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ABSTRACT

The performance of a new double-beam absorption detector based on an all-electronic noise canceler was tested under HPLC
conditions. The test compounds were chosen to be 2'-CI-4-dimethylaminoazobenzene and 4'-CI-4-dimethylaminoazobenzene since
they have absorption peaks in both the UV and the visible region. The major properties of the detector are discussed. The
detector is linear through almost 4 orders of magnitude (10-5_10- 9 M). The deviation between consecutive measurements is
about 3% and the absorption noise level is 2· 10-6 AU, which is lower by one order of magnitude compared to commercial
absorption detectors.

INTRODUCTION

Liquid chromatography (HPLC) is already
firmly established as a powerful technique for the
separation, quantitation and identification of
chemical components in liquid solutions. Much
emphasis was put in developing new schemes for
detection [1,2]. During the last decade mass
spectrometry and Fourier transform infrared
spectroscopy (Ff-IR) coupled with HPLC have
been perfected for qualitative analysis [3,4]. The
use of laser excitation in fluorescence analysis
has reduced the limit of detection (LOD) some
times by 2-3 orders of magnitude compared to
absorption detection and has opened up new
possibilities for ultrasensitive measurements
[5,6]. The major disadvantage of fluorescence
detection is that not all compounds of interest
fluoresce under HPLC conditions.

UV-visible absorption is by far the most
widely used detection method. For conventional
LC conditions typical detectability with commer-

* Corresponding author.

cial absorption detectors is 1.10-4 AU [7]. With
the most modern state-of-the-art system the
minimum noise level is about 2 .10- 5 AU using a
single wavelength [8,9]. The same equivalent
noise level was obtained by using laser-induced
photoacoustic spectroscopy (LIPAS) [10,11].
The LOD can be reduced even more by utilizing
thermal lens calorimetry [12]. However, the
thermal lens effect increases the observed signal
but does not reduce the noise. In fact, because
lasers are used and because of spatial filtering,
noise is actually increased. So, thermal lens
calorimetry can be enhanced further if intensity
noise can be suppressed.

Utilizing a single laser beam as a light source
in absorption detectors leads to limited perform
ance because the intensity stability of a typical
laser is barely above one part in 103 [13]. A
typical approach to overcome this problem is to
design a double-beam detector. In a convention
al double-beam absorption detector, the beam is
split into signal and reference beams. The two
photocurrents or voltages are either subtracted
from each other or divided. For subtraction an
extremely fine adjustment is needed while divi-
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Electronic canceler and data acquisition
The double-beam absorption measurements

were carried out utilizing the log output· of the
all-electronic noise canceler that was recently
developed by Haller and Hobbs. A full descrip
tion of the device is given in refs. 15 and 16. The

Log output

L2

.----~ waste

M L3

BS P L1

468nm
Ar ion laser

Fig. 1. Double-beam absorption detection system for HPLC.
The instrument consists of three major components: a
detection system (Ar ion laser and the all-electronic noise
canceler), a separation system (HPLC pump and I-em length
commercial absorption cell) and data acquisition system (AI
D interface and computer). BS = Beam splitter; P =
polarizer; Ll = 70-mm focal length lens; L2 = 50-mm focal
length lens; M = mirror; L3 = 300-mm focal length lens;
PD = photodiode; RC = resistor-capacitor; DVM = volt
meter. For details see text.

transmitted beam passed through a polarizer
(Glan-Thompson) and was focused by a 70-mm
focal length quartz lens (Melles-Griot) into the
absorption cell. The flow cell is a commercial
HPLC absorption cell taken directly from an
Altex instrument (Model 153). After passing the
cell the diverged beam was refocused by a 50
mm focal length quartz lens (Melles-Griot) and
fell on the signal photodiode. The ratio between
the reference and sigmil beam intensities was
determined by the angle of rotation of the
polarizer. For our experimental conditions a
reference/signal ratio of 1.5 was maintained in
order to minimize the log output to a typical
offset voltage of 20 mY. The measurements were
carried out in a dark box to prevent noise
contributions due to the exposure to room light.

EXPERIMENTAL

Optical setup
The double-beam laser absorption detector for

HPLC measurements is shown in Fig. 1. We have
used an Ar ion laser (Cyonics 2211-30SL) as a
light source operating at 488 nm. The 8-mW
partially polarized laser beam was split using a
broad-band (200-700 nm) beam splitter (New
port-BK7). The reflected beam was again re
flected by a mirror (Newport), focused by a
300-mm focal length quartz lens (Melles-Griot)
and directed to the reference photodiode. The

sion suffers from the poor performance of a
typical analog divider [14]. Recently Haller and
Hobbs [15,16] have proposed a new double
beam absorption detection scheme. It is based
on an all-electronic noise canceler which theoret
ically can offer shot-noise-limited performance.
The calculated noise equivalent absorption for 1
Hz bandwidth for their experimental conditions
was 4.2.10- 8

. However they did not demon
strate absorption measurements down to the
detection limit. Based on averaging and filtering
scans at 1000 Hz they determined the noise level
of their system to be 3· 10-7 (equivalent absorp
tion units). This technique was recently applied
to sensitive absorption measurements in capillary
electrophoresis (CE) [17], with a factor of 25
improvement in LOD compared to commercial
detectors.

In the present paper the performance of the
all-electronic noise canceler absorption detector
under HPLC conditions is evaluated. We have
tested the stability, linearity and LOD of the
detector. Comparison is made with state-of-the
art commercial instruments. The two isomers of
chloro-4-dimethylaminoazobenzene (DAAB)
were chosen because they have absorption in
both the UV and visible regions [10]. No attempt
was made to optimize the chromatographic
conditions. The main thrust is to demonstrate
the performance of the new detector under
HPLC conditions. The differences between the
performance of the all-electronic noise canceler
under CE and HPLC conditions are also dis
cussed.
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circuit of the noise canceler is shown in Fig. 2.
Two photodiodes (BPW34, Siemens) were used
as the signal and reference beam detectors. The
bipolar junction transistor differential pair (01,
02) (Analog Devices MAT-04) split the current.
A PNP bipolar transistor (2N3906) was used to
prevent the capacitance of the signal photodiode
from loading the summing junction of the oper
ational amplifier Al (Motorola, Op-27) and
causing instability. The operational amplifier
converts the photocurrent to a voltage. The
second operational amplifier A2 integrates the
output voltage of Al and adjusts the current
splitting ratio of 01 I 02 to keep that voltage at 0
V. The output voltage of Al is the linear output
of the circuit. The circuit has another output
from A2 which is related to the log ratio of the
signal and reference photocurrents and provides
a straightforward method for absorption mea
surements. The circuit was driven by ±12 V
batteries. The driving voltages were further

+12V

stabilized by voltage regulators for the positive
(LM7812, National Semiconductors) and for the
negative (LM7912, National Semiconductors)
voltages. The circuit was put in a metal box that
was carefully grounded in order to shield the
circuit from environmental noise. The log output
voltage was passed through an RC filter which
consists of a 10 kfl resistor and a 10 J-LF unpolar
ized capacitor to increase the time constant of
the circuit to 100 ms. The filtered output was
connected to an analog voltmeter, DVM (Keith
ley 177), which was used to amplify the log
output voltage. The amplified voltage was ac
quired at 5 Hz by an IBM-PC compatible
computer equipped with an AID board (Chrom
perfect, Justice Innovation).

