. Introduction

Chiral separation by use of capillary electro-
phoresis (CE) has become a research area of
major focus in recent years [1-3]. This is largely
due to the impact of CE on the pharmaceutical
industry. Since a large fraction of therapeutic
drugs are racemic compounds and many of them
are either cationic or anionic, CE is an obvious
tool to investigate the optical purity and sepa-
ration of such drugs. Separation by use of CE
offers greater separation efficiency within a shor-
ter analysis time as compared to conventional
chromatographic techniques. Direct chiral sepa-
ration in CE is achieved either through the use
of immobilized chiral phases or through the
addition of chiral selectors as mobile phase
additives. In the latter case, three types of chiral

* Corresponding author.
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selectors are often employed: (1) host-guest
chiral selectors [4-8], (2) chiral metal complexes
[9,10], and (3) chiral surfactants [11-13]. The
latter method has been termed micellar elec-
trokinetic capillary chromatography (MECC).
Cyclodextrins (CDs) have been widely used as
chiral selectors in chromatographic techniques
and in CE [4-7,14] because of their ability to
form highly selective molecular inclusion com-
plexes with a variety of neutral or ionic organic
species. The CDs are cyclic oligosaccharides
consisting of @ 1-4 linkage of p-(+)-glucopy-
ranoside units. The unique torus shape of CDs
and the fact that each glucose unit has five chiral
centers are characteristics that have enabled
these oligosaccharides to be effectively used in
chiral separations. Since CDs are neutral com-
pounds and migrate with the electroosmotic flow
(EOF) in CE, their separation abilities are
limited. Therefore, ionic derivatives of CDs and

© 1995 Elsevier Science B.V. All rights reserved
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CD-MECC have been used to achieve improved
chiral separation [15-18]. The CD-MECC tech-
nique combines CDs and micellar systems into
the same buffer. This approach was initially used
to separate highly hydrophobic compounds [19],
but is now widely used in chiral separations
[16-18]. However, there is an inherent disadvan-
tage with this approach. The available surfactant
monomers in the buffer are partly associated in a
complex with the CDs [20,21]. Thus, in many
cases, complexation of surfactant monomers with
CDs will interfere with interactions.between the
individual enantiomers and the CDs, This inter-
ference will directly affect the enantioselectivity
of the system and may reduce the observed
chiral resolution.

Chiral micelles have also been used for sepa-
ration of enantiomers. Most polar organic sol-
utes are able to interact with a micelle on the
surface through polar—polar interactions as well
as hydrophobic interactions with the core of the
micelle. In addition, many chiral compounds will
have chiral centers near a polar group. Thus, a
surfactant having a chiral center near a polar
head group should be suitable for enantiomeric
separation by use of MECC. Different types of
chiral surfactants have been used in CE chiral
separation, including amino acid-derivatized syn-
thetic surfactants, bile salts, and other natural
surfactants. Furthermore, Okafo et al. [22] and
Terabe et al. [23] have combined the use of bile
salts and cyclodextrins for separation of enantio-
mers in a variety of compounds.

As discussed earlier, a normal micellar system
combined with a CD will likely form an inclusion
complex between the CD and the surfactant
monomer. In many cases, this will reduce the
enantioselectivity of CDs. In addition, the use of
normal micelles in MECC separation has other
limitations. For example, the concentration of
the surfactant used in MECC has to be above the
critical micellar concentration (CMC) in order to
be effective. Thus, for a surfactant with a high
CMC, the working concentration range may be
very narrow, since at very high concentrations of
a charged surfactant, excess heat will be gener-
ated in the capillary. This heat production will
normally inhibit optimal separation.

We recently synthesized a novel polymerized

chiral micelle, poly(sodium N-undecylenyl-L-val-
inate) and successfully used it for chiral sepa-
ration in MECC [24]. The polymerized micelle
not only possesses normal micellar properties but
also has several advantages over normal mi-
celles, including enhanced stability because of
covalent linkage of the surfactant monomers.
This property can be used in CD-MECC to
diminish the normal inclusion phenomena associ-
ated with surfactant monomers and CDs. There
is also no CMC for polymerized micelles. This
property allows use of the polymerized micelle in
MECC over a wider working concentration
range [25]. Finally, polymerized micelles are
typically more rigid than normal micelles. Since
the solute cannot penetrate deep into the rigid,
polymerized micelles, interactions between the
solute and the polymerized micelle must occur
near the surface of the micelles. Thus, the mass
transfer rate of the solute, between a polymer-
ized micelle and the bulk solution, should be
faster than that of a normal micellar system,
which allows penetration of the solute via dy-
namic equilibrium.

In this manuscript, we report the first chiral
separation which employs a combination of a
polymerized chiral micelle and y-CD. The poly-
merized chiral micelles used in this study are
poly(sodium N-undecylenyl-L-valinate) [poly(L-
SUV)] and its antipode poly(sodium N-unde-
cylenyl-p-valinate) [poly(D-SUV)]. The separa-
tion of a mixture of four enantiomeric pairs by
use of poly(p-SUV) and y-CD is superior to the
separation obtained by using either poly(p-SUV)
or y-CD, separately. The separation mechanism
of this synergistic effect is presented. In addition,
the effects of the antipode [poly (L-SUV)], yv-CD
concentration, the buffer concentration, and
organic solvents on the chiral separation are also
evaluated.

2. Experimental
2.1. Materials
The procedure for synthesis of poly(r-SUV)

and the characterization of poly(1-SUV) have
been recently reported [24]. The same procedure
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is used for synthesis of poly(p-SUV) ([a]} = +
8.0° (c = 1.00 in water)). It is found that poly(p-
SUV) has the same physico-chemical properties
as poly(L-SUV) in achiral environments. (*)-
1,1'-Bi-2-naphthol  (99%), (R)-(+)-1,1'-bi-2-
naphthol  (99%), S-(—)-1,1'-bi-2-naphthol
(99%), (=*)-1,1'-binaphthyl-2,2’-diyl hydrogen
phosphate (BNPO,) (99%), and (*)-verapamil
(95%) were purchased from Aldrich (Mil-
waukee, WI, USA). p,i.-Laudanosine (95%), L-
valine (>99%), p-valine (99%), and undecylenic
acid (>99%) were obtained from Sigma (St.
Louis, MO, USA). The y-cyclodextrin used in
this study was a gift from American Maize
Products (Hammond, IN, USA). These items
were used as received.

2.2. Capillary electrophoresis

Micellar electrokinetic capillary chromatog-
raphy experiments were conducted by use of a
CES 1 capillary electrophoresis system (Dionex,
Sunnyvale, CA, USA). Data were collected by
use of an AI-450 chromatography workstation.
An untreated fused-silica capillary (effective
length 60 cm, 75 pm 1.D.) was purchased from
Polymicro Technologies (Phoenix, AZ, USA)
and used as a separation column. The solution
was buffered at pH 9 using borate buffer. The
polymerized micelles and y-CD were added
directly to the buffer system. The buffer solu-
tions were filtered through a 0.45-um membrane
filter prior to use. Separations were performed at
12 kV with UV detection at 280 nm. Samples
were prepared in a methanol-water mixture in a
concentration range from 0.02 to 0.1 mg/ml.

3. Results and discussion
3.1. Theory

Since this CD-modified polymerized -chiral
micellar system is similar to a normal CD-
MECC system, we can use normal CD-MECC
theory [3] with minor modifications where appro-
priate. In our system, the polymerized chiral
micelle behaves as a pseudo-stationary phase. It

is assumed that the neutral y-CD is part of the
aqueous phase. In addition, it is assumed that
the enantiomers interact independently with the
polymerized micelle and the y-CD. Thus, the
capacity factor, k', can be defined as:

n

k=" (1)
Mg

where n,, and n,, are the moles of solute

molecules associated with the polymerized mi-
celle and the moles associated with the aqueous
phase (including CD), respectively. In addition,

a

M =net Rep ()

since the moles of solute in the aqueous phase
include not only the moles of free solute, n;, but
also the solute molecules incorporated in CD,
Aep-

Based on a partitioning mechanism in this
CD-chiral MECC system, there are two im-
portant partitions for an enantiomer A:

[Al; = [Almp 3
[Ali={Aleo “4)

where [A];, [A],,, and [A]., are the concen-
tration of the enantiomer, A, in the aqueous
phase, micelle polymer, and cyclodextrin, re-
spectively. Thus, we can obtain

nmp,A _ Vmp
N - Kmp,A Vf (5)
Rep oa Vep
—=K 6
n. = Kenay, (6)

where K, and K, are partition coefficients
between the polymerized micelle and the aque-
ous phase and between the CD and the aqueous
phase, respectively, and V, V,, and V., are the
volume of the aqueous phase, the micellar
phase, and the cyclodextrin phase, respectively.

We can combine Egs. 1, 2, 5, and 6 to obtain

Kmmep
k' =——F-—— @)
‘/f + VCD KCD
Selectivity for an enantiomeric pair can be de-
fined as
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k,
pp.B
a= ®

k;pp,A
where k., . and k,,, , are apparent capacity
factors for the enantiomeric pair, A and B,
respectively.

From Egs. 7 and 8, we can derive:

_ 1+ ¢cpKep,a K
1+ ¢epKep s K

mp,A

mp,B

@ ®
where ¢, is the phase ratio of the volume of
CD (V.p) to that of the aqueous phase (V}).
Selectivity is directly related to resolution (R,).
For a given plate number N and apparent capaci-
ty factor k', the greater the value of «, the higher
is the resolution (R,). From Eq. 9, since & must
be =1, it can be shown that there are only three
combinations of these parameters: (1) if Kop o >
Kepp and K 5 > Ko ., chiral resolution will
be superior to that obtained using either CD or
the polymerized chiral micelle alone; (2) if
Kep a>Kepp and K, 4 > K, 5, chiral resolu-
tion will be poorer than by use of y-CD alone;
(3) if Kepa<Kepp and K, 5> K, 4, then
resolution will be poorer than by use of the
polymerized chiral micelle alone. Fig. 1 provides
a demonstration of the enantiomeric separation
obtained through a combination of y-CD and
poly(p-SUV) and also validates Eq. 9. When
using only y-CD as a chiral selector, R-1,1'-bi-2-
naphthol has a high affinity for y-CD and will
migrate faster than the S-form (Fig. 1a). When
using only poly(p-SUV) as a chiral selector, the
S-1,1'-bi-2-naphthol interacts stronger with the
polymer than the R-form and R-1,1'-bi-2-
naphthol will migrate through the system faster
than the S-form (Fig. 1b). If we combine these
two chiral selectors, it is found that Ky >
Keps and K, o> K, . Therefore, chiral res-
olution will be greater than by use of either
chiral selector alone. This synergistic effect of
v-CD and poly(p-SUV) on the separation of
R,S-1,1'-bi-2-naphthol is demonstrated in Fig.
1c. Furthermore, as shown in Fig. 1d, while
combining y-CD and poly(1-SUV), the chiral
resolution is diminished, which corresponds to
the condition where K¢p, x> Kcp 5 and K, z >
K

mp,S*

(@) i~
(b) - l RS
|
(@ R s
|
() SR
|
5.00 10,00 1500 20100

Fig. 1. Chiral separation of (*)-1,1'-binaphthol by use of
poly(D-SUV) and y-CD. CE conditions: 25 mM borate
buffer (pH 9); applied voltage, 12 kV; UV detection, 280 nm.
(a) 10 mM y-CD, (b) 0.5% poly(p-SUV), (c) 10 mM y-CD
and 0.5% poly(p-SUV), (d) 10 mM y-CD and 0.5% poly(L-
SUV).

3.2. Separation of mixtures of chiral compounds
by use of y-CD and poly(p-SUV)

A combination of y-CD and poly(p-SUV) not
only enhances chiral selectivity but also extends
the migration window of CD-modified CE since
CDs are neutral compounds and migrate with
the EOF. Fig. 2 shows the separation of a
mixture of four enantiomeric compounds. Using
either y-CD or poly(p-SUV) alone at the con-
centrations examined, no satisfactory resolution
is obtained (Fig. 2a,b). However, use of both
v-CD and poly(p-SUV) at the same concen-
trations resolves three enantiomeric pairs (Fig.
2c¢). With further optimization, all four com-
pounds are resolved (Fig. 2d).

Since there are a number of parameters which
affect chiral separations, the separation mecha-
nism of polymerized chiral micelles is not always
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Fig. 2. Chiral separation of four enantiomeric pairs. Peaks: 1=D,L-laudanosine, 2 =(*)-BNPO,, 3 =(*)-1,1"-binaphthol,
4 = (x)-verapamil. CE conditions: (a) 10 mM y-CD, (b) 0.5% poly(p-SUV), (c) 10 mM y-CD and 0.5% poly(D-SUV), buffer for
(a), (b) and (c) is 25 mM borate (pH 9), (d) 10 mM y-CD and 0.5% poly(p-SUV), 5 mM borate (pH 9). Applied voltage, 12 kV;

UV detection, 280 nm.

clear. In the present work, a series of experi-
ments are conducted in order to optimize this
CD—chiral MECC system.

3.3. Effect of yv-CD concentration on
enantiomeric resolution

The effect of y-CD concentration on the
separation is investigated over the concentration
range 5-20 mM. Fig. 3 shows the effect of CD
concentration on the resolution of four enantio-
meric compounds. Resolution generally in-
creases with increasing cyclodextrin concentra-
tion up to a point where maximum separation is
reached. Further increases in CD concentration
result in a decrease in resolution. The optimum
concentration of cyclodextrin is dependent on
the enantiomeric pair being separated. These
observations are consistent with data in the
literature [7]. There are several models which
can be used for quantitative optimization

8.00

s /a><

480 | —
”
-4 -

| /'\—g_f

1.0 |

G— 0
0.00 . . . .
0 5 10 15 20 25

CD Concentration (mM)

Fig. 3. Effect of y-CD concentration on the resolution of the
enantiomeric mixture. CE conditions: 0.5% poly(p-SUV), 25
mM borate (pH 9), 5-20 mM y-CD; applied voltage, 12 kV;
UV detection, 280 nm. (O) (=)-1,1"-binaphthol, (A) (*)-
verapamil, (+) (2)-BNPO,, (O) p,L-laudanosine.
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[7,26,27]). However, we can qualitatively esti-
mate the optimum CD concentration for (*)-
BNPO, to be approximately 10 mM; for (*)-
1,1’-bi-2-naphthol the optimum concentration is
approximately 15 mM; for (%)-verapamil the
optimum concentration is above 20 mM. In the
case of D,L-laudanosine, an increase in y-CD
concentration initially improves the enantiomeric
separation but further increase of the concen-
tration does not significantly enhance the res-
olution. This observation suggests that the inter-
actions between b,L-laudanosine enantiomers
and y-CD are weak and the resolution cannot be
improved significantly by the addition of y-CD
alone.

3.4. Effect of buffer concentration on
enantiomeric resolution

Generally, the buffer concentration controls
the ionic strength of the electrolyte. Increasing
the buffer concentration will reduce the EOF
and also increase the viscosity of the electrolyte.
This expands the migration time window for the
CD-MECC system. However, this does not
necessarily mean that resolution of the enantio-
mers will be increased. In our chiral separations,
an increase in the borate buffer concentration
from 5 to 45 mM lengthens the migration time
for each compound. The resolutions of most
enantiomeric pairs are enhanced, except for p,L-
laudanosine where the resolution is decreased
(Fig. 4). These observations are consistent with
results obtained in our previous study [24]. The
charged chiral polymer is more flexible at lower
buffer concentration than at higher buffer con-
centration. This is because, at low buffer con-
centrations the polymerized micelle has fewer
closely associated counterions than at high buffer
concentrations. Thus, the micelle can extend
more at low buffer concentrations than at high
concentrations of buffer. This effect may induce
a larger difference in affinities between the
individual p- and L-enantiomeric forms at the
lower buffer concentration and thus results in
better resolution.

7.00

5.0 - O_/————o”“”

4.20

Rs

2,80

1.40 G\D

0.00 : . g
0 10 20 30 40 50

Bulfer Concentration (mM)

Fig. 4. Effect of buffer concentration on the resolution of the
enantiomeric mixture. CE conditions: 0.5% poly(p-SUV),
5-45 mM borate (pH 9), 10 mM y-CD; applied voltage, 12
kV; UV detection, 280 nm. (O) (*)-1,1’-binaphthol, (A)
(*)-verapamil, (+) (x)-BNPO,, (O) p,L-laudanosine.

3.5. Effect of organic solvents on enantiomeric
resolution

The effects of organic modifiers on chiral
resolution will not only depend on the type of
chiral selectors used in the system but also on the
properties of the enantiomers, e.g. their hydro-
phobic and hydrophilic properties. In general,
the migration time of the samples increases with
an increase in concentration of organic solvents.
This is due to a decrease in the EOF. In normal
MECC or CD-MECC, if the concentration of an
organic solvent such as methanol is very high,
the micelle will decompose into surfactant mono-
mers and solute—micelle interaction is not pos-
sible. However, in our system, at very high
concentrations of methanol (40%), the enantio-
meric resolutions of the compounds examined
are still very good (Fig. 5), except for b,L-
laudanosine. Even in the presence of a small
amount of methanol, separation of D,L-
laudanosine is impaired. It is also very interest-
ing in Fig. 5 that the remaining three enantio-
meric pairs behave very differently. For exam-
ple, the enantiomeric resolution of (+)-1,1’-bi-2-
naphthol is improved by increasing methanol
concentration. When only the poly(p-SUV) is
used in the buffer, the resolution of (*)-1,1'-bi-
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Fig. 5. Effect of methanol concentration on the resolution of
the enantiomeric mixture. CE conditions: 0.5% poly(pD-
SUV), 25 mM borate (pH 9), 10 mM y-CD, 0-40% MeOH;
applied voltage, 12 kV; UV detection, 280 nm. (O) (x)-1,1'-
binaphthol, (A) (%)-verapamil, (+) (*)-BNPO,.

2-naphthol is increased with an increase in
methanol concentration. However, when only
v-CD is used, resolution is slightly decreased
with an increase in methanol concentration.
Thus, this combination shows a net increase of
resolution upon addition of methanol. Enantio-
meric resolution of (*)-verapamil increases with
increasing concentration of methanol up to 10%.
However, above 10% methanol, the resolution
starts to decrease with increasing concentration
of methanol. In contrast, the enantioselectivity
of (+)-BNPO, is decreased with increasing
methanol concentration up to 10%. Upon fur-
ther addition of methanol, the resolution starts
to increase, although the highest resolution is
still obtained using the buffer without methanol.
These observations show that the addition of
methanol to the buffer produces different effects
on the interactions between individual enantio-
meric pairs with the chiral selectors [poly(p-
SUV), y-CD]. Since these effects are also solute-
dependent, different resolution curves for differ-
ent enantiomeric pairs are obtained.
Acetonitrile (ACN) is another frequently used
organic solvent. As shown in Fig. 6, the addition
of ACN decreases the resolution of the enantio-
mers. Since the pair of p,L-laudanosine has the
weakest interaction with both the polymerized

7.00
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0 10 20 30 40 50

ACN Concentration (%)

Fig. 6. Effect of ACN concentration on the resolution of the
enantiomeric mixture. CE conditions: 0.5% poly(D-SUV), 25
mM borate (pH 9), 10 mM y-CD, 0-40% ACN; applied
voltage, 12 kV; UV detection, 280 nm. (O) (*x)-1,1'-
binaphthol, (A) (*)-verapamil, (+) (*)-BNPO,.

chiral micelle and the y-CD, the presence of a
small amount of ACN impairs the resolution of
the enantiomers. It is known that ACN can
displace solutes from cyclodextrin cavities, which
would be expected to reduce the chiral recogni-
tion of the y-CD.

4. Conclusions

As shown in these studies, chiral separation of
the four enantiomeric pairs by use of poly(p-
SUV) and y-CD is superior to the use of either
chiral selector alone. The modified theory we
present here adequately explains the observed
synergistic effect on the enantioselectivity by use
of both chiral selectors. Since surfactant mono-
mers do not exist in the covalently bonded
polymerized micelle, the interference of surfac-
tant monomers on the enantioselectivity of y-CD
is eliminated. Therefore, the use of a combina-
tion of poly(p-SUV) and y-CD for chiral sepa-
ration in CE proves to be a promising method
for separation of mixtures of enantiomers. In
addition, optimization of chiral separations in
this binary system is more complicated than by
use of only one chiral selector. This is because
there are numerous factors which can affect the
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enantioselectivity of this system. According to
our experiments, some effects on the resolution
of the enantiomers are very obvious, while
others are ambiguous. It should be noted that
each pair of enantiomers reaches an optimum
resolution at a characteristic concentration of
v-CD. This is similar to what is observed in
CD-modified CE. An increase in the buffer
concentration causes the resolution of the en-
antiomers to increase, except for D,L-
laudanosine. The addition of ACN to the buffer
reduces the enantioselectivity of the chiral sys-
tem. However, the effect of the addition of
methanol is more complicated and more solute-
dependent.
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Abstract

Polyethylene glycol (PEG) serves as a novel matrix in capillary electrophoresis. The purpose of this work was to
explore some evidence for hydrogen-bonding complex formation between analytes and PEG in the separation
system using benzoic acids as model analytes. An increase in the column temperature resulted in a significant
decrease in the interaction between PEG and substituted benzoic acids with hydrogen-donating groups. Addition of
urea suppressed the interaction. NMR spectra of phenol and salicylic acid in the presence of PEG in C’HCl,
showed an obvious electrostatic interaction, probably a hydrogen-bonding interaction, between the hydroxyl
protons of the analytes and PEG. These results strongly support the contention that hydrogen-bonding interaction
between the polyether segments of PEG and the hydrogen-donating groups of analytes occurs in the separation
systems. Some other minor interactions controlling the separation are also described.

1. Introduction

Increasing attention has been paid to the use
of capillary electrophoresis (CE) in the biologi-
cal and pharmaceutical fields [1-3]. CE tech-
niques for separation include capillary zone
electrophoresis (CZE), electrokinetic chroma-
tography and capillary gel electrophoresis. Each
of these modes has achieved characteristic sepa-
rations of a variety of samples. However, the
development of a new separation mode is much
in demand for further extension of the ap-
plicability of CE.

One of the possible interactions to be utilized

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00519-6

for separation would be electrostatic interaction.
With this in mind, we focused our attention on
polyethers, which are known to serve as electro-
static electron donors via their ether oxygen
atoms. Typical examples are inclusion phenom-
ena of cations by crown ethers and non-cyclic
polyethers [4-12]. It is noteworthy that hydrogen
bonding is also observed between a polyether
jonophore and amine complexes in hydrophobic
media [13,14]. These studies stimulated us to
utilize the hydrogen-bonding ability of poly-
ethers to develop a new “hydrogen-bonding
mode” or “electrostatic mode” in CE [15].

An earlier study revealed that the addition of
polyethylene glycol (PEG) as a free matrix can
greatly improve the CZE separation of benzoic

© 1995 Elsevier Science BV. All rights reserved
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acid derivatives used as model analytes as a
result of the interaction between PEG and the
analytes [15]. The strength of the interaction is
appropriate for controlling the mobility of the
analytes and appears to depend on the hydrogen-
donating activity of the substituents. Therefore,
we described the phenomenon in terms of hydro-
gen-bonding interaction between PEG and the
analytes.

In this study, we attempted to obtain further
evidence for hydrogen bond formation between
PEG and analytes during CZE separations. Our
strategy was to investigate the effects of the
temperature of capillary and of urea as an
additive on the strength of the interaction be-
tween PEG and analytes, because hydrogen
bonding is weakened at elevated temperatures
and urea, a bifunctional hydrogen donor and
acceptor, breaks hydrogen-bonding complexes as
a result of hydrogen-bonding exchange. Further-
more, nuclear magnetic resonance (NMR) spec-
troscopy would provide direct evidence of hydro-
gen-bonding complex formation. We shall also
discuss some other minor interactions controlling
the separation.

2. Experimental

Three kinds of PEG with mean molecular
masses of 400, 4000, and 20 000 (PEG 400, PEG
4000 and PEG 20000) were obtained from
Kishida Chemical (Osaka, Japan) and used as
received. 4-Acetamidobenzoic acid
(4CH,CONH-BA),  4-acetoxybenzoic  acid
(4CH,COO-BA), 4-aminobenzoic acid (4NH,-
BA), 4-hydroxybenzoic acid (4OH-BA), 4-
methylbenzoic acid (4CH,-BA), 4-carboxyben-
zaldehyde (4CHO-BA), 2-hydroxybenzoic acid
(20H-BA), 2-carboxybenzaldehyde (2CHO-
BA), benzoic acid (BA) and [°H]chloroform
(C®HCl,, containing 1% TMS) were purchased
from Nacalai Tesque (Kyoto, Japan). All other
chemicals were of analytical-reagent grade.

Electrophoretic separation was performed in a
fused-silica tube (GL Science, Tokyo, Japan) of
0.05 mm I.D. and a column length of 750 mm,

with an effective length for separation of 500
mm. Samples were introduced at the end to be
connected to the positive high voltage by siphon-
ing at a height of 15 cm, usually for a 5-10-s
period. When PEG was used at higher con-
centrations, a longer time was required for
sample injection because of the increased viscosi-
ty. Thermal control of the column was per-
formed as follows. About 60% of the effective
length of the column was passed through silicone
rubber tubing of 1.0 mm I.D. covered with a
heat insulating material and then water main-
tained at a given temperature was pumped with a
peristaltic pump (Gilson Minipuls 2, ca. 2 ml
min~') through the tubing during separations in
the direction opposite to the electroosmotic flow.
UV spectrophotometric detection was effected at
the negative potential side. The detection wave-
length was set at 210 nm. Other details were
described in previous papers [15,16].

A series of '"H NMR measurements of benzoic
acids at various concentrations of PEG 20000
were carried out in C*HCl, with a JEOL GX-270
instrument operating at 270 MHz.

3. Results and discussion

Nine benzoic acids, 4CH,CONH-BA, 4NH,-
BA, 40OH-BA, 20H-BA, 4CH,COO-BA,
4CHO-BA, 4CH,-BA, 2CHO-BA and BA,
were used as model samples in CZE experi-
ments. PEG 400 and PEG 4000 were used at
concentrations ranging from 1 to 10% in an
electrolyte solution of 10 mM phosphate buffer
(pH 7.8). Under the present separation con-
ditions, all the analytes are considered to be in
the form of univalent anions because of complete
dissociation of their carboxyl groups. As re-
ported in a previous paper [15], the addition of
PEG drastically influences the migration time of

‘these benzoic acids. The influence can be de-

scribed in terms of the following two factors. The
first is non-specific and is ascribed to the increase
in viscosity, resulting in an increase in the
migration time. In the case of 2CHO-BA, the
change in the migration time can be simply
described by this effect, because it appears to
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exhibit no specific interaction with PEG (see
later also) [15]. The second, in which we are
interested, is specific to the analytes. The addi-
tion of PEG accelerates the mobility of some
benzoic acids, especially four with hydrogen-
donating substituents (4CH,;CONH-BA, 4NH,-
BA, 4OH-BA and 20H-BA), compared with
2CHO-BA. The acceleration of the migration
time resulted from some attractive interaction
between the hydrogen-donating benzoic acids
and PEG, as PEG migrates in the direction of
the negative potential at the electroosmotic flow-
rate (V,,). In order to eliminate the first non-
specific factor, we shall describe the electro-
phoretic behaviour using relative values of the
migration time and electrophoretic velocity
against those of 2CHO-BA as a reference com-
pound (see Eq. 1 also).

3.1. Effect of temperature

Fig. 1 shows electropherograms of the nine
benzoic acids under thermostated conditions at
(A) 3°C and (B) 80°C in the presence of 7.5%
(v/v) PEG 4000. Comparison of the two electro-
pherograms reveals that the relative migration
time of the four hydrogen-donating benzoic acids
(4CH,CONH-BA, 4NH,-BA, 40H-BA and
20H-BA) increases with increase in tempera-
ture. This means that the increase in the column
temperature weakens the interaction between

(A) 0 1

| i ! 1
0 5 10 15 20 25 30

migration time / minutes

23 45 67 89 (B) 0

PEG and the four benzoic acids having a hydro-
gen-donor active substituent. It is well known
that an increase in temperature weakens and
breaks hydrogen bonds. Hence this behaviour is
in accord with our previous description in terms
of the hydrogen-bonding complex formation
between the hydrogen-donating benzoic acids
and PEG.