The shot-noise limit measurements of the
conventional absorption detectors were taken
using a photodiode (Hamamatsu). The instru
ments were ISCO-3850, ISCO-3140, and Spec
tra-Physics SpectraPhoresis 1000TM. The three
are CE absorption detectors that are based on
deuterium and tungsten lamps as light sources.

Fig. 2. Schematic diagram for an all-electronic noise cance
ler. PD1 = Signal photodiode; PD2 = reference photodiode;
PNP = transistor; 01, 02 = differential pair of biopolar junc
tion transistors; A1, A2 = operational amplifiers; R1 (1 k!1),
R2 (1 k!1), R3 (24 !1), RF (20 k!1) resistors; C = 2.2 JLF
unpolarized capacitor.

RF

-12V

LOG-OUT

c
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R1

Chromatography
An HPLC pump (LKB-2150) was operated at

a pressure of 75 bar and delivered 1 ml/min with
±1% flow-rate accuracy. This pump has a pulsat
ing flow of approximately 0.5 Hz. A 3-J-Lm
adsorbosphere column (100 mm x 4.6 mm J.D.)
(Alltech) and an injection valve with a loop of 50
J-LI were used. The cell volume was 7.5 J-LI and
the pathlength was 1 cm. All of the connections
and tubing used in the HPLC system were
stainless steel of 0.25 mm J.D. to minimize dead
volume.

Reagents
HPLC-grade methanol (Fisher Scientific) was

used as the eluting solvent without further purifi
cation. The solvent was degassed before use by a
sonicator operated under vacuum' for 15 min.
The two isomers of chloro-4-dimethylamino
azobenzene, 2'-CI-DAAB and 4'-CI-DAAB
(Tokyo Kasei Co.) were used as received. The
stock solutions of dyes were prepared and di
luted just before use and were kept covered with
AI-foil to prevent photodecomposition due to
exposure to room light. The absorption spectra
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Limit of detection
Due to optical losses caused by the optical

components and the absorption cell the signal
beam power at the detector was measured to be
2 mW. The photon flux of a 2-mW Ar ion laser
beam that is operated at 488 nm is N = 5 . 1015
S-I. For a measurement time of 1 s and a unit
quantum efficiency the calculated 5/N is Nl/ 2

/

N = 1.4.10-8
. The noise-equivalent absorption

should be V2 higher, i.e. = 2 .10-8
. The theoret

ical voltage noise level uV;og for our HPLC
system can be derived using the following ex
pression:

uV;Og = V2[exp(V;oglVrnax) + 1)](2e/isig )l/2 (5)

where e is the electron charge (1.6.10- 19

Coulomb). Since V;og/Vrnax =0, uV;Og is given as:

uV;Og = 4(e/isig )I/2 (6)

For the measured 220 JLA signal current uV;og =
1.07.10-7 v/VHZ. With 5 Hz bandwidth the
minimum noise level should be 0.24 JLV. Accord
ing to eqn. 4 and assuming a signal-to-noise ratio
of 5 the theoretical limit of detection for 2'-Cl-4
DAAB (s = 7.575 .103

) is 1.5.10-11 M (signal
level of 1.2 JLV).

A typical chromatogram of 2'-CI-4-DAAB
which demonstrates the performance of the all
electronic canceler at the detection limit is shown
in Fig. 6. The peak height is about 100 JLV and

(3)

(4)

log (io/i) = sbc

where subscript 0 refers to the photocurrents in
the absence of absorption. According to Beer's
law:

where s is the molar absorptivity of the sample,
b is the pathlength and c is the sample concen
tration. The log output voltage difference can
then be expressed as:

0,-----------------_-..

It can be seen that the concentration of the
analyte can be directly evaluated from eqn. 4. In
order to define the linear dynamic range of the
double-beam absorption detector a concentra
tion versus peak height calibration curve for 2'
CI-4-DAAB in our HPLC system was con
structed. The solution concentrations were from
5.10-9 M to 5.10-5 M. Each peak height was
an average from three consecutive injections.
The deviation from the average was about 3%.
In order to confirm eqn. 4 a plot of log (peak
height) as a function of log (concentration) is
shown in Fig. 5. The slope of this curve is 0.94
with a correlation coefficient r 2 of 0.997. It can
be seen that the deviations from the linear curve
are larger at lower concentrations, where signal
to-noise ratios (5/N) are poorer.

0.5.------------------,

323.02.822 2.' 2.S
11ME (min)

Fig. 6. Chromatogram of ultra-low concentration of 2' -CI-4
DAAB. The peak height is 100 /LV with a signal-to-noise
ratio of 5. The concentration at the detector is 1.1.10-9 M
(50 pg injected).
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Fig. 5. Plot of log (peak height) as a function of log
(concentration) for 2'-CI-4-DAAB. The concentration range
is 10-5_10- 9 M. Each data point is an average of three
consecutive measurements. The best-fit line has a slope of
0.94 and a correlation coefficient r 2 = 0.997.
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the signal-to-noise ratio is 5. The concentration
of the injected solution was 3.75.10-9 M. The
concentration at the detector was 1.1· 10-9 M
due to a dilution factor of 3.3. This signal level
deviates by less than 15% from the predicted
concentration according to eqn. 4 which is 1.3·
10-9 M. The root mean square (rms) noise level
is 20 J.LV. In terms of absolute absorption the 100
J.LV signal is related to an absorption peak height
of 9.10-6 AU while the 20 J.LV noise level is
related to 2 '10- 6 AU. This measurement im
plies that the sample mass detected is about 50
pg (injected). However, the LaD is still 100
times worse than the theoretical limit. This is
partly due to the fact that the quantum efficiency
of the photodiode is not unity. Also, theoretical
performance is not achieved due to excess laser
noise and environmental perturbations such as
mechanic vibrations and flow disturbance.