When we can assume a stoichiometric and
equilibrated complex formation between an ana-
lyte and PEG, the observed electrophoretic
velocity of the analyte ion (V,,) is expressed as a
function of the PEG concentration [PEG], as
described in a previous paper [15]:
Veo/Vep.0 = Vept/ Vep.o

ep,f' " ep,

+ K[(Ve - Vep,f)/vep,O][PEG] (1)

p.c
where V., and V. are the electrophoretic
velocity of the free analyte ion and the analyte—
PEG complex, respectively, K is the complex
formation constant of the analyte with PEG and
Vepo is the electrophoretic velocity of a reference
compound with K =~0 (2CHO-BA in our case).
In our experiments, V, /V,, , exhibited linear
relationships against [PEG] up to 7.5% (v/v)
(data not shown; see Fig. 2 in Ref. [15] as an
example). Values of K can be easily estimated
from the slopes of the linear plots on the basis of
a reasonable assumption that V,,  —V, =
-V, Fig. 2 shows the dependence of the K

ep,.f-

1 23456789
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35 0 5 10 15 20

migration time / minutes

Fig. 1. Electropherograms of nine benzoic acids with 7.5% (v/v) PEG 4000 under thermostatic control at (A) 3°C and (B) 80°C.
Electrolyte solution, 10 mM phosphate buffer (pH 7.8); capillary, 750 mm x 0.05 mm L.D. (500 nm effective length); applied
voltage and current), (A) 14 kV and 4 uA and (B) 14 kV and 6 uA; detection wavelength, 210 nm. Peaks: 0 = mesityl oxide
(electroosmotic flow marker); 1 = 4CH,CONH-BA; 2 = 4CH,COO-BA; 3=40H-BA; 4=4CH,-BA; 5= 4NH,-BA; 6 = 4CHO-

BA; 7=20H-BA; 8§ =2CHO-BA; 9= BA.
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Fig. 2. Dependence of the complex formation constant (K)
on the capillary temperature: 0 =4CH,CONH-BA; A=
40H-BA; ¢ =20H-BA; O=4NH,-BA; [=4CH,-BA;
A =CH,;COO-BA; © =4CHO-BA; O =BA.

values of the analytes on the capillary tempera-
ture. In the cases of the four benzoic acids
having a  hydrogen-donating  substituent
(4CH,CONH-BA, 4NH,-BA, 40H-BA and
20H-BA), the K values decrease significantly
with increase in the capillary temperature. In
contrast, in the case of 4CHO-BA, 4CH,-BA,
4CH,COO-BA and BA, which have no hydro-
gen-donating active substituent, the K values are
almost independent of the capillary temperature
or the dependence is very small. These results
support the contention that the interaction be-
tween PEG and the four substituted benzoic
acids with hydroxyl, amide or amino groups is
predominantly governed by the hydrogen-bond-
ing complex formation, in which the polyether
oxygen atoms of PEG serve as hydrogen accep-
tors.

The above argument might mean that an
increase in the capillary temperature is almost
equivalent to a decrease in the PEG concen-
tration. However, the two parameters control-
ling the experimental conditions are not exactly
identical with each other. Therefore, from the
point of view of practical application, both the
capillary temperature and the PEG concentra-
tion can be useful parameters to improve sepa-
rations in this method. In our experiment, the
best separation was achieved at 80°C (Fig. 1B)
for the samples used. Even when the use of a
higher concentration of PEG is unavoidable to

improve separation, an increase in the capillary
temperature would be occasionally useful for
rapid separation, because it results in a decrease
in the viscosity and hence of the migration time.

3.2. Effect of urea

Urea works as a bifunctional hydrogen donor
and acceptor and it is often employed to break
intra- and/or intermolecular hydrogen bonds in
biological molecules, such as proteins and DNA.
Considering that the hydrogen-bonding interac-
tion operates in the present separation mode for
some analytes, addition of urea to the separation
matrices would be expected to compete with
PEG (hydrogen acceptor) to form hydrogen-
bonding complexes with the analytes (hydrogen
donors) and/or with analytes to form hydrogen-
bonding complexes with PEG. Our assumption
here is that the electrophoretic velocity of the
urea—analyte hydrogen-bonding complex is not
far from that of the free analyte, because the
molecular mass of urea is sufficiently small
compared with that of PEG. This assumption
leads to an expectation that an apparent value of
K evaluated by Eq. 1 will decrease at a suffi-
ciently high concentration of urea.

The following experiments confirmed the ex-
pectation. Urea was added at 10 M to an
electrolyte solution of 10 mM phosphate buffer
(pH 7.8) containing several concentrations of
PEG. In this work, PEG 400 was used, because
urea is almost insoluble in an aqueous solution of
PEG 4000 at 5% (v/v). The apparent K value
was evaluated based on Eq. 1. Plots of V,,/V,
vs. [PEG] gave straight lines in the range of
[PEG] from 2.5 to 10% (v/v). Table 1 summa-
rizes the K values of the samples in the absence
and presence of 10 M urea. For all the analytes,
the -K values at 10 M urea decreased to 30-85%
of those in the absence of urea. This decrease in
K values is attributable to the suppression of the
interactions, most significantly the hydrogen-
bonding interaction, between PEG and the ana-
lytes. However, the urea effect was not restricted
to the hydrogen-donating analytes. As will be
mentioned later, we consider that several minor
interactions exist in addition to the relatively
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Table 1
Effects of addition of 10 M urea on K values

Analyte K x 10*/[PEG (%, v/v)}™!
No urea 10 M urea
40H-BA 10.3 5.3
20H-BA 9.8 5.6
4CH,CONH-BA 9.5 3.9
4NH,-BA 6.6 3.6
4CH,-BA 7.0 3.6
4CH,COO-BA 4.8 1.5
4CHO-BA 4.5 2.3
BA 2.7 2.3

strong hydrogen-bonding interaction between
PEG and benzoic acids. Therefore, urea seems
to suppress these minor interactions also by
hydrogen-bonding complex formation with PEG
molecules.

3.3. NMR spectral measurements

NMR spectroscopy is suitable for observing
electrostatic interactions of molecules in solu-
tions. When an electrostatic interaction of an
analyte with PEG occurs, the distribution of the
electron density of the analyte should change,
resulting in a change in the chemical shifts. In
this study, the interaction of the phenolic hy-
droxyl group with PEG 20000 was followed in
C’HCI, using 'H NMR spectroscopy. Phenol
was used as a model compound, because 4OH-
BA is insoluble in C*HCI,;.

Fig. 3A shows the 'H NMR spectra of 10 mM
phenol in the absence and presence of PEG
20000 at concentrations of 1-5% (v/v). The
spectral change on addition of PEG was demon-
strated by the signals of the hydroxyl proton.
The 'H signal of the hydroxyl group of phenol
(4.8 ppm at 0% PEG) shifts significantly to
lower field on addition of PEG. This provides
direct evidence for hydrogen-bonding complex
formation between the phenolic hydroxyl group
and the polyether oxygen atoms of PEG. The
electrostatic attractive interaction (hydrogen-
bonding complex formation) between the phen-
olic hydroxyl group and PEG should increase the

(A)
0 % (viv, PEG 20000)
5%
" impurtty
4 %
3%
UZ%‘% \l
.8 N I
7 s 5 4 3 2 1 0 PPM
(B)
0 % (v, PEG 20000)
CHCY
|
2% k‘
T 1%
05 % ‘j
11 9 8 7 6 5 4 3 2 1.0 PPM

Fig. 3. '"H NMR spectra of (A) phenol and (B) 20H-BA in
C’HCl, with increasing concentration of PEG 20 000.

O-H bond length. Thus the interaction de-
creases the electron density around the proton,
resulting in a lower-field shift owing to the
deshielding. Similar lower field shifts of phenolic
and alcoholic 'H signals are observed with in-
creasing concentration as a result of intermolecu-
lar hydrogen bonding with themselves [17].

The PEG molecule has two hydroxyl groups at
the ends, and these end-groups are reasonably
considered to serve as hydrogen donors. This
consideration can be supported by NMR experi-
ments. The NMR signal of the hydroxyl end-
groups of PEG is broadened and shifted from 2.3
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ppm to lower field with addition of BA (data not
shown). This indicates the possibility of the
occurrence of a hydrogen-bonding interaction
between the carboxylate group of BA and the
hydroxyl end-groups of PEG at least in C*HCl,.
The numbers of hydroxyl groups in PEG mole-
cules are generally far less than those of ether
oxygen atoms. Hence the hydrogen-donating
property of the end-groups of PEG would not be
so significant compared with the hydrogen-ac-
cepting property of the polyether segments. In
the following, we shall refer to the hydrogen-
bonding interaction derived from the polyether
segments and the hydroxyl end-groups as the
major and minor hydrogen-bonding interactions,
respectively. :

3.4. Hydrophobic interaction

Judging from the K values in Table 1, 4CH,-
BA seems to interact attractively with PEG at a
strength comparable to that of 4NH,-BA. This
could not be explained simply in terms of the
hydrogen-bonding interaction, because the
methyl group is inactive in hydrogen bonding.
PEG can afford more or less hydrophobic sur-
roundings. This property seems to work as an
another sub-mode in addition to the hydrogen-
bonding mode for separation in the CE system
using PEG. Such a hydrophobic interaction with
PEG could occur with the other analytes, but it
was not as large as in the case of 4CH;-BA.

In addition to the direct effect of the hydro-
phobicity of PEG, a secondary effect might play
a role in the hydrogen-bonding complex forma-
tion between the analytes and PEG, namely a
solvation effect. Hydrogen-bonding interaction
with PEG will occur more effectively in hydro-
phobic surroundings than in an aqueous phase.
The benzoic acids used here are more or less
hydrophobic in nature even in their monoanion
state. Hence the analytes will be surrounded by
the hydrophobic segments (or hydrophobic pock-
ets) of PEG in part. The hydrophobic environ-
ments will enhance the hydrogen-bonding inter-
action in this separation system.

3.5. Comparison between ortho- and para-
isomers

The K values of 4CH,;COO-BA and 4CHO-
BA were much larger than those of the ortho-
isomers (2CH,COO-BA and 2CHO-BA, respec-
tively) (the K values of 2CH,COO-BA were
1.4-10[PEG 400]"' and 3.8-10°[PEG
4000}") [15]. This seems to suggest steric hin-.
drance against the hydrophobic interaction of the
analytes with the polyether segments of PEG
and/or the minor hydrogen-bonding interaction
in part (note that the major hydrogen-bonding
interaction is not expected for these analytes).
This steric effect seems to be a minor one, but it
is occasionally useful for separation. A typical
example is the separation between 2CHO-BA
and 4CHO-BA. The two analytes could not be
separated in the absence of PEG under our
experimental conditions because of their hydro-
dynamic radius close to each other. However,
the addition of PEG 4000 [more than 2.5%
(v/v)] achieved the complete separation between
them with the use of this steric effect. This would
mean in turn that 2CHO-BA hardly interacts
with PEG. Thus 2CHO-BA is the best reference
substance for the determination of the complex
formation constant of analytes with PEG (K)
(see above).

A complicated situation is observed with 20H-
BA. Even though 20H-BA is the ortho-isomer
of 4OH-BA, the K value of 20H-BA was
comparable to that of 4OH-BA (Fig. 2, Table
1). This result can be interpreted as follows. The
hydroxyl group in both 20H-BA and 4OH-BA is
strong hydrogen donor. Hence the major hydro-
gen-bonding interaction is reasonably considered
to govern the overall interaction with PEG and is
larger than the steric hindrance effect observed
for other ortho-isomers. Another reason may be
related to the hydrodynamic radius of 20H-BA.

" In the absence of PEG, 20H-BA migrates faster

than 4OH-BA [15]. This is in contrast to the case
with 2CHO-BA and 4CHO-BA, which migrate
simultaneously in the absence of PEG (see
above). This result means that the hydrodynamic
radius of 20H-BA is smaller than that of 4OH-
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BA. Fig. 3B shows the 'H NMR spectra of 10
mM 20H-BA in the absence and presence of
PEG 20000 at concentrations of 0.5-2% (v/v).
The chemical shift of the hydroxyl proton of
20H-BA is observed at 10.4 ppm. This low-field
resonance indicates intramolecular hydrogen-
bond formation between the hydroxyl group and
the dissociated carboxyl group. Therefore, the
small hydrodynamic radius compared with 4OH-
BA can be attributed to the intramolecular
hydrogen-bond formation. With the addition of
PEG, the 'H signal of the hydroxyl group
broadened and disappeared. This indicates the
formation of an intermolecular hydrogen-bond-
ing complex with PEG. Once the interaction
with PEG has occurred, the hydroxyl group
bonded to the carboxylate group of 2ZO0H-BA
will turn out to form a complex with PEG. This
will result in a larger increase in its apparent
hydrodynamic radius than that expected for
40H-BA. Such an amplified effect may cancel
the steric hindrance effect observed for other
ortho-isomers.

4. Conclusion

The use of PEG as a matrix is very useful in
CE separations. The present NMR experiments
have demonstrated that PEG works as a hydro-
gen acceptor via its polyether segments and in
part as a hydrogen donor via its hydroxyl end-
groups. The effects of temperature and urea
addition can be described fundamentally in terms
of the hydrogen-bonding interaction between
PEG and analytes. The hydrogen-bonding inter-
action in the aqueous phase will not be as strong
as demonstrated by NMR in C*HCl,. However,
the strength is fortunately appropriate for im-
proving the separation in CZE. Hence the CE
method using PEG as a matrix would open up
routes to develop electrostatic capillary electro-
phoresis. From a physico-chemical point of view,
this method might be applicable to the determi-
nation of the hydrogen-donating properties of
analytes or hopefully of the hydrogen-accepting
properties of analytes using a hydrogen-donating
matrix.

This study suggested the occurrence of some
other minor interactions in addition to the hy-
drogen-bonding interaction, such as hydrophobic
and steric interactions. These interactions work
in conjunction for hydrogen-donating analytes
and sometimes effectively for hydrogen-donating
inactive analytes to improve the separation.
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Abstract

The use of non-aqueous capillary electrophoresis in free solution in uncoated fused-silica capillaries was
investigated and compared with capillary electrophoresis using aqueous systems. Cationic drug substances differing
only in the amine functionallity or even having the same charge-to-mass ratio were used as test solutes. Some of
these test substances are difficult to separate in plain aqueous buffers and even when using micellar electrokinetic
chromatography or by adding cyclodextrins to the electrophoresis buffer it is difficult to obtain baseline separations.
Very high separation selectivity may be obtained in non-aqueous capillary electrophoresis systems without adding
surfactants or complexing agents to the electrophoresis medium. Major selectivity changes may be obtained using
different organic solvents (formamide, N-methylformamide, N,N-dimethylformamide, N,N-dimethylacetamide,
dimethyl sulfoxide, methanol and acetonitrile) for the electrophoresis medium, e.g., the relative electrophoretic
mobilities of a primary, a secondary and a tertiary amine with otherwise identical structures are reversed on

replacing acetonitrile with methanol as solvent.