In order to have a better comparison between
our new detector and commercial systems we can
use the predicted performance of commercial
detectors based on the manufacturers' specifica
tions. We also can estimate the shot-noise limit
of commercial detectors that utilize a lamp as a
light source. This estimation is based on actual
measurements of the light power at the detector
in several commercial instruments. The measure
ments were taken by placing a photodiode
(Hamamatsu, S1227) into the pathlength of the
detector. Based on the photodiode response
curve and the wavelength dependence of the
photodiode response the average power at the
detector was found to be around 1'10-4 mW for
all three instruments tested. Assuming a mea
surement time of 1 s and a unit quantum ef
ficiency this power corresponds to a photon flux
of 1.25'1011 S-I. The shot-noise limit is thus
3· 10-6 and the equivalent absorption noise level
is around 4.2.10-6 AU. A typical state-of-the
art commercial detector is limited to a noise level
of 2.10-5 AU which is 5 times higher than the
theoretical shot-noise limit of the lamp. The fact
that the quantum efficiency is not unity and that
there is a flow cell in the light path explains why
commercial detectors do not approach the shot
noise limit. We were not able to replace the
circuitry in a commercial detector with the all
electronic noise canceler because the beam size

there is substantially larger than the active area
of the photodiodes. A major redesign of the
optics would be necessary to allow a direct
comparison.

Although the cost, fixed wavelength coverage
and relatively short lifetimes of typical continu
ous wave (cw) lasers are disadvantages, when a
lower noise level is needed, an absorption detec
tor that utilizes a laser as a light source must be
used. The equivalent absorption noise level of
our detector is ca. 2· 10-6 AU, and it is still far
from the full theoretical potential by almost two
orders of magnitude. Further improvement can
probably be achieved by using a low-pass nar
row-band preamplifier between the log output
and the input to the computer, by using more
rigid mechanical mounts, by additional electronic
shielding, and by narrowing the feedback band
width to 1 Hz. Even with the present perform
ance we were able to decrease the minimum
noise level and the detection limit to the 10-6

range. To the best of our knowledge this is an
improvement by one order of magnitude com
pared to any commercial absorption detector. It
should also be noted that since the molar ab
sorptivity of DAAB at 254 nm is 9.5 .103 I mol-I
cm -I the detection limit of a commercial detec
tor at a signal-to-noise ratio of 5 would be 1·
10-8 M, which is still poorer than in our detec
tor. Other comparisons of LaD with those in the
literature should always take into account the
dilution factors on column and the molar ab
sorptivities.

It is interesting to compare the performance of
the all-electronic noise canceler in our HPLC
system to its performance in a CE system [17].
While the HPLC system suffers from pump
pulsation noise and from flow gradients due to
the fact that a massive volume of liquid phases
through the absorption cell, the CE system
suffers from high voltage interference and from
mechanic vibrations of the thin capillary. Al
though the two systems present different prob
lems there are only minor differences in the
detector performance, which amounts to a factor
of 2 better (AU) under HPLC conditions. The
CE detector however is 25 times better than the
corresponding commercial system because the
use of a laser increased the effective absorption
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path there by a factor of 5. Our experiments
under both CE [17] and HPLC conditions dem
onstrate that the all-electronic noise canceler is a
powerful device that comes close to the per
formance of a fluorescence detector. This fact
make the double-beam absorption detector suit
able for a variety of future applications, particu
larly if UV lasers are used.
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ABSTRACT

The integration of an on-line viscosity or light scattering (LS) detector with size-exclusion chromatography (SEC) improves the
accuracy with which polymer molecular mass distributions can be measured. The coupling of a viscometer and a light scattering
detector in one SEC instrument potentially offers improved precision and dynamic range for SEC polymer conformation studies.
However, the increased complexity of these experiments and the subsequent data handling introduce a number of problems not
present in conventional SEC. A computer simulation of the multiple detector SEC experiment was developed in order to study
these effects in detail. The computer model is described and preliminary data are presented to illustrate some of the additional
features of SEC with multiple detectors.

INTRODUCTION

The addition of one or more molecular mass
sensitive detectors to a size-exclusion chromato
graphic (SEC) system increases greatly the
amount of information that can be determined in
the analysis. Measurement of the light-scattering
intensity and the sample concentration enables
the molecular mass distribution to be determined
directly [1,2] and measurement of the specific
viscosity and sample concentration enables the
intrinsic viscosity distribution (IVD) to be de
termined [3]. In both cases the measurement

* Corresponding author.
«Present address: Henkel Corporation, Research and De

velopment, 300 Brookside Avenue, Ambler, PA 19002,
USA.

does not require column calibration. This in
formation can be combined with the hydro
dynamic volume derived from column calibration
to provide measurements of a number of poly
mer properties. By using both molecular size and
molecular mass, the accuracy of the distributions
can be improved. In addition, polymer con
formation and architecture can be studied across
the molecular mass distribution. Several methods
have been developed for combining molecular
mass and molecular size information [4-7].

However, this wealth of information is ob
tained at the expense of the simplicity of conven
tional SEC, and complex computer-based algo
rithms often hide important features of the
instrument signals. Each of the measured signals
depends on different polymer solution proper
ties, with different molecular mass sensitivity,
and as a result has different measurement
ranges. The combination of these signals in the

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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METHODOLOGY

(7)

(8)

0.0 '---===:::------------=---'

where Mo is the repeat unit molecular mass and
D 1 and D z describe the calibration curve for a
given column set. D z is the slope in a plot of log
molecular mass against elution volume. Eqn. 3
can then be rewritten in terms of elution volume
using eqn. 6, as,

In(x)

Fig. 1. Wesslau distribution for the mass-fraction molecular
mass distribution plotted as a function of the logarithm of the
degree of polymerization, x.

where K* is an optical constant for the scattering
system [201. The molecular mass at each volume

where the elution peak variance is related to the
molecular mass variance by U v = u)D z' and VR

corresponds to the peak maximum in the concen
tration sensitive detector. Eqn.. 7 describes the
concentration detector elution profile for a sam
ple with molecular mass distribution described
by eqn. 1. Note that molecular mass decreases
with increasing elution volume.

In the SEC-LS scattering experiment the
sample can be considered to be at infinite dilu
tion, in which case the intensity of scattered light
at zero degrees from the incident beam is de
scribed by

(1)

(2)

(5)

(3)1 (1 zX)
w~=---m exp --zln -

f37T f3 Xo

final results can introduce errors in the final
measurement [5,8-17].

In order to gain a clearer understanding of
how the nature of the raw data affects the results
we developed a computer simulation of the SEC
experiment. The model is described and some of
the preliminary results are discussed.

Fig. 1 ShOWS the mass-fraction distribution
plotted as a function of the logarithm of x.

In SEC the molecular mass is related to the
column elution volume by a calibration curve of
the form [19],

Mt(V)=xMo=Dle-vzv (6)

which is reiated to the sample molecular mass
polydispersity as

where f3 Z = In(xw/xn)Z, X w is the mass-average
degree of polymerization, X n is the number
average, and the central value of the distribu
tion, Xo=xn exp(f3 z14).