1. Introduction -

Improvement of separation selectivity is of
fundamental importance and one of the main
challenges in separation science. In capillary
electrophoresis (CE), significant improvements
in separation selectivity were obtained with the
introduction of micellar electrokinetic chroma-
tography (MEKC) [1,2], where the electropho-
retic rate processes are combined with partition-
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ing processes. Also, different kinds of complex-
ation may be used in order to improve selectivity
and this has found widespread application in the
separation of mixtures of enantiomers [3].

Recently, considerable improvements in sepa-
ration selectivity between cationic compounds
with very similar structures and even with same
charge-to-mass ratio were obtained [4,5] using
either surfactants or cyclodextrins as additives to
the electrophoresis buffer. However, these tech-
niques suffer from a number of drawbacks: some
of the additives may be fairly expensive, and the
additives are often non-volatile and the sepa-
ration systems are therefore not suitable for on-
line coupling to a mass spectrometer.

© 1995 Elsevier Science B.V. All rights reserved
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A number of papers on the use of non-aque-
ous electrophoresis have been published, and in
1976, Korchemnaya et al. [6] reviewed the re-
search that had been performed in that field until
then. Since this review appeared, only a single
investigation on the use of the non-aqueous
mode has been reported [7]. However, recently
the topic has gained renewed interest [8-12].

In this paper, it is demonstrated that high
separation selectivity of very similar compounds
may easily be obtained by using non-aqueous
systems and a volatile salt as the electrolyte. In
non-aqueous systems, changes in separation
selectivity may be obtained that would be very
difficult to achieve in capillary electrophoresis
systems based on aqueous buffers.

2. Experimental
2.1. Capillary electrophoresis system

An HP’® capillary electrophoresis system
(Hewlett-Packard, = Waldbronn, Germany)
equipped with an on-column diode-array detec-
tor was used. A detection wavelength of 214 nm
was used for all samples unless stated otherwise.
The separation was performed in a fused-silica
capillary (64 cm X 50 um 1.D.; 55.5 cm to the
detector; for impurity testing a 64 cm X 100 wm
I.D., 55.5 cm to the detector, capillary was used)
(Polymicro Technologies, Phoenix, AZ, USA).
The capillary was thermostated at 25°C with air.
Samples were kept at ambient temperature in
the autosampler and injected by applying a
pressure of 5 kPa (50 mbar) for 3 s. A voltage of
25 kV was applied during analysis.

A Quanta 4000 capillary electrophoresis sys-
tem (Waters, Milford, MA, USA) was used for
studies with the surfactants in 0.05 M 6-amino-
caproic acid buffer (pH 4.0). Detection was
performed by measuring UV absorption at 214
nm. The separation was performed in a fused-
silica capillary (60 cm X 75 wm 1.D.; 56 cm to the
detector) (Polymicro Technologies). Sample in-
jection was accomplished by hydrostatic injec-
tion for 15 s. All analyses were performed using
an applied voltage of 20 kV. Data collection was

performed using Turbochrom version 3.3 soft-
ware (PE Nelson, Cupertino, CA, USA).

Prior to use, the capillaries were rinsed with 1
M sodium hydroxide for 60 min, 0.1 M sodium
hydroxide for 20 min, distilled water for 20 min
and the final electrophoresis medium for 10 min.
Between analyses, the capillaries were flushed
with electrophoresis medium for 2 min.

2.2. Chemicals and reagents

Imipramine hydrochloride (IMP), desmethyl-
imipramine (DMI), methylimipramine iodide
(IMP-CH,;) and imipramine N-oxide hydrochlo-
ridle (DINO) were obtained from Dumex
(Copenhagen, Denmark), didesmethylimip-
ramine hydrochloride (DDMI) from Ciba-Geigy
(Basle, Switzerland), maprotiline hydrochloride
(MAP), litracene hydrochloride (LIT), ami-
triptyline hydrochloride (AMI), nortriptylene
hydrochloride (NOR) and protriptyline hydro-
chloride (PRO) from H. Lundbeck (Valby, Den-
mark), 6-aminocaproic acid (6-ACA) and poly-
oxyethylenesorbitan monolaurate (Tween 20)

. from Sigma (St. Louis, MO, USA), 3 - (N,N -

dimethylmyristylammonium)propanesulphonate
(MAPS) and N,N-dimethylacetamide (DMA)
from Fluka (Buchs, Switzerland), acetic acid and
N,N-dimethylformamide (DMF) were obtained
from Riedel-de Héen (Seelze, Germany). Di-
methy] sulphoxide (DMSO), HPLC grade ace-
tonitrile and sodium acetate were obtained from
Merck (Darmstadt, Germany). Ammonium ace-
tate, formamide and N-methyl formamide
(NMF) were obtained from Aldrich (Steinheim,
Germany). The used methanol was of HPLC-
grade and all chemicals were used without fur-
ther purification.

2.3. Sample preparation

Mixed test sample I consisted of IMP, DMI,
DDMI, IMP-CH; and DINO in methanol at
concentrations of 0.06, 0.04, 0.02, 0.04 and 0.04
mg/ml, respectively, or at a concentration of
0.04 mg/ml each.

Mixed test sample II consisted of: AMI, NOR,
PRO, MAP and LIT in methanol at a con-
centration of 0.04 mg/ml each.
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When investigating formamide, NMF, DMF,
DMA and DMSO, the mixed test sample was
prepared in the respective organic solvent.

For testing the impurities in DINO, 5.1 mg/ml
of this substance was dissolved in methanol.

Standard addition was performed by adding 10
wl of each of 0.05 mg/ml methanolic solutions of
IMP-CH,;, IMP, DMI and DDMI to 300 ul of
the DINO test solution.

3. Resuits and discussion

CE is normally performed using either aque-
ous buffers or buffers with the addition of only
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smaller amounts of organic solvents to regulate
the electroosmotic flow and the selectivity. As
many larger biomolecules are only compatible
with aqueous buffers, the aqueous electropho-
resis mode will also be the dominant technique
in the future. However, using CE, especially
smaller molecules such as pharmaceuticals may
be separated in non-aqueous systems with in-
creased separation selectivity. In this study,
cationic drug substances differing only in the
amine functionallity or even having the same
charge-to-mass ratio were used as test substances
(Fig. 1).

The separations of cationic drug substances
using non-aqueous systems were compared with
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Fig. 1. Structures of the test substances.
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respect to the nature of the organic solvent, the
observed pH (pH*, see Section 3.2), the tem-
perature and the water content in the electro-
phoretic medium.

It has been shown previously [4] that adding
non-ionic and/or zwitterionic surfactants to the
aqueous electrophoresis buffer may provide
large increases in separation selectivity between
test solutes (Fig. 2). However, instead of using
large amounts of surfactants or complexing
agents, similar or even better increments in
separation may be obtained using ‘‘buffers”
consisting of methanol, acetonitrile or other
organic solvents with electrolytes added.

3.1. Organic solvent

A number of organic solvents were tested
(Fig. 3) using mixed test sample I. Rapid and
good separations were obtained using methanol
and acetonitrile. When using DMF, DMA and
DMSO, the analysis time increased owing to the
slower electroosmotic flow (EOF). However, in
formamide (not shown) no separation of IMP,
DMI and DDMI was obtained and in NMF only
small separation factors between these three test
solutes were obtained. The relative electropho-
retic mobilities of the primary, secondary and
tertiary amines were reversed on replacing ace-
tonitrile with methanol. The relative order of
migration of the test solutes in DMF, DMA and
DMSO was similar to that obtained in methanol
whereas the relative order of migration in NMF
resembled that in acetonitrile.

A more detailed study of the use of methanol
and acetonitrile was performed. The gradual
replacement of acetonitrile with methanol was
studied (Fig. 4). On changing the solvent from
100% acetonitrile through 25% methanol in
acetonitrile and 75% methanol in acetonitrile to
100% methanol, the mixed test sample I with
imipramine and its derivatives exhibited major
changes in selectivity. At 50% methanol in
acetonitrile (not shown) no separation of the
primary, secondary and tertiary amines could be
observed. With the mixed test sample II it was
primarily the migration of the tertiary amine
(AMI) that changed relative to the four sec-

ondary amines. Smaller changes in selectivity
were seen between the four secondary amines.
These changes in selectivity may be ascribed to
the “basicities” of the amines in the various
solvents and solvent mixtures and thus to the
solvation of the test solutes. It is known that
there are differences in the relative basicities of
primary, secondary and tertiary alkylamines
when determining them in water or in the gas
phase [13].

It is also interesting to observe the change in
the EOF on changing the organic solvent. How-
ever, in methanol, acetonitrile and mixtures
thereof the electrophoretic migration (u,, =
Map ~ Meor) Temained virtually constant (about
2-107* ecm®/V-s), although the electroosmotic
migration increased by a factor of ca. 10 on
changing from methanol to acetonitrile and was
highest at acetonitrile—-methanol (75:25, v/v).
These changes in EOF are probably due primari-
ly to changes in viscosity. The viscosity of metha-
nol is decreased with the addition of acetonitrile
owing to formation of monomeric methanol [14].
The viscosity reaches a minimum at about 80%
acetonitrile in methanol. However, viscosity is
not the only explanation, as DMSO has a higher
EOF than methanol although DMSO has a
relatively high viscosity [15]. Therefore, changes
in dielectric constants of the solvents and the
zeta potential at the inner capillary wall may also
play a role.

Detection can be problematic in non-aqueous
capillary electrophoresis. A significant limit of
detection is obtained at lower wavelengths when
using formamide, NMF, DMF, DMA and
DMSO as the noise level increases owing to the
high UV absorbance of the organic solvent at
lower wavelengths. When using methanol or
acetonitrile, a detection wavelength at 214 nm
may be used without problems.

3.2. pH*

As pH is only defined in diluted aqueous
solutions, it has no direct meaning in non-aque-
ous solvents. However, acidic or basic elec-
trolytes will still exhibit a major influence on the
separation selectivity when added to the organic
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Fig. 2. Electropherograms of mixed test sample 1 (left) and mixed test sample IT (right). Above, no addition of surfactants;
below, addition of the surfactants MAPS and Tween 20 to the electrophoresis buffer. Apparatus: Waters Quanta 4000.
Conditions: capillary, 56 cm to detector X 75 um 1.D.; temperature, 30°C; detection, 214 nm; buffer, 0.05 M 6-aminocaproic acid
(pH 4.0); voltage, 20 kV; current, 62 pA. For peak identification, see Fig. 1.
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Fig. 3. Non-aqueous CE in NMF, DMF, DMA, DMSO,
acetonitrile and methanol. Apparatus: HP*® CE instrument.
Conditions: capillary, 55.5 cm to detector x50 um L.D.;
temperature, 25°C; detection, 214 nm; electrophoresis
medium, 25 mM ammonium acetate~1 M acetic acid in the
organic solvent; voltage, 25 kV; current, ca. 7 nA. For peak
identification, see Fig. 1.

solvent used as electrophoresis medium. Fig. 5
shows electropherograms from an investigation
where the electrolytes were changed from am-
monium acetate—sodium acetate to ammonium
acetate—acetic acid at different concentrations.
As expected, selectivity changes occurred when
acidic or basic salts were added to the electro-
phoresis medium. This also influences the elec-
troosmotic flow, possible owing to changes in the
zeta potential on the inner capillary wall.

3.3. Temperature

Changing the temperature surrounding the
capillary is known to have an effect when using
aqueous systems [5]. Temperature changes from
10 to 40°C had only a small effect on the mixed
test sample I apart from a 25% increase in EOF.
With the mixed test sample II an improvement
of separation was seen only at 40°C, where all
five test solutes were separated. However, a
similar investigation on the influence of the
temperature on the separation of opium al-
kaloids (which do not have similar chemical
structures) in similar non-aqueous systems
showed that major changes in selectivity could
be introduced [11].

3.4. Water

On changing the electrophoresis medium from
a 100% non-aqueous to a 100% aqueous system,
most of the separation is gradually lost. This was
to be expected as it is difficult to separate these
test solutes (Fig. 2) in aqueous buffers [4].

4. Application

The loadability of the non-aqueous CE system
was tested by using the system for drug purity
testing. Imipramine-N-oxide (DINO) was in-
vestigated for its content of impurities, and a
0.5% solution was loaded to the capillary with-
out any problems (Fig. 6). The limit of detection
(defined as a signal three times the baseline
noise) is about 1 wg/ml, corresponding to 10
ppm impurity in the drug substance. This is
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Fig. 6. Drug purity testing of DINO using non-aqueous CE.
(A) 5.1 mg/ml sample of DINO in methanol and (B)
standard addition of 10 g1 of 0.05 mg/ml IMP, DMI, DDMI
and IMP-CH, dissolved in methanol to 300 ul of DINO
sample. Apparatus: HP*® CE instrument. Conditions: capil-
lary, 55.5 cm to detector X 100 um L.D.; temperature, 25°C;
detection, 214 nm; buffer, 25 mM ammonium acetate-1 M
acetic acid in acetonitrile; voltage, 25 kV; current, 30 pA.
For peak identification, see Fig. 1.

comparable to what has been obtained previous-
ly when using aqueous buffers [4]. A further
advantage of the non-aqueous system is that
owing to the low current (ca. 30 nA in a 100 pm
1.D. capillary using 25 mM ammonium acetate in
organic solvent) it is possible to use capillaries
with a larger internal diameter, which again may
provide higher loadability and thus lower limits
of detection.

5. Conclusion

Non-aqueous capillary electrophoresis is a
powerful tool for increasing and changing the
separation selectivity of smaller molecules, and
separation selectivities that would be very dif-
ficult to obtain in aqueous buffers may be intro-
duced. Increased possibilities for changing the
relative electrophoretic mobility of very similar
compounds are obtained. On changing the or-
ganic solvent from a solvent with properties for
both donating and accepting hydrogen bonds to
a solvent which only is an acceptor for hydrogen
bonding, major selectivity changes for primary
and tertiary amines are observed. The technique
is very suitable for drug purity testing but may
also be useful for the determination of drugs and
metabolites in biological fluids after concentra-
tion by solid-phase extraction and elution from
the extraction column with organic solvents.
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Abstract

Capillary zone electrophoresis (CZE) is presented as a new tool to resolve and analyze the ultimate degradation
products of poly(p,L-lactic acid) aliphatic polyesters, namely water-soluble oligomers with a degree of poly-
merization lower than 8. The investigated oligomers were those present in a concentrated commercial p,L-lactic
acid solution and those obtained by concentration of the same solution under vacuum. The repeatability of peak
migration time was increased by introducing a relative migration factor aimed at minimizing the run-to-run peak
shifts which depend on the experimental conditions, especially on the capillary and even on the instrument.
Ring-opening of p,L-lactide was used to assign CZE peaks due to lactoyllactate and lactate. The rate constant and
the activation energy of lactoyllactate hydrolysis were determined by monitoring the formation of lactate by CZE.