In SEC the mass fraction is measured as a
function of the logarithm of molecular mass in
which case the mass fraction W ~ is described by

I dx
W x = W x d lnx =xwx

so,

SEC-light scattering computer model
We start by describing the mass fraction W x ' of

x-mer, in a given polymer sample by the Wesslau
distribution [18],

W = _1_.1. exp( _ -.l.lnz~)
x f37T lIZ X . f32 Xo

It can be seen that w~ is a symmetrical Gaussian
with a variance given by

Z f3z
u =- (4)x _ 2
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volume for a perfectly resolved peak and for one
with band broadening. In the case of perfect
resolution, the molecular mass measured is the
calibration curve, with band broadening the line
is less steep. Although not shown in this figure,
band broadening does not alter the peak position
on any of the detectors. One of the advantages
of a molecular mass sensitive detector is that it

20 r----,------,.-----.,-------,

can distinguish between peak width due to poly
dispersity and that due to band broadening.

The effect of band broadening on the final
results depends on the method of calculation
used. If the molecular mass distribution is de
termined from the light scattering molecular
mass, or from the intrinsic viscosity distribution
by way of known Mark-Houwink coefficients
then the effect is an apparent narrowing of the

a 20 r----.------,----07------,
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Fig. 6. Effect of band broadening for a polymer with
polydispersity 2, on (a) measured moments of the molecular
mass distribution by light scattering, and (b) moments of the
intrinsic viscosity distribution measured by on-line vis
cometry.
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Fig. 7. Effect of band broadening for a polymer with
polydispersity 2, on measured moments of the molecular
mass distribution by (a) conventional SEC, and (b) universal
calibration.
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ABSTRACT

The determination of acetylcholine and choline using liquid chromatography with electrochemical detection using the approach
of Potter et al. [J. Neurochem., 41 (1983) 188] normally requires isolation of the desired species before an analysis of tissue
samples can be undertaken due to coeluting interferences afforded by other neutrochemicals. We have recently shown that this
problem can be overcome by the use of a glassy carbon precolumn to effectively trap the interfering species [Ikarashi et al., J.
Chromatogr., 575 (1992) 29]. We now report on the nature and mechanism of this adsorption onto glassy carbon for
norepinephrine, dopamine, serotonin, 3,4-dihydroxyphenylacetic acid, homovanillic acid and 5-hydroxyindoleacetic acid. For
both the acidic and basic compounds which comprise this group, distinct Langmuir adsorption processes appear to be involved for
both the neutral and ionic forms of the individual compounds. Using various data fitting approaches, we have attempted to derive
appropriate adsorption constants for the two forms of each compound. Theoretical predictions employing these derived constants
provided results which match reasonably well with the observed adsorption data in most cases.

INTRODUCTION

We recently reported [1] that interfering
species seen in the determination of
acetylcholine and choline using liquid chroma
tography with electrochemical detection (LC
ED) [2-5] could be eliminated by utilization of a
precolumn packed with glassy carbon particles.
The precolumn selectively removed catechola
mines, indoleamines and related metabolites

* Corresponding author.

while not adsorbing any of the quaternary amine
species being analyzed. Further, the precolumn
substantially decreased the solvent front peak
associated with tissue homogenates. Thus, the
precolumn allows direct injection of tissue
homogenates, without the need for extensive
isolation/purification, in the LC-ED determina
tion of acetylcholine and choline.

Glassy carbon is a fairly well-characterized
hard, char material which results from treatment
of polymeric precursors at temperatures exceed
ing lOOO°C. This material is well-known to ex
hibit considerable chemical inertness, a mirror-

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Typical chromatograms obtained from mixture of (A) indoles/catechols and (b) quaternary amines. Injection of 4.0 JLl of
sample containing 2.00 nmol/ml of each substance identified.

working electrode from BAS, an Acetylcholine
Separation analytical column (3 /-Lm, 60 x 4 mm,
polymeric styrene based packing material) from
BAS, and an immobilized post-column enzyme
reactor (5 x 4 mm) containing acetylcholinester
ase and choline oxidase from BAS. Data collec
tion and processing employed an LCIOOW/F
work station from Yokogawa. The mobile phase
for this system was a 0.050 M phosphate buffer,
pH 8.4, containing 1.0 mM disodium EDTA and
0.40 mM sodium l-octanesulfonate. The flow
rate was typically 0.80 ml/min, and the working
electrode potential was set to 0.50 V vs. Ag/
AgCl. Temperature of the column and post
column were maintained at 35 ± IOC by a BAS
Model LC-22 temperature controller. A typical
chromatogram obtained for the compounds of
concern is presented in Fig. IE. Pertinent reten
tion times, in order of elution, were: Ch, 2.2
min; EHC, 4.5 min; and ACh, 8.4 min. Detec-

tion limits were 2-5 pmol at the usual setting of
20 nA full scale.

Adsorption of neurochemicals onto glassy
carbon

Three separate sets of experiments were per
formed to determine the binding characteristics
of the neurochemicals of concern. In all three, a
mixture of indoles/catechols and a mixture of
quaternary amines were separately exposed to
glassy carbon particles. For the indoles /cate
chols, each sample incorporated a pre-determined
amount of glassy carbon and a 1.00-ml aliquot of
0.100 M phosphate buffer containing 2.00 nmol
each of NE, DA, 5-HT, HVA, DOPAC and
5-HIAA. For the quaternary amines, each sam
ple incorporated the glassy carbon and a 1.00-ml
aliquot of 0.100 M phosphate buffer containing
2.00 nmol each of ACh, Ch and EHC. After the
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described agitation, the glassy carbon particles
with the adsorbed species were separated by
filtration through a 0.45-J,Lm Millipore filter, and
a 4.00-J,LI aliquot of the filtrate was injected into
the appropriate LC-ED system for quantitation.
The results for each substance were compared to
the LC-ED results obtained from equivalent
mixtures which had not been exposed to any
glassy carbon particles. This procedure yielded a
percent adsorbed for each species, calculated as:

(PH -PH)
% Adsorbed = np~c GC X 100

no GC

where PHno GC = LC-ED peak height observed
for the species of concern when
no glassy carbon particles were
included

PHGC = LC-ED peak height observed
for the species of concern when
glassy carbon particles were
included.

The fraction adsorbed, f, is simply equal to the
percent adsorbed divided by 100. All results
were calculated and reported as the mean ± S.D.
for at least 3 separate determinations.

The first set of experiments was designed to
examine the importance of the time of exposure
on the amount of adsorption. In both groups
associated with these experiments, a 1.00-ml
pipet of the compounds, in a pH 8.40 phosphate
buffer, was added to 100 mg of the glassy carbon
particles. In the first group, the samples were
shaken on a vortex mixer for a few (:;:;;5) seconds
prior to filtration. In the second group, the
samples were shaken on a mechanical shaker for
10 min prior to filtration.

The second set of experiments was designed to
determine the effect of the amount of glassy
carbon on the adsorption observed. In this case,
a 1.00-ml pipet of the compounds, again
contained in a pH 8.40 phosphate buffer, was
added to 0, 10, 20, 50, 100 or 200 mg of the
glassy carbon particles. After shaking on a vor
tex mixer for a few (:;:;;5) seconds, the samples
were filtered, and the filtrate was subjected to
LC-ED analysis.

The third set of experiments was designed to
examine the effect of pH on the adsorption
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process. In this case, a 1.00-ml pipet of the
compounds was added to 100 mg of the glassy
carbon particles, the mixture was shaken on a
vortex mixer for a few (:;:;;5) seconds, the samples
were filtered, and the resultant filtrate was sub
jected to LC-ED analysis. The pH values em
ployed for these experiments were 1.00, 3.00,
5.00, 7.00 and 9.00.

Calculations
Cursory examination of the data from the

second and third sets of experiments indicated a
Langmuir adsorption type behavior for the six
indolesl catechols, while no adsorption was ob
served for any of the quaternary amines under
any of the conditions investigated. The attempt
ed fitting of the empirical data to simple and
multiple versions of Langmuir adsorption in
volved two basic approaches. In the first, the
non"linear least squares (NLLSQ) method of
Christian and Tucker [9], based on the original
strategy of Marquardt [10], was employed. In the
second, a successive approximation was em
ployed, in which sum of the squares of the
deviations of the calculated values from the
experimental values, r.d~, was directly minim
ized. In both approaches, we sometimes consid
ered only one and sometimes considered two
separate adsorption processes to be concurrently
active. Only the approaches which provided the
final reported results are given immediately
below. Alternative attempts are briefly covered
in the text.

Method 1. This calculation used the non-linear
least squares approach and assumed that, at the
pH value of 8.40, only one adsorption process
was significant for the compound under the
conditions utilized. The one adsorption process
involved the neutral form of the compound for
the basic compounds and the ionic form of the
compound for the acidic compounds. For the
bases, the equation of concern, derived below,
can be expressed as:

(1)

where f is the fraction of the compound ad
sorbed, m is the number of milligrams of carbon
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A

NE DA 5·HT

Fig. 2. Effect of adsorption time on percent adsorbed onto
glassy carbon for various neurochemicals. Compounds are
grouped as acids (A) and bases (B).

asymptotic approach to 100% adsorbed at the
higher values of glassy carbon used. The three
acids (DOPAC, HVA and 5-HIAA) exhibit a
more moderate rise in percent adsorbed with
increasing amounts of glassy carbon at the small
amounts of carbon used; the results at the higher
amounts of carbon, however, indicate an eventu
al asymptotic approach to 100% adsorbed. Thus,
for both the acids and bases at pH 8.40, we
observe a Langmuir type of adsorption curve for
each of the indole/catechol species involved.

In the third set of experiments, we briefly
examined the effect of the pH on the adsorption
process. As seen in Table II, no significant
adsorption was again observed for any of the
three quaternary amines at any pH value be
tween 1.0 and 9.0. For the indoles/catechols,
however, there was a marked pH dependence
observed. For the bases, the largest amounts of
adsorption were observed at pH 9.0, with sub
stantially greater amounts being adsorbed at this
value than the low pH values. The adsorption of
the bases decreased with decreasing pH, al
though the decrease observed was not linear and
not reminiscent of a classic pH titration curve. In
the case of the acids, the percent adsorbed
appears to be fairly constant for each compound
in the pH range of 1.0 to 3.0; the percent
adsorbed then modestly declines in the pH range
of 3.0 to 7.0 and becomes relatively constant,
although slightly lower, in the pH range of 7.0 to
9.0. These results for the acids are reminiscent of
classic pH titration curves.

In examining the results obtained in Tables I
and II, we can initially and unequivocally state
that adsorption of ACh, Ch and EHC was not
significant for any of the pH values or amounts
of carbon investigated. This means that the
glassy carbon precolumn previously described [1]
will in no way impede the determination of these
three targeted compounds.

However, understanding the results of Tables
I and II with respect to the behavior of the
indoles /catechols turned out to be somewhat
more difficult. Preliminary observation of the
results for, particularly, Table II indicates that
there is clearly some effect(s) associated with the
individual forms, neutral or ionic, of the com
pound of concern. For the bases, the deproto-
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tration of the adsorbed species), we felt this
approach was more relevant to the intended use
of these materials; users of the mentioned pre
columns [1] have some control over the amount
of carbon employed but virtually no control over
the concentration of the adsorbing species. Thus,
in this second set of experiments, 1.00 ml of the
test solution of indoles/catechols or quaternary
amines, in a pH 8.40 phosphate buffer, was
briefly shaken with 0 to 200 mg of the particles
prior to filtration and analysis of the filtrate. The
results, as presented in Table I, again indicate
that there was no significant adsorption for the
quaternary amines, even at the highest amounts
of glassy carbon employed. With the indoles/
catechols, the three bases (NE, DA and 5-HT)
show a rapid rise in the percent adsorbed with
increasing amounts of glassy carbon at small
amounts of glassy carbon used, followed by an
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TABLE I

PERCENT OF COMPOUND ACTUALLY ADSORBED (AND THEORETICALLY CALCULATED) AS A FUNCTION OF
THE AMOUNT OF GLASSY CARBON EMPLOYED

Each experimental value represents the mean ± S.D. derived from three determinations. See text for calculation of theoretical
values.

Compound Percent adsorbed (calculated)

Amount of carbon (mg)

0 10 20 50 100 200

NE 0.0 ± 3.3(0) 25.8 ± 0.6(17.3) 32.8 ± 1.9(34.2) 83.6 ± 0.7(76.6) 94.5 ± 0.5(95.1) 98.4 ± 0.5(98.3)
DA O.O± 0.7(0) 51.6 ± 2.5(24.9) 51.9 ± 0.8(48.8) 93.7 ± 1.0(91.8) 96.9 ± 1.1(97.9) 99.2 ± 0.2(99.2)
5-HT 0.0 ± 2.7(0) 78.5 ± 0.8(65.2) 90.8 ± 1.3(93.9) 98.5 ± 0.7(98.8) 99.5 ± 0.4(99.5) 100.0 ± 0.0(99.8)
DOPAC 0.0 ± 1.6(0) 13.1 ± 1.3(7.0) 15.1 ± 0.9(13.8) 30.5 ± 1.4(32.5) 54.2 ± 1.5(56.8) 80.2 ± 0.6(80.2)
HVA 0.0 ± 2.1(0) 18.4 ± 2.7(5.1) 21.5 ± 3.2(9.8) 29.3 ± 2.9(21.3) 36.7 ± 2.2(35.1) 49.8 ± 2.3(52.0)
5-HIAA 0.0 ± 1.3(0) 18.8 ± 1.7(17.4) 23.8 ± 1.5(31.7) 60.4 ± 1.2(58.8) 78.2 ± 1.7(77.2) 88.4 ± 0.7(88.4)
ACh 0.0 ± 1.5 -0.9 ± 5.0 -3.4±2.2 -0.3 ± 1.5 1.8 ± 3.5 1.2 ± 1.6
Ch 0.0 ± 1.7 -0.1 ± 1.2 -0.6± 1.4 1.2 ± 1.7 2.5 ±2.2 -2.0 ± 1.2
EHC 0.0 ± 4.1 -1.0 ± 0.9 -3.3 ± 2.9 -0.7±3.0 -2.0 ± 3.1 -4.0±3.5