1. Introduction

Degradation of degradable and biodegradable
polymers is usually monitored through indirect
phenomena like oxygen consumption and CO,
production, in the case of outdoor degradation,
and by water absorption, mass loss and molecu-
lar mass decreases for both in vivo and outdoor
degradations. To obtaining information at the
molecular level, size exclusion chromatography
(SEC) or high-performance liquid chromatog-
raphy (HPLC), both in organic solvents or in
mixtures of water with organic solvents, are very
well suited. Hydrolytic degradation of polymeric
biomaterials typically occurs in aqueous media
and thus analytical tools compatible with water
or polar solvents are required. Generally, hydro-

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00517-X

lysable polymers, such as aliphatic polyesters,
lead to degradation by-products which bear ionic
groups at one chain end, at least. Ultimate
degradation by-products are thus water-soluble
or water-dispersable. This makes high-perform-
ance capillary electrophoresis (HPCE) of inter-
est for monitoring the final stage of hydrolytic
degradation, and of biomediated degradation as
well.

Capillary zone electrophoresis (CZE), which
is the simplest HPCE technique, has been suc-
cessfully used to separate oligomers of natural
[1-4] and synthetic [S] origin.

Poly(B-malic acid), a water-soluble degrad-
able polyester of the polycarboxylic type is now
well-known as a hydrolytically degradable poly-
mer [6,7]. Oligomer production during in vitro
ageing was monitored by aqueous SEC using
Biorad P2 gel. However, this technique, which is

© 1995 Elsevier Science B.V. All rights reserved
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able to separate only the five smallest oligomers
is rather time-consuming since it requires several
hours. CZE appeared much more efficient as it
allowed easy separation of the fifteen smallest
oligomers within 15 min [6].

In the case of poly(lactic acids), which are of
increasing surgical and pharmacological interest
[8], it has been demonstrated that slow release of
lactic acid [9] and of lactoyllactic acid [10]
reflects the last states of the hydrolytic degra-
dation processes. However, the frontier between
water-insoluble and water-soluble oligomers is
still unknown. This lack of information origi-
nates from analytical difficulties to detect low-
molecular-mass compounds especially in aqueous
environments, and in the presence of high-mo-
lecular-mass polymers.

In the present paper, we report the results of a
CZE monitoring of poly (p,L-lactic acid) oligo-
mers which are formed in lactic acid concen-
trated solutions or during concentration of com-
mercial p,L-lactic acid aqueous solutions under
vacuum. Assignment of the ultimate oligomers
was done on the basis of p,L-lactide hydrolysis.

2. Experimental
2.1. Materials

Commercial »,L-lactic acid (85% w/w aqueous
solutions) and p,L-lactide were obtained from
Sigma and Purac respectively and were used
without further purification. All other chemicals
were of analytical grade.

2.2. Synthesis

Oligo(p,L-lactic acid)

Commercial D,L-lactic acid solution (200 g)
was introduced in a round-bottom flask (1000
ml) and heated at 85°C under vacuum for 2 h
and then heated at 120°C for 9 h. The reaction
medium was kept under argon atmosphere dur-
ing the experiment.

Sodium p,1-lactoyllactate
D,L-lactide (500 mg) was dispersed in 50 mM
sodium phosphate buffer adjusted to pH 6.8 (100

ml). As the reaction proceeded, the initial pH
value was maintained by adding 1 M NaOH.
After 3 h at room temperature, no lactide
crystals remained in the medium. The buffered
solution was then filtered on a 0.22-um Millipore
filter for sterilization. The resulting sodium D,L-
lactic-lactoyllactate was stored in solution.

2.3. Methods

CZE was carried out using either 3D-CE
(Hewlett-Packard) or a P/ACE 5000 (Beckman)
instrument equipped with UV detection at 205
nm and 200 nm, respectively. Fused-silica capil-
laries of different sizes were filled with running
buffer (0.1 M sodium borate adjusted to pH 8.9
with 1 M NaOH). Before each run, the capillary
was rinsed, first for 2 min with 0.1 M HCI,
second for 2 min with 0.1 M NaOH, and third
for 1 min with water. Separation was performed
at 25°C with an applied voltage of 30 kV. All the
lactic acid derivatives (C=0.3%) which were
analyzed by CZE, were initially dissolved in 0.05
M sodium phosphate buffer adjusted to pH 6.8.
About 20 nl were injected in the capillary by the
hydrostatic pressure method. Experiments were
also performed by using 0.05 M sodium phos-
phate buffer at pH 6.8 and at a voltage of 20 kV
with similar rinsing procedure.

SEC was carried out on 1% tetrahydrofuran
(THF) solutions, using a chromatograph (Spec-
tra-Physics SP 8810) equipped with two PL gel
columns (50 A +100 A; 5 uwm gel beads; 300 x
7.5 mm I.D.). Separation was performed at a
flow-rate of 0.6 ml min~". Refractometric detec-
tion was monitored by a Spectra-Physics SP 430
detector.

Potentiometric titration was performed on acid
solution [500 mg of lactic acid oligomers dis-
solved (or dispersed) in 50 ml of pure water]
which was neutralized with 1 M NaOH using a
665 Dosimat (Metrohm). pH values were re-
corded at 25.0°C with a TC-III combined elec-
trode (Taccusel) connected to an ionoprocessor
II (Taccusel) in order to determine the free
acidity in the sample. Back titration was per-
formed with 1 M HCI after addition of an excess
alkali.
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3. Results and discussion
3.1. bp,L-lactic acid condensation

It is well-known that concentrated aqueous
solutions with more than 80% (w/w) of lactic
acid are composed of mixtures of monomer,
dimer and higher oligomer species [11]. By
heating such a solution under vacuum, it is
possible to obtain polycondensates {low-molecu-
lar-mass polylactic acid (LMWPLA)] with mo-
lecular mass ranging up to a few thousands [12]
which exhibit solubilities similar to those of high-
molecular-mass poly(p,L-lactide). The most com-
mon solvents are then chiorinated hydrocarbons
dioxane, THF, acetone. In contrast, water and
alcohols are non-solvents.

n HO—C]H—COOH = HO—-(|II—[—CO
CH, CH,

In order to obtain the very first oligomers,
mild polycondensation has been performed.
First, the commercial p,L-lactic acid solution was
heated for 2 h at a relatively low temperature
(85°C) to slowly remove water. Then, the mix-
ture was maintained at 120°C for 9 h. The
resulting oligomeric mixture was referred to as
oligo(p,L-lactic acid).

The value of the number-average degree of
polymerization of oligomers present in the com-
mercial lactic acid solution and of oligo(p,L-lactic
acid) were respectively 1.16 and 2.10 as de-
termined by potentiometric titration. This result
showed that oligo(p,1-lactic acid) was composed
of a very small oligomers.

An aliquot of the lactic acid commercial solu-
tion was dissolved in THF and analyzed by SEC
in THF. Four peaks were observed (Fig. la).
However, this chromatographic separation was
carried out in an organic medium, the carboxyl
groups being non-ionized. Aqueous SEC with a
Biorad P2 gel was successfully used for the
separation of the sodium salt form of poly(B-
malic acid) oligomers [4]. In the case of commer-
cial lactic acid solution, resolution was too poor
for proper separation. In contrast, CZE showed

four well separated peaks (O1, 02, O3 and O4
in Fig. 2a) within 6 min in 0.1 M borate buffer
(pH 8.9).

The SEC traces of oligo(p,L-lactic acid) (Fig.
1b) revealed the formation of new oligomers
within the heated lactic acid commercial solu-
tion, as shown by comparing with traces of Fig.
la. Oligo(p,L-lactic acid) was soluble in metha-
nol. It was also soluble in water provided the
—COOH end groups were ionized by adding
sodium hydroxide in such a way that pH values
remained under 6.8. Above this value, the oligo-
mers progressively degraded to yield sodium
lactate.

Fig. 2b shows the electrophoregram of oligo-
(p,L-lactic acid). Comparison of Figs. 2a and 2b

O-—?H—CO O—CH—COOH +n -1 H,0

CH, n—2 CH,
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Fig. 1. SEC traces in DMF of commercial p,L-lactic acid
solution (a) and of oligo(p,L-lactic acid (b).
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Fig. 2. Electropherograms of the sodium salt forms of
commercial p,L-lactic acid solution (a) and of oligo(p,L-lactic
acid) (b) [recorded on Beckman instrument with a fused-
silica capillary (¢,,, =75 pm, L, =57.0 cm); 0.1 M sodium
borate buffer at pH 8.9; 25°C; for peak assignment see the
text].

showed that O3 and O4 peaks were enlarged.
Moreover, O35, 06, O7 peaks were now de-
tected. These peaks can be reasonably' assigned
to tri-, tetra-, penta-, hexa- and heptamers, as
polycondensation leads normally to a continuous
distribution of degrees of polymerization.

The relative high pH value of the borate
buffer did not affect the stability of oligo(p,L-
lactic acid) since the electropherograms recorded
by using 0.05 M phosphate buffer at pH 6.8
showed also seven peaks comparable to those of
Fig. 2b. It must be noted that the running time
was higher in the phosphate buffer (~20 min)

than in the borate buffer. This longer time was
due to the lower voltage (20 kV) imposed by the
higher conductivity of the phosphate ions.
Therefore, all further analyses were performed
in borate buffer.

3.2. Electrophoretic characteristics of CZE
peaks

In order to avoid the effects of a progressive
deviation of peak migration time after several
consecutive runs, two internal standards (SO,
benzyl alcohol which reveals the electroosmotic
flow [13] and SI, benzoic acid, a negatively
charged standard molecule) were added to the
tested solutions. The peak of an oligomer i was
thus defined by the relative migration factor:

RMF,; = (T, - Tso)/(Ts; — Tsy)

where T;, Ty, and T, are the migration time of
the oligomer i and those of the added standards,
respectively. T, values were deduced from the
middle of the width of the peak at half-height.
The reproducibility of RMF,; values (Table 1)
was checked by comparing data obtained from
the same instrument equipped with different
capillaries and from different instruments whose
characteristics are listed in Table 2. When RMF,
values are plotted versus i (Fig. 3), it clearly
appears that the capillary electrophoretic sepa-
ration was limited to oligomers smaller than i = 8

Table 1
Electrophoretic characteristics of O, peaks observed in Fig.
2b

RMF,

i

~.

1.13+0.02
0.71+£0.02
0.54 £0.01
0.44+0.01
0.38 £0.01
0.34+£0.01
0.31+0.01

~NON U AWM =
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Table 2

Physical characteristics of the differents capillaries used to determine intrinsic parameters of the two internal standards with fresh

buffer solutions

Origin Pinc Ly Ly 1 Ieo Toenz Fpeng 10°
(pm) (cm) (cm) (nA) (min) (min) (em® V7's™h
Hewlett-Packard 50 65.0 57.0 29 3.23 6.49 -3.20
Beckman 50 49.0 42.4 38 1.72 3.24 —-3.15
Beckman 75 57.0 50.4 74 2.49 4.79 —3.08

¢: internal diameter; L: total length; Ly, distance between the inlet and the detector; EO: benzyl alcohol; benz: benzoic acid,

applied voltage, 30 kV giving intensity 1.

since RMF, values levelled off at 0.3 when the
oligomer length increased.

3.3. Kinetics of lactoyllactate hydrolysis

Peaks O1 and O2 in Figs. 2a and 2b were
unambiguously assigned to lactate and lactoyllac-

tate respectively from p,r-lactide (I) hydrolysis.

Relative Migration Factor

P T T I
1 2 3 4 5 6 7 8 9 10

Polymerization degree

Fig. 3. Plot of relative migration factor (RMF) as a function
of the degree of polymerization from data of Table 1.

The p,L-lactide ring opened in sodium phosphate
buffer at pH 6.8. Under this condition, only
sodium lactoyllactate (IT) was formed as shown
by the unique peak observed in Fig. 4a and
characterized by a RMF value of 0.71. When the
resulting solution was allowed to age, the dimer
was progressively transformed into sodium lac-
tate (III).
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Fig. 4. Electropherograms of sodium b,i-lactoyllactate (a)
and of sodium p,L-lactate (b) in the presence of 0.066 M
glycolic acid used as internal reference [recorded on Hewlett-
Packard instrument with a fused-silica capillary (¢, =50
pm, L. =650 cm); 0.1 M sodium borate buffer at pH 8.9;
25°C; for peak assignment see the text].
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CH _O.
N o \CO o 10
l —> HO—CH—COO—CH—COO~ — 2HO—CH—COO"~
co_ CH_ | |
~o ~CH, CH, CH, CH,
@ (II1)
The peak at RMF=0.71 progressively dis- If we define:
appeared and a second peak (RMF =1.13) ap- - -
peared which was assigned to lactate (Fig. 4b). Rytono = (Arono) /(A ca) M
"~ The relative trati f the t i
relative concentrations of the two species Ry, = (ADi)O/(AGA)O (8)

were deduced from the electropherograms re-
corded for different reaction times in the pres-
ence of an internal standard, glycolic acid. This
allowed the determination of the kinetics param-
eters of the reaction:

Dimer + H,0— 2 Monomer (1)

Let us define the molar concentration [X]’ and
the measured area (Ay)" where X is either the
dimer (Di), the monomer (Mono) or the internal
standard (GA) and ¢ is the time. These parame-
ters are linked by the relation:

(Ax)" = Kex[X]' ()

where K is a constant depending on the detector
and ey the molar extinction coefficient of species
X.