nated form appears to have a much stronger
attraction for the glassy carbon than the proton
ated form, while for the acids, the protonated
form appears to have a much stronger attraction
for the glassy carbon than the deprotonated

form. One could alternatively say that, in both
cases, the neutral form has a stronger attraction
for the glassy carbon than does the ionic form.
Thus, we clearly must consider the deproton
ation constants for these compounds. These

TABLE II

PERCENT OF COMPOUND ACTUALLY ADSORBED (AND THEORETICALLY CALCULATED) AS A FUNCTION OF
pH EMPLOYED

Each experimental value represents the mean ± S.D. derived from three determinations. Theoretical values only calculated for
the acids (see text).

Compound Percent adsorbed (calculated)

pH

1.0 3.0 5.0 7.0 8.4 9.0

NE 6.7 ± 2.1 25.7 ± 0.9 35.9 ± 1.7 58.1 ± 1.7 94.5 ± 0.5 97.3 ± 0.6
DA 32.8 ± 1.4 56.0 ± 1.4 69.6 ±2.0 76.1 ± 2.0 96.9 ± 1.1 98.8± 0.5
5-HT 95.0 ± 0.9 97.2 ± 0.5 98.3 ± 0.4 98.6 ±0.3 99.5 ± 0.4 99.5 ± 0.2
DOPAC 90.0 ± 8.9(85.1) 84.8 ± 7.8(84.8) 69.0 ± 1.9(69.0) 49.9 ± 0.9(57.0) 54.2 ± 1.5(56.8) 44.3 ± 1.9(56.8)
HVA 82.2 ± 0.5(79.7) 79.1 ± 1.5(79.1) 55.1 ± 3.5(55.1) 28.0 ± 3.3(35.3) 36.7 ± 2.2(35.1) 26.8 ± 4.5(35.1)
5-HIAA 96.8 ± 0.4(96.8) 96.7 ± 1.0(96.7) 92.2 ± 1.8(92.2) 74.6 ± 1.7(78.3) 78.2 ± 1.7(77.2) 76.4 ± 1.9(77.2)
ACh -4.9 ± 4.1 1.0 ± 0.9 -4.6 ± 7.5 0.6 ± 1.0 1.8 ± 3.5 3.6 ± 4.9
Ch -2.4 ±2.9 1.0 ± 1.6 3.3 ± 3.1 -2.8±5.0 2.5 ± 2.2 -4.9 ±4.4
EHC -6.4± 6.7 1.5±3.4 -5.3 ± 4.8 -8.7 ± 7.4 -2.0 ± 3.1 -5.9 ± 3.5
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TABLE III

ACID DISSOCIATION CONSTANTS
CNA

Kads,neut = C C
ncut A

(3)

For the first three compounds (NE, DA and 5-HT), the pK.
refers to deprotonation of the ammonium ion, while for the
last three compounds (DOPAC, HVA, 5-HIAA), the pK.
refers to deprotonation of the neutral acid.

Compound pK.

NE 8.61
DA 8.88
5-HT 9.85
DOPAC 4.14
HVA 4.31
5-HIAA 4.14

and has the units of (nmol/ml)-l or J-LM- 1
• The

total number of available adsorption sites for the
neutral species, given in units of nmols per
milligram of glassy carbon adsorbent, is corre
spondingly labeled as C:eut ' Thus,

mC:eut = ~A + CA (4)

where m is the number of milligrams of carbon
per ml of solution used in the experiment. The
fraction adsorbed is simply

(5)

where A represents an unoccupied adsorption
site on the glassy carbon particle and NA repre
sents an adsorption site occupied by the neutral
species. The associated adsorption constant is
given as

constants are presented in logarithmic form in
Table III. These values were all obtained from
the reference work by Smith and Martell [lI
B], with the exception of that for 5-HIAA.
Since no pKa value could be found for 5-HIAA,
we assumed a value of 4.14 to be reasonable
after examining a number of different carboxylic
acids in which the acid functionality was located
one methylene group away from an aromatic
structure; we estimate that this pKa value for
5-HIAA is accurate within ±0.5, which is more
than sufficient for the current discussion. For the
remainder of the species, the reported pKa

values were determined at ionic strengths be
tween 0.1 and 0.37 and at temperatures of 20
30°C, both of which are entirely appropriate to
the current investigation.

Initial attempts to fit the indoleslcatechols
data to a Langmuirian conceptual framework
considered both the neutral and ionic forms of
the compound of concern. The adsorption
process for the neutral species, neut or N, is
given as:

(6)

(9)

(7)

(8)

(12)

(11)

CJB
Kads,ion = C C

Ion B

1

C neu1 = gneuI.baseCunbound

where C . = 2 J-LM is the initial concentration,
Inlt

prior to adsorption, employed for all the com-
pounds of concern. Rearrangement of eqns. 3-5
provides the originally presented eqn. 1, which
may be directly fitted to the observed data (see
below). For the determination of the C neu1 term
in eqn. 1, we define the fraction of the total
amount of unbound compound which is in the
neutral form as

I+B~IB

for the basic compounds investigated. Then,

mCi: n = CJB + CB (10)

with the corresponding fractional concentrations
for a basic compound being

where C b d is the measured, total concen-.un oun

tration of unbound species (=Cneu1 + Cion)'

By analogy to that given above, adsorption of
the ionic form of the compound, represented as I
or ion, to a second adsorption site, B, is

gneut,base = C + C.
ncut Ion

Cion 1
gion,base = C + C· = 1 + 10PH - pK•

ncut Ion

(2)N+A-.;=NA
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100

Fig. 3. Effect of amount of glassy carbon on percent ad
sorbed for various neurochemicals. The theoretical lines
shown were derived using the constants listed in Table IV.
For the bases (B), quadratic eqn. 19 was used for the
theoretical curve, while for the acids (A) method 3 described
in the text was employed. Empirical values are shown as
mean ± S.D. for NE (0), DA (.t.), 5-HT (0), HVA (0),
DOPAC (6) and 5-HIAA (0).

the adsorption behaviour of the six indoles/
catechols and the useful lifetime of glassy carbon
precolumns in such applications.