According to the conservation law:

2[Di]° = 2[Di]’ + [Mono]’ = [Mono]” (3)
The degree of conversion, p = [Mono]/
[Mono]” is then:
p = [Mono]'/(2[Di]" + [Mono]’)
=1/(1 + 2[Di]'/[Mono]") 4

Experimentally, (A;), (Ayono) and (Agy)
were measured as a function of ¢. Data allowed
calculation of:

(%AMono)t = 100(A Mono)t/[(A Mono)t + (A Di)t]
=100/[1 + (A ;)" / (Aptono)] %)

Glycolic acid being an internal standard, one
has:

(A Gly)0 =(A Gly)w (6)

Egs. 6, 7, 8 and 3 lead to:

Rytono/Rpi = (Aptone) /(A ;)

= (£uono[MoN0] ")/ (615, [Di]’)

=2 Epono/€pi €))
and combination of Eqgs. 5 and 2 leads to:
(Ap)'/(Apono) = 100/(% A ppono) — 1
| = e0,[Di]'/(eygono[Moro])
and
[Di]'/[Mono]’ = eyone/€p;  (100/(% A yy0n0) — 1)

(10)
Using Eqgs. 9 and 10, Eq. 4 can be written:

/RDi) (100%A Mono)t - 1)]
(11)

Figs. 4a and 4b show respectively the electro-
pherograms which were obtained for p =0 and
p=1. From these figures, R, =0.68 and
Rytono =0.85 can be determined. Introducing
these values in Eq. 11, one could plot ex-
perimental values of the degree of conversion vs.
time (Fig. 5). Experimental data obeyed Eq. 12
which is typical of a pseudo first order reaction,
water being in large excess:

1_p=e—K'At (12)

as shown by the good fit between experimental
and calculated data (Fig. 5).

Furthermore, data in Fig. 5 were used to show
that constant K’ obeyed the Arrhenius law K' =
Ae ®®Twith A=6.8-10""h™' and E =87.4kJ.

p=1/[1+R

Mono
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Fig. 5. Degree of conversion of ester bond scission of sodium
p,i-lactoyllactate in 0.05 M sodium phosphate buffer (pH
6.8) at different temperatures (Q: 60°C; @: 37°C; O: 21°C).
Data were fitted with K, =14.10"> h™' (----- ), K;,=
12-10™* h™! (~--), and K,,=19-107°> h™" ( ) by
using Eq. 12.

4. Conclusions

This study showed that HPCE can easily
detect oligomers of p,L-lactic acid in the salt
form in aqueous systems. Monomer and dimer
peaks were unambiguously assigned. In aqueous
media at neutral pH, i.e. when —~COOH groups
are ionized, oligomers with a degree of poly-
merization smaller than 8 were detected. There-
fore, CZE can be considered as a tool for
monitoring the late stages of the hydrolytic
degradation of HMWPLA. It is of interest to
note that CZE appears to be a helpful comple-
ment of SEC in organic media which is used to
monitor the early states of HMWPLA degra-
dation.
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Abstract

Pneumocystic carinii pneumonia, which is a major cause of death among patients suffering from acquired
immunodeficiency syndrome, has often been treated successfully with pentamidine isethionate. This study examines
pentamidine effects on cellular and secreted proteins from rat alveolar macrophages by two-dimensional gel
electrophoresis and computerized image analysis. Over 100 secreted proteins were detected by fluorography.
Fluorography showed pentamidine diminished tumor necrosis factor and interleukin-1 release along with other
proteins. Effects of combined bacterial lipopolysaccharide and pentamidine were more pronounced on secreted
versus cellular proteins in protein amount and pattern difference. Thus pentamidine exhibited a general repressive
effect on cellular and secreted protein expression in resting and activated macrophages.

1. Introduction

Pentamidine isethionate [1,5-di(4-amidino-
phenoxy)pentane], was first used against
protozoan infection in 1938 [1}. Although many
other structural analogues were screened as
trypanocides, pentamidine was the compound
adopted for clinical use, although with caution

due to its high toxicity. However, despite penta-

midines’ numerous deleterious side effects in-
cluding nephrotoxicity, hepatotoxicity and hypo-
tension, it was used with great success against
epidemics of African trypanosomiasis in the post
World War II period [2]. The drug was shown to
be effective in infantile pneumocyctis carinii

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00607-9

pneumonia (PCP) outbreaks in Europe, reduc-
ing the mortality rate from 50 down to 3.5%.
However, it did not gain wide acceptance for
general clinical use because of its multifocal
toxicity, and also because subsequent occurrence
of PCP was quite rare until the advent of
acquired immunodeficiency syndrome (AIDS)
which has now reached worldwide significance
and is threatening to become a pandemic phe-
nomenon. Since PCP has been shown to be one
of the most common life-threatening infections
in AIDS patients, pentamidine has again become
prominent as one of the major drugs of choice
for PCP infection.

Until recently, the long-term risks associated
with the mechanisms of pentamidine toxicity had
not received great emphasis because of the high

© 1995 Elsevier Science BV. All rights reserved
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lethality of AIDS. However, as the longevity and
survival of AIDS patients increase and the use of
pentamidine becomes more common, adverse
actions and long-term side effects of this drug
will become increasingly important. It is already
known that pentamidine interferes with numer-
ous metabolic pathways and therefore has the
potential for broad-based cytotoxicity. Originally
pentamidine was administered only parenterally,
either intramuscularly or intravenously, which
resulted in deposition of the drug in virtually all
organs and tissues in the body. Also, penta-
midine has a slow turnover rate since treatment
is followed by a relatively slow release from the
body with the chemical present in urine up to
eight weeks after cessation of therapy [3]. Al-
though the lung is the site of PCP infection,
pulmonary distribution after parenteral adminis-
tration of pentamidine is relatively low as com-
pared to the rest of the body. This observation
led to adoption of an aerosolized route for
pentamidine where high concentrations could be
reached by direct deposition into the lungs [4],
and with the hope of reducing severe systemic
side effects. Subsequently, clinical studies did
show that a daily dosage of 600 mg by inhalation
resulted in general clinical improvement and
survival [5]. However, more recent studies com-
paring parenteral and aerosol administration
suggest that, while the aerosol route works well
with mild infection, moderate or heavy infections
are less successfully treated with this modality
[6,7]. Currently, there is no adequate biochemi-
cal explanation as to why heavier infection of
PCP should be less sensitive to pentamidine via
direct deposition into the lungs.

In addition to its antimicrobial effects, aerosol-
borne pentamidine may produce adverse effects
upon resident alveolar macrophages which are
essential components of the immunologic re-
sponse to pulmonary infection and disease.
Phagocytosis, recruitment and cytokine product-
ion are primary functions of macrophages which
are activated by infectious organisms as a major
line of defense in the pulmonary system. Activa-
tion of macrophages in in vitro culture can also
be experimentally elicited by exposure to bac-
terial lipopolysaccharide (LPS) as the inducing
agent. Since macrophage response to penta-

midine may alter normal cellular biochemistry
and therefore cytokine defense mechanisms may
be impacted, we have evaluated electrophoretic
patterns from both cellular and secreted pro-
teins, as well as determined the presence of
tumor necrosis factor (TNFa) and interleukin-1
(IL-1a) from isolated rat alveolar macrophages
under resting and activated conditions using
Western blotting with polyoclonal antibodies,
two-dimensional polyacrylamide gel electropho-
resis and computerized image analysis.

2. Experimental
2.1. Cell culture and radiolabeling

Rat alveolar macrophage cultures obtained
after pulmonary gavage of female F344 rats (12—
16 weeks old), were washed and plated to
remove non-adherent cells [8]. Cells were re-
suspended in RPMI 1640 medium supplemented
with glutamine, penicillin and streptomycin. For
electrophoresis and immunoblotting experi-
ments, macrophages were plated at 10° cells/ml
in 100-mm plates. After 1 h for attachment, cells
were exposed to pentamidine solubilized in
water for 0.5 h prior to bacterial LPS at 1 pg/ml.
Immediately after exposure to LPS, [*’S]-
methionine was added at 100 wpCi/well. Cells
were incubated for 24 h at 37°C. in a plastic
enclosure gassed with a mixture of oxygen—car-
bon dioxide (95:5). Log orders of pentamidine
concentration were selected up to a limit of 10
wM in which cellular viability was maintained
without cytotoxicity.

At harvest, culture medium was removed and
cells were scraped, washed in phosphate-buf-
fered saline (PBS), pelleted and stored at —80°C
until electrophoretic analysis. Radiolabeled se-
creted proteins in the supernatant were dialyzed
with PBS containing 0.2 mM phenylmethylsul-
fonyl fluoride (PMSF) and concentrated with
Amicon centrifugal membranes (M, cut-off
10000), and lyphophylized prior to storage at
-80°C.

Incorporation of [>°S]-methionine into macro-
phage protein was evaluated in 12 well plates at
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10° cells/well. Under the conditions described
above, cells were incubated at 0, 0.1, 1.0 and
10.0 oM pentamidine with and without LPS for
24 h. Cold carrier bovine serum albumin was
added to each cell sample which was washed
with 10% trichloroacetic acid until only back-
ground *°S counts appeared in the supernatant.
Excess *°S was removed from secreted proteins
by centrifugal dialysis. Protein was dissolved in
0.1 M NaOH, neutralized with acetic acid and
counted in Aquasol.

2.2. Two-dimensional gel electrophoresis,
fluorography and immunoblotting

Immediately prior to analysis, whole cells or
secreted proteins were dissolved in urea-based
lysis buffer [8]. Cellular protein was electrophor-
esed at 250 000 dpm of acid-precipitable radioac-
tivity or as 125000 dpm of secreted protein.
Protein samples were subjected to two-dimen-
sional gel electrophoresis according to O’Farrell
[9]. Isoelectric focusing was in a pH gradient
ranging from pH 4 to 8. Protein separation
according to M, by sodium dodecyl sulfate—
polayacrylamide gel electrophoresis (SDS-
PAGE) used a 10-16% acrylamide gradient.
Gels with *’S-labeled proteins were impregnated
with fluor (Amplify, Amersham, Arlington
Heights, IL, USA), dried, then exposed to
preflashed XAR-5 film (Kodak, Rochester, NY,
USA) for one to two weeks at —80°C. Film was
developed using a Konica processor.

Two-dimensional gels were electroblotted onto
poly(vinylidene diflouride) membranes and
blocked with gelatin (Norland) for 2 h. Blots
were incubated overnight with murine polyclonal
antibody for IL-1e and TNFa (Genzyme, Cam-
bridge, MA, USA). Secondary antibody detec-
tion for IL-1 used alkaline phosphatase and
peroxidase for TNF, respectively. Murine rTNF
(Genzyme) was electrophoresed, separated,
electroblotted and stained with colloidal gold
(Bio-Rad).

2.3. Image analysis

Films were digitized with an Optronics Model
P-1000 densitometry scanner and analyzed on an

International Imaging Systems workstation. Di-
gitized images were subjected to smoothing and
background subtraction algorithms in order to
reduce each 1536 x 1536 pixel image into nu-
merical data [10]. Every protein on each image
was numerically described by x,y coordinates,
the center point, and peak and total integrated
densities (0 to 256 gray value range), and also
sigma x,y diameters for an elliptical spot shape.
Initial computer generated images were edited
for artifacts and then modeled with a bi-gaussian
algorithm on a Trace Multiflow computer to
apportion protein spot density. Data from 3-5
gels for each treatment were registered and
compared, and subsequently compiled into one
master image [10]. Similarly, master images from
each treatment were constructed from replicate
images and qualitatively compared in order to
determine common and unique proteins.

3. Results and discussion

While the typical response of macrophages to
treatment with LPS is an increase of approxi-
mately 35% over the control with regard to
incorporation of [*’S]methionine into protein,
Fig. 1 shows pentamidine slowed this effect when
macrophages were activated with LPS. While
pentamidine (10 pM) itself had little effect upon
[**S]methionine incorporation into macrophage
protein, the expected LPS induction of s
labeling was depressed between 10 uM and 1
uM. When [*’S]methionine labeling was mea-
sured in secreted protein (see inset), the greatest
effect of pentamidine was at 10 uM which
depressed the LPS-induced increase in **S label-
ing of macrophage protein from 65 down to 17%
above the control value. In contrast to cellular
protein labeling, 10 M pentamidine alone gave
a decrease in secreted protein labeling of 15%.

Treatment with pentamidine did not greatly
affect the relative distribution of cellular macro-
phage proteins as compared to the control pat-
tern. The labeling time used in these experi-
ments resulted in more than 700 proteins show-
ing incorporation of radiolabel. The more promi-
nent quantitative changes are noted in Fig. 2.
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Fig. 1. Effect of bacterial lipopolysaccharide (LPS) and pentamidine on protein synthesis in rat alveolar macrophages. The
histogram shows incorporation of [**S]methionine for 24 h with increasing concentrations of pentamidine. Asterisks indicate
significant differences at p>0.5% from controls without LPS or pentamidine.

Those proteins with more than five-fold density
difference are noted by letters (A-K). There
were also five proteins that pentamidine either
induced or sufficiently down-regulated to ab-
sence (solid triangles) which were modulated in
the presence and absence of LPS. This indicated
a specific pentamidine effect. The more promi-
nent quantitative changes were seen in proteins
A (M, 63000), C, D (52000), E (37000), F
(29000), J (26000) and K (11000). Two pro-
teins were induced by LPS since both the M,
69000 and 11000 proteins were missing in the
pentamidine/—LPS panel. However, treatment
with LPS also down-regulated two basic M,
75000 proteins as well as an acidic M, 88000
protein. The occurrence of both induction and
down-regulation of proteins suggest a complex

pattern of protein modulation by treatment with
pentamidine.

Since macrophages secrete TNFa as well as
IL-1a, which are both prominent in the general
immune response, it was important to determine
if pentamidine treatment altered the usual for-
mation of these proteins by the LPS antigen. Fig.
3 shows the effect of pentamidine in the presence
and absence of LPS. The left panel shows a small
constitutive amount of TNFa while the right
panel shows a considerable induction of TNFa as
well as a small quantity of IL-la. It would
appear therefore that pentamidine does not
specifically inhibit the formation of these im-
portant protective proteins during macrophage
activation by LPS. In addition there was a
considerable LPS-induced increase of a low-mo-
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lecular-mass protein (M, 13 500) which has not
yet been identified. Identification of TNFa and
IL-1a was previously confirmed by immunoblot-
ting with specific antibodies [8].

The overall modulation of secreted proteins
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was assessed using image analysis as seen in Fig.
4. Treatment with LPS showed the majority of
secreted proteins (128, shaded spots) to be
unchanged with 8 proteins (+) down-regulated
and 53 proteins (O) induced by LPS. The addi-
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Fig. 3. Fluorographs from [ “S]methionine-labeled secreted proteins from rat alveolar macrophages after 24-h lmubatlon with or
without LPS. Immunoblotting confirmed the presence of TNFa and IL-la. P = Pentamidine. M, values x10 -
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Fig. 4. Computerized comparison of secreted proteins from
alveolar macrophages as affected by 10 uM pentamidine (P)
and bacterial LPS for 24 h. [*"S]Methionine-labeled proteins
secreted into culture medium were concentrated and subject-
ed to two-dimensional polyacrylamide gel electrophoresis.
Fluorographs were scanned and analyzed by image analysis
algorithms. Master composite images as shown above repre-
sent shared (common) and different (unique) proteins with
and without LPS in the absence or presence of pentamidine.

tion of pentamidine caused relatively little quali-
tative change in the protein profile under these
conditions with 132 proteins common with and
without LPS. Only 2 proteins were down-reg-
ulated below the resolution of analysis, although
pentamidine did reduce the inductive effect of
LPS with only 38 proteins up-regulated.

Pentamidine isethionate is structurally categor-
ized in the aromatic diamidine family of com-
pounds that are extensively used as trypanocides
[11]. The mechanism of action of pentamidine is
still uncertain, although it appears to inhibit
dihydrofolate reductase and deplete folic acid
[12]. It also binds to DNA in a non-intercalative
way, and is known to preferentially attach to the
kinetoplast in trypanosomes [13]. Pentamidine
also inhibits proteases [14], oxygen consumption
in cells [14], RNA polymerase [15], nucleic acid,
protein and phosopholipid synthesis [16,17], all
of which supports the concept of this drug being
a multifocal cellular toxicant. This wide range of
toxicity against normal cellular processes is prob-
ably the reason that pentamidine is lethal to
non-dividing cells and also serves as evidence
that interaction with DNA is not the only mode
of action [18].

The striking similarity of control and penta-
midine-treated protein patterns observed in this
study also supports the concept that this com-
pound is functioning as a general cell toxicant
which attacks numerous metabolic pathways
although pentamidine also stimulated the pro-
duction of a number of specific proteins (Figs. 2
and 4), whose structure and function have yet to
be determined. Furthermore, it was clear that
LPS caused a significant induction of TNFa and
a small induction of IL-1e«, both of which were to
some degree reduced by the presence of penta-
midine. However, TNFa and IL-la are still
secreted (Fig. 1, inset), suggesting that these
important cytokines are still produced and this
part of the signaling pathway for pulmonary
defense is still intact. These cytokine results also
suggest pentamidine to be an overall cellular
toxicant, rather than a specific inhibitor of these
two particular cytokines. Although visible on the
gel and confirmed by immunoblotting, IL-1a was
too light for densitometric quantitation. Since



J.K. Selkirk et al. | J. Chromatogr. A 711 (1995) 331-337 337

these cytokines are important to the immune
response it is important that they are not in-
hibited, and that a patient’s treatment regime of
pentamidine be so designed that perturbation of
normal cellular biochemistry is minimized while
the efficacy of the drug is maximized.

Comparative image analysis of the secreted
proteins showed a complex series of biochemical
changes mostly through stimulation by LPS,
although a few proteins were induced by the
presence of pentamidine alone.

With the growth of the number of AIDS
patients, the clinical literature on the health
effects and efficacy of pentamidine for treatment
of PCP has presented a broad spectrum of
physiological effects. The results of this study are
the first presentation of cellular protein patterns
of alveolar cells treated with pentamidine. The
combination of two-dimensional gel electropho-
resis and computerized image analysis has shown
specific protein perturbations against a broad
background of shared proteins by both normal
and pentamidine-treated cells. There appears to
be a combination of organ toxicity, which proba-
bly accounts for the numerous side effects seen
in vivo, coupled with a modulation of a separate
subset of proteins some of which are induced and
several of which are down-regulated. At the
present time, the function of these proteins is
unknown. It is, however, important that they be
isolated and identified in order to determine
their placement in their respective biochemical
pathways and to formulate a generalized mecha-
nism of pentamidine cytotoxicity.
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Abstract

A method validation is reported for the determination of the f-lactamic antibiotic cephradine and its main
impurity, cephalexin, by micellar electrokinetic chromatography (MEKC) with UV photometric detection. The
validation was carried out in compliance with the analytical performance parameters required by the USP XXIL
The capillary electrophoresis (CE) method was statistically compared with the HPLC method used in quality
control laboratories; the analysis of variance showed no significant difference between the results obtained by the
two methods, demonstrating CE to be a suitable alternative technique to HPLC in routine quality control.

1. Introduction

Capillary electrophoresis (CE) is a relatively
new but a very promising technique, which was
first developed in biological (proteins and nucleic
acids) separations, as an evolution of classical
electrophoresis. Its importance has grown in
recent years in different fields, mainly owing to
its advantages over the more commonly used
chromatographic techniques, such as high ef-
ficiency and selectivity in a short run time,
reduced use of organic solvents and ease and low
cost of operation.

Although in the last few years many studies of
CE applications, using both free solution capil-
lary electrophoresis (FSCE) and micellar elec-
trokinetic chromatography (MEKC), in pharma-
ceutical analysis have been published [1-4],

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00520-X

there have been few investigations on validated
methods for routine analysis [5—8].

Pharmaceutical quality control needs analyti-
cal methods for the determination of the active
component and its related impurities in a matrix
which might be relatively complex. We found
two interesting separation conditions that have
been reported [7,8] for the quantitative analysis
of a mixture of cephalosporins by MEKC. When
such conditions were applied to the analysis of
our bulk products (a powder containing 65%
cephradine and 35% arginine or 70% cephradine
and (30% sodium carbonate), it was found the
migration time was not reproducible on repeated
injections. A mixed micellar system was then
investigated.

The method reported in this paper for the
determination of cephradine and cephalexin was
validated following the analytical performance
parameters required by the USP XXII; it shows
linearity in the range of concentrations consid-

© 1995 Elsevier Science B.V. All rights reserved
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ered, with a correlation coefficient of 0.999,
good precision under repeatable conditions [re-
peatability (R.S.D. of seven successive injections
of a 1 mg/ml standard solution of cephradine) =
0.37%]), good day-to-day reproducibility (ex-
pressed by the R.S.D. obtained in a recovery
trial, which was performed by analysing three
pairs of sample solutions at different concen-
trations on three days; R.S.D. =0.88%) for UV
response, good precision of migration time
(R.S.D.=0.4%) and perfect correspondence
with HPLC data, demonstrating CE to be a
valuable alternative in pharmaceutical quality
control.

2. Experimental
2.1. Instrumentation

Experiments were carried out on a P/ACE
System 2050 instrument (Beckman Instruments,
Fullerton, CA, USA) equipped with a 30-kV
power supply, a UV spectrophotometric detector
connected to a data collection system and able to
perform both hydrodynamic injection and volt-
age injection. The detection wavelength was 214
nm.

Separations were performed in a fused-silica
capillary (57 cm X 0.075 mm I.D., 50 cm effec-
tive length) (Beckman), thermoregulated at 25°C
by a liquid coolant (Beckman), with a voltage of
20 kV applied. Hydrodynamic injection was
performed at 0.5 p.s.i. for 5 s (corresponding to
an injection volume of about 5 nl).

2.2. Standards and reagents

Working standards of cephradine monohy-
drate and cephalexin were prepared by purifica-
tion of our products and assayed against the
corresponding USP standard.

Disodium hydrogenphosphate was purchased
from Merck (Merck-Bracco, Milan, Italy), boric
acid from Sigma (Sigma Aldrich, Milan, Italy)
and sodium dodecyl sulphate (SDS) and poly-
oxyethylene lauryl ether (Brij 35) from Merck.

Water used to prepare standard solutions,

sample solutions and run buffer was obtained
from a Millipore system (Millipore, Vimodrone,
Milan, Italy).

Working standard solutions of cephradine and
cephalexin were prepared dissolving 50 mg of
cephradine monohydrate (potency 93.3%,
cephalexin content 2.52%) in 50 ml of deionized
water; sample solutions were prepared by dis-
solving 50 mg of sample powder in 50 ml of
deionized water; run buffer solution was pre-
pared by dissolving 122 mg of boric acid, 284 mg
of disodium hydrogenphosphate, 1.442 g of SDS
and 100 mg of Brij 35 in 100 ml of deionized
water.

3. Results and discussion

31 Separation of cephradine by MEKC

In order to develop a method for the de-
termination of cephradine, we first tried to
resolve a cephradine—cephalexin  mixture
(cephalexin being the main impurity of ceph-
radine) by FSCE. Using 0.1 M borate buffer we
could not achieve complete separation either by
varying the buffer pH in the range of 6-10 or
modifying the applied voltage from 10 to 30 kV.

The great similarity between the two cephalo-
sporin structures (Fig. 1) is responsible for their
very similar electrophoretic mobilities, making it
very difficult to achieve a satisfactory separation
in the FSCE operating mode.

We then applied the conditions suggested by

S
groeamp
NH, o N\7V\'CH3

COOH
Cephradine

S
(EH'CO‘HN];‘]/ w
NH, o7 NF“cn

COOH
Cephalexin

Fig. 1. Structures of cephradine and cephalexin.
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Nishi et al. [7] for the separation of nine ceph-
alosporins by MEKC, i.e., 0.02 M borate—phos-
phate buffer (pH 9) containing 0.15 M SDS.
Under these conditions, the selectivity was very
good.

A very good separation of cephradine and
cephalexin was also obtained applying the con-
ditions reported by Sciacchitano et al. [8], who
studied the separation of five cephalosporins by
MEKC, using a higher concentration (0.2 M) of
SDS in the buffer (0.02 M buffer).

The separation of such similar compounds
when a micellar buffer is employed is achieved
by the specific partitioning of the analytes be-
tween the hydrophobic micelles and the aqueous
run buffer (chromatographic effect), resulting in
an increased difference in relative mobilities,
which improves the separation.

Such high SDS concentrations in the buffer
(0.1-0.2 M) resulted, of course, in very good
selectivity with good repeatability of migration
time on repeated injections when a cephradine
standard solution was analysed, as shown in Fig.
2. Similar conditions are unsuitable, however,
for routine analysis when our products (ceph-
radine buffered with arginine and cephradine
buffered with sodium carbonate) are to be ana-
lysed.

When repeated injections of a buffered ceph-
radine solution were made, a dramatic drift of
the migration times was noticed, with a corre-
sponding broadening of peak width. There was
no similar problem when a cephradine standard
solution was injected several times. This effect
on migration time was interpreted as being due
to some interaction between a component of
either the buffer (SDS) or the sample (carbonate
or arginine) or both and the silica capillary
surface, interfering with the separation process.
For this reason, the column was rinsed three
times between each run with 0.1 M NaOH,
water and buffer solution to protect the capillary
surface from modifications, in compliance with
the study of Smith et al. [9], although the rinsing
procedure was not effective in improving the
reproducibility of migration times, as shown in
Fig. 3.

To obtain reproducibility of migration times,

fresh buffer should be used in each run, making
in impossible to use the autosampler in a routine
analysis sequence. We sought to overcome the
poor reproducibility by searching for a suitable
mixed micellar system (ionic plus non-ionic sur-
factants) in order to decrease the SDS concen-
trations without losing selectivity.

Cephradine and cephalexin and all the related
impurities were baseline resolved (the resolution
factor between cephradine and cephalexin is
2.05), as shown in Fig. 4, when using 0.02 M
borate—phosphate buffer containing 0.05 M SDS
and 0.1% Brij 35. The repeatability of migration
times is good for up to ten injections, after which
the buffer in the run vials must be replaced with
some of the buffer previously prepared and
stored for this purpose.

3.2. Method validation

We validated our CE method in compliance
with the analytical performance parameters re-
quired by the USP XXII for HPLC method
validation. The following parameters were evalu-
ated: selectivity, migration time precision, area
precision, linearity and range, accuracy and
comparison with HPLC results for cephradine,
precision, linearity, detection limit and quantifi-
cation limit for cephalexin.

Selectivity
Selectivity is correlated with the resolution
factor, defined as
L-4L

R=2v%+w,

where ¢ = migration time of peaks 1 and 2 and
W = width of the peaks measured on the baseline
in time units. The resolution factor for ceph-
radine and cephalexin, as already mentioned,
was 2.05.

Accuracy and reproducibility

Accuracy and reproducibility were measured
by recovery trails, according to the following
method. Six standard solutions (St) and six
sample solutions (S) of the same batch, two for
each of concentrations a/2, a and 3/2a, where a
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Fig. 2. Chromatogram for repeated injections of cephradine standard solution (1 mg/m!). CE conditions: 0.02 M borate—
phosphate buffer (pH 9) containing 0.15 M SDS, 20 kV, 214 nm.

is the working concentration (1 mg/ml), were St,—S,; and 3/2a, St;-S,-St,-S,. The results
prepared on three days and analysed by three are summarized in Table 1 together with the
analysts with different buffer solutions, in the results of the recovery trial.

following orders: a/2, St,-S,-St,~S,; a, St;—S,— Accuracy, defined as
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Fig. 3. Chromatogram for repeated injections of cephradine sodium carbonate sotution (1 mg/ml), showing the migration time
drift and the progressive broadening of cephradine peak. Conditions as in Fig. 2; rinsing between each run.

Accuracy =M = (S.D./Vn)t

is 70.2+0.31, where M is the mean potency
value from recovery testing and Student’s 7 is

10.05,17) = 2.11

The validation was made analysing 18 samples

by the t-test so the Student’s ¢ is relative to
18 — 1 =17 determinations (P = 0.05).

The statistical analysis of the means and of the
variances showed the homogeneity of the values
within the confidence limits of 95%.

The reproducibility is defined by the relative
standard deviation (R.S.D.) characteristic of the
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Fig. 4. Chromatogram for a chosen batch of cephradine (1 mg/ml). CE conditions: 0.02 M borate—phosphate buffer containing

0.05 M SDS and 0.1% Brij 35.

method; the R.S.D. was obtained from the
recovery trial and was found to be 0.88%.

Linearity and repeatability

To evaluate the linearity, three solutions of
cephradine were prepared and analysed. A solu-
tion having the working concentration (1 mg/ml)
was prepared; this solution was named 4. Three
solutions having concentrations of 1.5a, a and
a/2 were prepared.

Each of these solutions was injected seven
times starting from the least to the most concen-
trated. Successively, the area values obtained
were analysed using EXCEL software to evalu-

ate the correlation coefficient (r), standard devia-
tion (S.D.) within solutions, sensitivity (slope),
intercept, limit of detection (LOD) and limit of
quantification (LOQ). The same operations as
used to evaluate cephradine linearity were re-
peated for cephalexin, but the concentrations of
the solutions were in this case 2.52% of the
working concentration a (1 mg/ml of ceph-
radine), 1.26% a and 3.75% of a. The results are
given in Table 2.