As an example of the use of adsorption con
stants derived in connection with Fig. 3, one
might make a crude approximation of the capaci
ty of a precolumn packed with 1 g of such carbon
materials in the determination of ACh and Ch in
whole mouse brains. A typical whole mouse
brain weighs ca. 0.5 g and contains approximate
ly 1.5 nmol NE, 3.0 nmol DA, 2.5 nmol 5-HT,
1.5 nmol 5-HIAA, 0.5 nmol HVA and 0.5 nmol
DOPAC. Simply considering the C* values to
represent the maximal capacity of the I-g carbon
column for each of these compounds yields

individual capacities of 36 nmol NE, 52 nmol
DA, 140 nmol 5-HT, 18 nmol DOPAC, >1000
nmol HVA and 66 nmol of 5-HIAA. We can
further reasonably assume that each whole
mouse brain is homogenized in 1.0 ml of solu
tion, and the normal injection volume is 5 JLI per
sample. Then, the precolumn thus considered
would have a capacity for ca. 3500 injections
with the first predicted break-through occurring
for DA. Of course, this is an overly optimistic
estimation of the column lifetime, since it ig
nores adsorption equilibrium with the moving
mobile phase.

For the remaining pH data, a theoretical curve
(calculated with method 3) is shown along with
the experimental data for each of the three acids
in Fig. 4A, while a graphical presentation of the
empirical data only for the bases is given for
reference in Fig. 4B. As can be seen, the data
for the acids is moderately well described by the
four adsorption related constants form Table IV.
In the case of the bases, however, the adsorption
observed as a function of pH is even more
complex. Simple consideration of two adsorption
processes for the bases, independent of the
values of the constants involved, would lead to
an S-shaped theoretical curve similar to an acid/
base titration of pH vs. ml. Indeed, the empirical
data of Fig. 4B seems to indicate some of this
character, with strong adsorption of the neutral
species at pH values of 9.0, and, after the
percent adsorbed drops off as the pH is lowered,
the three bases each seem to indicate the begin
nings of an expected leveling associated with the
predominance of the cationic species at a pH
value of approximately 5.0. But, as the pH falls
below 5.0 toward 1.0, the adsorption for each of
the three compounds falls substantially instead of
remaining level in this range. This deviation at
pH values below 5.0, seen with the bases only, is
ascribed to probable surface structural features
of the glassy carbon and/or simple competitive
displacement. It is likely that the glassy carbon
contains adsorption sites for the protonated
forms of the bases which consist of oxidized
forms of carbon [14-17]. Such oxygenated forms
of carbon would include aldehyde, ketone, quin
one, or carboxylic functionalities which could
exhibit protonation at lower pH leading to less
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Fig. 4. Effect of pH on percent adsorbed for various neuro
chemicals. The theoretical lines shown for the acids (A) were
derived using the constants listed in Table IV and calculation
method 3 The empirical results are simply connected for the
bases (B); no theoretical fit was obtained for the three basic
compounds. Empirical values are shown as mean ± S.D. for
NE (0), DA (6), 5-HT (0), HVA (0), DOPAC (6) and
5-HIAA (0).

phenomena which were not further investigated.
But, the adsorption data for the acids at low and
high pH and the data for the bases at high pH
are at least adequately explained by the ap
proach given. While there is almost certainly
competition between the neurochemicals investi
gated for adsorption sites, this concept notably
did not need to be invoked to fit the data.
Finally, while most of the efforts in this paper
were concerned with determination of the bind
ing characteristics of the indoles Icatechols, it
should be emphasized that no adsorption of the
quaternary amines onto the glassy carbon
occurred under any of the conditions examined.
Thus, the glassy carbon material is entirely
appropriate to be used as a precolumn in the
determination of acetylcholine and choline.

ACKNOWLEDGEMENTS

This study was supported through funding
from the Department of Chemistry and Bio
chemistry, University of Oklahoma, Biomedical
Research Grant no. 2S07 RR070778-18 from
NCRR/DHHS, Grant no. GM32367 from NIHI
DHHS/PHS, and the Department of Neuro
psychopharmacology (Tsumura), Gunma Uni
versity. The authors are indebted to Dr. E.
Enwall of the Department of Chemistry and
Biochemistry, University of Oklahoma, for the
use of an early version of the NLLSQ fitting
program for the Macintosh.

10

A

Ii

o

100

80
HVA

Percent
Adsorbed

60

40

20
0

50

2S

tOO

75

Percent
Adsorbed

adsorption of the protonated amines. But, per
haps a more feasible explanation simply concerns
competition for the cationic binding sites by the
increasing concentration of H+ ions which exists
at lower pH [16,17]. In any case, this low pH
adsorption phenomena for the basic compounds
was not pursued any further.

In short, however, the Langmuir adsorption
framework incorporating consideration of sepa
rate adsorption of both the neutral and ionic
forms of the indoles/catechols provides a reason
able theoretical approach by which the adsorp
tion of these species onto glassy carbon may be
understood. The low pH data for the bases
indicate the existence of one or more adsorption
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ABSTRACT

The principles of chiral recognition responsible for the operation of the Pirkle (R)-N-(3,5-dinitrobenzoyl)phenylglycine chiral
stationary phase (CSP) were employed for generating complementary functionality by achiral derivatization of chiral amines. The
model amines chosen were tocainide and mexiletine considering their common structural features. The chromatographic
behaviour of four types of derivatives was studied on the covalent and ionic versions of the CSP. Chiral discrimination
mechanisms are proposed to expain the results obtained and to account for the observed elution orders.

INTRODUCTION

Since the preparation and evaluation of the
Pirkle chiral stationary phase (eSP) based on the
immobilization of (R)-N-(3,5-dinitrobenzoyl)
phenylglycine (DNBPG) on aminopropyl func
tionalized silica [1], this unique esp has received
considerable attention in terms of its areas of
applications and principles of operation [2].

The relative contributions to the chiral recog
nition mechanism(s) of donor-acceptor interac
tions, dipole stacking of amide dipoles, hydrogen
bonding and steric repulsive forces arising be
tween the esp and the chiral solute have been
discussed by many workers. Interesting research
has been carried out on the role of the amide
group in the formation of the diastereomeric
complexes between the esp and the solute's
antipodes [3-12]. Dipole stacking and hydrogen

• Corresponding author. Present address; National Doping
Laboratory, 1 N. Gabrovski Street, Diana-2, 1172 Sofia,
Bulgaria.

bonding of amides together with the 7T'-7T'

donor-acceptor interactions have been consid
ered as being the major associative interactions
responsible for the formation of the diastereo
meric adsorbates [9]. The successful operation of
the esp is a result of the joint action of groups
of factors, one of which in some specific in
stances could attain a predominant position over
the others, whereas in other instances they
would contribute equally to the overall perform
ance of the esp.