The detection limit [signal-to-noise ratio (S/
N) =3] for cephalexin is 0.526 pg/ml and the
quantification limit (S/N =10) is 1.752 pg/ml.
Detection limit is defined by LOD = S.D. (area

Table 1

Reproducibility, accuracy and results of recovery tests

Sample Potency (%) Average

concentration recovery (%)
Day1 Day 2 Day 3 Average R.S.D. (%)

al2 70.91 69.18 70.27 70.1 1.0476 99.8

al2 70.10 69.27 70.79

a 69.98 70.37 70.88 70.3 0.7221 100.2

a 69.50 70.63 70.62

3/2a 70.90 69.59 69.68 70.3 0.8623 100.1

3/2a 69.86 70.53 70.90

Pooled 70.2 0.8773 100.03

Reproducibility = 0.88%; accuracy = 70.2 + 0.31%.
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Table 2

Repeatability and linearity regression data for cephradine and cephalexin

Product Repeatability LOD LOQ Linearity
(pg/ml) (ng/ml)
Area Migration time Slope  Correlation  Range Intercept
R.S.D. (%) R.S.D.(%) coefficient (mg/ml)
Cephradine  0.37 0.4 8.99  0.9996 0.5-1.5 0.091
Cephalexin  0.56 0.526 1.752 15.33  0.9993 0.01-0.04 —-0.001

corresponding to the lower concentration of the
range — blank area)-3/slope. The quantification
limit is defined by LOQ=S.D. (area corre-
sponding to the lower concentration of the
range — blank area) - 10/slope.

The R.S.D. of the areas was calculated for the
three concentrations. The repeatability value
which is characteristic of the method is that
relative to solution a and was found to be 0.37%
for cephradine and 0.56% for cephalexin.

The R.S.D. of the migration time was mea-
sured for 23 repeated injections of cephradine
buffered with sodium carbonate and was found

Table 3

to be -0.4%. Fresh buffer was used after each
sequence of ten injections.

Comparison with HPLC results

Nine batches of cephradine buffered with
sodium carbonate were analysed by both the
traditional HPLC method and MEKC. In both
methods a working standard solution (1 mg/ml)
was injected first, followed by a sequence of a
maximum of five sample solutions (1 mg/ml) and
the series of analyses was repeated twice. The
results are reported in Table 3.

From these data, the mean and the R.S.D.

Comparison of HPLC and CE assays for cephradine buffered with sodium carbonate, with results of the variance analysis

Day Batch No. HPLC: CE Difference,
Mean HPLC-CE (%)
potency (%) Determination] Determination I Mean Difference ,
potency (%) 1-11(%)
1 057/4 73.46 72.96 74.05 73.51 —1.48 -0.05
2 064/4 74.17 72.39 72.23 72.31 0.22 1.86
2 065/4 73.20 72.47 71.71 72.09 1.05 1.11
2 066/4 73.57 72.23 71.80 72.02 0.60 1.55
2 067/4 72.49 73.23 72.80 73.02 0.59 —0.53
3 055/4 75.25 74.04 73.49 73.77 0.75 1.49
3 058/4 71.80 71.17 71.22 71.20 -0.07 0.61
3 059/4 74.0 72.22 73.56 72.89 ~1.84 1.11
3 060/4 70.40 69.21 70.37 69.79 —1.66 0.61
Mean 73.15 72.29 0.86
S.D. 1.43 1.23
R.S.D. 1.95 1.70
Variance 2.0336 1.5128
F (calc.) 0.74
F (tab.) 4.45
t (calc.) 1.370
t (tab.) 2.1
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were calculated and an analysis of variance was
performed, showing no significant difference (at
the 95% confidence limits) between the results
obtained with the two methods, with ¢
(calculated) < ¢ (tabulated) and F (calculated) <
F (tabulated).

4. Conclusions

CE was evaluated to determine its suitability
for B-lactam antibiotic analysis in routine quality
control. The method reported for the determi-
nation of cephradine by MEKC was validated in
compliance with the USP XXII analytical per-
formance parameters. All required statistical
parameters were respected. The resolution be-
tween the main peak and the related impurities
was greater than 2. The detector response was
linear in the considered range (correlation coeffi-
cient 0.999). The R.S.D. was less than 2%
(0.4% for both areas and migration times).

The values obtained with our CE method and
those obtained by the validated HPLC method

were not significantly different. This validation
demonstrates that CE may be a valuable alter-
native technique to HPLC in pharmaceutical
quality control.
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Abstract

A method is described in which micellar electrokinetic chromatography (MEKC) is used to separate thiodiglycol,
2,2'-sulfinyldiethanol, 1,4-dithiane, 1,4-thioxane, O-isobutyl methylphosphonothioic acid and O-ethyl methylphos-
phonothioic acid in aqueous samples. Detection limits range from 1 to 10 pg/ml and the calibration curves are
linear over two orders of magnitude. The compounds are separated in under 10 min. The method fulfills our
requirements for a rapid, on-site screening technique for these compounds.

1. Introduction

A treaty to ban the use, production and
storage of chemical warfare (CW) agents is
currently under review by many countries [1].
The treaty calls for destruction of all stockpiles
within ten years of ratification. There are also
provisions within the treaty for challenge inspec-
tions including allegations of use, production,
storage and monitoring of destruction. These
provisions will require on-site analytical methods
for the verification of treaty-related activities.
Methods for the detection of CW agents, pre-
cursors, manufacturing byproducts and degra-
dation products will be required. Several of these
compounds, thiodiglycol, 2,2'-sulfinyldiethanol,
1,4-dithiane, 1,4-thioxane, O-isobutyl methyl-

* Corresponding author.

0021-9673/95/$09.50
S§DI 0021-9673(95)00524-2

phosphonothioic acid and O-ethyl methylphos-
phonothioic acid, contain a sulfur atom which
makes them amenable to direct detection with
UV spectroscopy.

Our current on-site method [2] for the detec-
tion of these compounds in aqueous samples uses
a methylene chloride extraction followed by a
concentration step or solid-phase extraction/elu-
tion and derivitization. The samples are then
analyzed by gas chromatography—mass spec-
trometry (GC-MS). This preparation and analy-
sis are time-consuming. The current goal of our
resecarch is to be able to identify these com-
pounds in aqueous samples at a level of 10
pg/ml. Quantitation is not a requirement for
on-site analysis, but is used in other work being
conducted in our laboratory. One focus of our
research is to develop on-site screening methods
which are fast and require little sample prepara-

© 1995 Elsevier Science B.V. All rights reserved
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tion. Screening methods alone do not provide
definitive compound identification which is a
requirement for treaty-related inspections. Dur-
ing an inspection, time is the limiting factor.
Screening methods are used to prioritze samples
for further analysis by GC-MS. Among the
options being explored are ion chromatography,
micro high-performance liquid chromatography
and capillary electrophoresis. Capillary electro-
phoresis is unique because it requires little sam-
ple volume, produces fast, high efficiency sepa-
rations, is flexible in terms of various types of
separation techniques which can be performed
and used to identify different types of com-
pounds (e.g. free zone, gel and MEKC), gener-
ates little waste and can be easily transported.
The use of capillary electrophoresis for the
separation of some CW-related compounds has
been reported [3-5].

MEKC was first described by Terabe and
coworkers [6-8]. MEKC is a branch of capillary
electrophoresis in which a surfactant is added,
above its critical micelle concentration, to the
running buffer. The formation of micelles allows
the separation of both neutral and charged
species. Compounds partition between the mi-
celles and the buffer solution contained within a
capillary column. Negatively charged micelles
migrate towards the anode under the influence of
an electric field which is produced when a
voltage is applied across the capillary. The bulk
flow, called the electroosmotic flow (EOF), is a
consequence of surface charge on the interior
wall of the capillary. The direction of the EOF is
towards the cathode and is generally greater than
the migration velocity of the micelles. Therefore,
the net movement of species is towards the
cathode. Migration times for neutral species are
based upon the amount of time analytes spend
- partitioned into the micelles. Recent reviews of
MEKC have been published [9-11].

This study focuses on the application of
MEKC to the separation of thiodiglycol (TDG),
2,2'-sulfinyldiethanol (TDGO), 1,4-dithiane,
1,4-thioxane, O-isobutyl methylphosphonothioic
acid (IBMPSA) and O-ethyl methylphos-
phonothioic acid (EMPSA) in aqueous samples
with direct UV detection.

2. Experimental
2.1. Chemicals

Boric acid, B-cyclodextrin, acetonitrile, mono-
basic sodium phosphate, methanol, thiodiglycol,
1,4-dithiane, 1,4-thioxane and 2,2'-sulfinyl-
diethanol were obtained from Sigma-Aldrich
(Milwaukee, WI, USA). Sodium dodecylsulfate
(SDS) was obtained from Fluka (Ronkonkoma,
NY, USA). O-Isobutyl methyl-phosphonothioic
acid and O-ethyl methylphosphonothioic acid
were obtained from Edgewood Research, De-
velopment and Engineering Center (Edgewood,
MD, USA). Distilled, deionized water (18 MQ
was generated internally from a Barnstead
(Dubuque, IA, USA) Nanopure system.

2.2. Apparatus

MEKC experiments were performed using a
P/ACE 2100 system (Beckman, Columbia, MD,
USA), at 15 kV. The temperature was thermo-
stated at 25°C. A fused-silica capillary with an
effective length of 50 cm, total length 57 cm, and
75 pm L.D. was used for all separations. Injec-
tions were hydrodynamic for 3 s. Detection was
by a single-wavelength UV (deuterium lamp)
detector set at 200 nm.

2.3. Procedures

The most significant separation problem was
the resolution of the closely related species,
TDG and TDGO. Composition of the buffer
system was optimized in terms of concentration
of SDS, borate, organic modifier (methanol),
cyclodextrin and use of another buffer system,
phosphate, in order to achieve baseline resolu-
tion and best detection of these components.
The initial buffer composition chosen was 10 mM
borate and 50 mM SDS at pH 9. The buffer was
prepared by dissolution of boric acid and SDS in
18 M(}, distilled, deionized water. The pH of the
solution was adjusted to 9 with 10% (w/w)
NaOH.
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3. Results and discussion

In order to optimize the separation of TDG
and TDGO, we added methanol as an organic
modifier. Kaneta et al. [12] showed that acetoni-
trile and dimethylformamide were effective
modifiers for improving the resolution of hydro-
phobic species, while methanol was better for
less hydrophobic compounds. Methanol in-
creases the viscosity of the solution, thus slowing
the electroosmotic flow and extending the elu-
tion range of the buffer system. Janini et al. [13]
showed that the electroosmotic mobility is main-
ly influenced by buffer viscosity and that other
factors such as dielectric constant, zeta potential,
and modifier—capillary wall interactions are sig-
nificant at trace levels of modifier, but diminish
as the concentration of modifier increases. In our
system, we found that as the methanol con-
centration increased, the elution times for TDG
and TDGO also increased, as expected, but the
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resolution decreased. The addition of the organic
modifier not only affects the elution range, but
can also alter the distribution of analytes be-
tween the micelles and buffer solution. The
addition of MeOH to our system enhances the
concentration of the analytes in the buffer rela-
tive to the micelles thereby lowering the res-
olution. A more detailed discussion of the addi-
tion of organic modifiers is given in Refs.
[12,13].

The addition of other modifiers, such as ace-
tonitrile and B-cyclodextrin, did not enhance the
resolution or detection of these compounds.

The last variable changed was the concen-
tration of the surfactant. The optimum resolu-
tion occured at an SDS concentration of 100
mM. Concentrations above 125 mM SDS pro-
duced too high a current which leads to in-
creased Joule heating.

The use of phosphate (pH 7, 100 mM SDS, 10
mM phosphate) as the buffer did not enhance
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Fig. 1. Electropherogram of the six analytes at 50 pg/ml. Buffer is 10 mM borate/100 mM SDS at pH 9.0. Separation at 25 kV

and 25°C.
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Fig. 2. Calibration curves for the six analytes.

the separation and led to a decrease in the
response of the analytes.

An electropherogram of the six compounds of
interest is shown in Fig. 1. The compounds are
all baseline resolved. Calibration curves for the
six compounds are shown in Fig. 2. The plots are
linear over two orders of magnitude with correla-
tion coefficients of 0.999 or better. The precision
of the method, in terms of area count and
migration time reproducibility, along with limits
of detection are given in Table 1. The precision
for migration times and area counts are all less
than 5% except for IBMPSA which is 6.6%
(area count). The detection limits, based on a
signal-to-noise ratio of 3:1, are well within our
goal of 1-10 ppm for this method.

The separation of the neutral species is based
on a partitioning between the micelles and the
buffer solution. Those compounds which are

Table 1
Statistical data

most hydrophobic spend more time in the mi-
celles. The negatively charged micelles migrate
towards the anode against the EOF, however,
their net movement is towards the cathode since
the magnitude of the EOF is greater than their
mobility. Therefore, the more hydrophobic the
compound, the longer the migration time. This is
shown in Fig. 1 as the order of elution for the
neutral species is TDGO, TDG, 1,4-thioxane,
and 1,4-dithiane. The separation of ionic com-
pounds, like IBMPSA and EMPSA, is based on
a combination of free zone and micellar mecha-
nisms [9].

Environmental samples were collected from
the Edgewood Area of Aberdeen Proving
Ground, MD, USA. They were spiked and run
by MEKC. Fig. 3 shows typical electrophero-
grams of a blank and a spiked sample. All six
compounds are easily identified.

4. Conclusion

Micellar electrokinetic chromatography with
UV detection serves as a useful screening meth-
od for the separation of sulfur-containing chemi-
cal warfare related compounds. The method is
rapid and sensitive (meets our requirement of 10
wg/ml), requires little or no sample preparation,
uses little sample volume and generates minimal
waste. The method could easily be adapted to
on-site analysis. Currently, we are using this
method in the laboratory to screen aqueous
samples and aqueous extracts of soils and other

Compound Correlation Detection Precision® Precision®
coefficient limit (pg/ml) (area count) (migration time)

TDGO 0.9999 10 3.2 0.21

TDG 0.9999 10 2.9 0.26

Thioxane 0.9985 . 80 3.6 0.18

IBMPSA 0.9997 1.7 6.6 0.24

Dithiane 0.9992 4.1 4.2 2.5

EMPSA 0.9995 2.5 3.8 2.7

n=>35.
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Fig. 3. Environmental water sample analysis using MEKC with sample blank (lower) and laboratory spiked sample (upper).
Buffer is 10 mM borate/100 mM SDS at pH 9.0. Separation at 25 kV and 25°C.

solid samples for these compounds. Future re-
search will be on making our CE instrumentation
field portable.
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