A good understanding of what kinds of inter
actions are necessary for chiral recognition on
this Pirkle-type esp is essential in the derivatiza
tion of a chiral molecule to introduce function
alities complementary to those which the CSP
utilizes for its operation. Derivatization is carried
out with chiral or achiral reagents. The latter
may serve to block polar functional groups that
cause excessive band broadening or to introduce
groups that interact favourably with the CSP [3].
Chiral derivatizing agents (CDA) suffer several
drawbacks, such as different reaction rates of the
analyte's enantiomers with the CDA, the fact

0021-9673/93/$06.00 (C) 1993 Elsevier Science PUblishers B.Y. All rights reserved
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Equipment
A Perkin-Elmer (Norwalk, CT, USA) Series 2

liquid chromatograph with a Rheodyne Model
7105 injector and an LC-75 UV detector operat
ing at 254 nm were used.

tablished by injecting an excess of one of the
enantiomer derivatives.

All derivatives, unless specified otherwise,
were analysed using a mobile phase consisting of
2-propanol-n-hexane (5:95). Fig. 2 shows the
structures of the derivatives prepared and their
abbreviations.

purities better than 99%. The silica gel Nucleosil
100-5 was obtained from Macherey-Nagel
(Duren, Germany). 3-Aminopropyltriethoxy
silane (99%) was purchased from Janssen
Chimica (Beerse, Belgium).

(±)-, (-)- and (+)-Mex and (±)-, (-)- and
( + )-Toc were kindly donated by Boehringer (In
gelheim, Germany) and Astra Hassle (M6Indal,
Sweden), respectively.

RESULTS AND DISCUSSION

The results of the initial testing of the two
columns for efficiency (number of theoretical
plates, N) and enantiocelectivity (a) are given in
Table I. We used substance with 1 to compare
the efficiencies of the two CSPs, because it was
similar to the derivatives of Tox and Mex. Using
substance 2 we wanted to see the influence of the
silonol groups. The ionic column provides a
resolution R twice as large as that given by the
covalent column because the efficiency of the
former is higher. Taking into account their
application for enantioseparation, howerer, we
could qualify them as comparable because the
values of the selectivity are similar. Considering
the reported resolution of the enantiomers of
Mex as their 2-naphthoyl derivatives on an ionic
DNBPG CSP [16], we decided to prepare a
derivative possessing a urea (-NHCONH-)
functionality (Table II). Thus, an additional
amido group was introduced (as compared with
the amide bond).

Whereas no resolution was observed for the
I-naphthylurea derivative of Toe, the corre
sponding Mex derivative was resolved. As indi
cated in Table II, the covalent CSP provides a
greater enantiomeric separation than the ionic
CSP of the 3,5-dinitrobenzoyl derivative of Toc.
This is seen also on the chromatograms in Fig. 3.

It is of interest to elucidate the mechanism
underlying this different operation of the two
CSPs. Despite its higher efficiency, the ionic
column affords R = 1.15 for DNB-Toc whereas
on the covalent CSP R = 3.42, because of the
greater selectivity. The chiral recognition mecha
nism that we suggest is shown in Fig. 4. Three
simultaneous interactions take place: an inter
action between the 7T-basic 2,6-dimethylphenyl

DNB - Toc

- Me;c

ONPU-Toc
-Mex

-CO-IJII-g

H
d~ ~ CH) I
~NH[o-C -CH) (6iOCH1f -CHJ

CH ~JH CHJ WH
) I I

R R
Toe Mex

Reagents and materials
All solvents were of analytical-reagent or

HPLC grade (Merck). The mobile phase was
degassed and filtered through a 0.5 /-Lm Millipore
membrane filter. Triethylamine and pyridine of
purities over 99% were supplied by Merck.

The derivatizing agents 3,5-dinitrobenzoyl
chloride, I-naphthyl isocyanate and methyl iso
cyanate (Fluka, Buchs, Switzerland) were of

R:

NU - TOe

- Mex

MU -Toe

- Mex
Fig. 2. Structures of the 3,5-dinitrobenzoyl (DNB), 3,5-di
nitrophenylurea (DNPU), I-naphthylurea (NU) and
methylurea (MU) derivatives.
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changing the pH, phosphate concentration, tem
perature, and organic modifier content of the
mobile phase would affect the interactions of D
and L-tryptophan at these sites. The effect of
varying pH on the retention (k') of both com
pounds is shown in Fig. 3.

The results in Fig. 3 were obtained by inject
ing tryptophan samples onto the HSA column
using a 0.10 M phosphate buffer at pH values
ranging from 4.0 to 7.4. As the pH decreased,
the capacity factors for both D- and L-tryptophan
decreased. The retention of both compounds on
the diol-bonded column was negligible (i.e., k' ~
0.05) throughout this entire pH range. In going
from pH 7.4 to 4.0, the capacity factor ·for D
tryptophan dropped from 0.52 to 0.25 (52%),
while the capacity factor for L-tryptophan de
creased from 1.43 to 0.23 (84%). The fact that
these changes were not of the same relative size
indicates that the binding sites of the L- and
D-tryptophan were subjected to different local
ionic interactions. This supports the model pro
posed earlier in which the two enantiomers bind
to two distinct sites. As the pH was decreased
from 7.4 to 4.0, the separation factor for D- and
L-tryptophan (a, where a = k~-Trp/k~-Trp) de
creased from 2.75 to 1. The best separation of
the enantiomers was obtained at pH 7.4. This
was the pH used in the remainder of the study.

The ionic strength of the mobile phase is
another parameter which can affect the
stereoselectivity of an immobilized protein. In

this study, this parameter was examined by
maintaining the mobile phase at pH 7.4 while
varying the concentration of the phosphate buf
fer from 0.010 to 0.250 M. As shown in Fig. 4,
the capacity factors of both D- and L-tryptophan
on the HSA column decreased with increasing
phosphate buffer concentration. Binding to the
diol-silica column was again negligible under
these conditions (i.e., k' < 0.05). The changes
observed on the HSA column are consistent with
previous work performed with oxazepam
hemisuccinate on immobilized HSA-silica [32]
and chiral separations performed on immobilized
BSA-silica [33,34].

In this study, the capacity factor for L-trypto
phan decreased much faster with increasing
phosphate concentration than the capacity factor
for D-tryptophan (i.e., 72% versus 12% change,
respectively). This suggested that the binding site
for L-tryptophan was more sensitive to changes
in the mobile phase ionic strength. This agrees
with the results noted earlier in the pH studies.
One result of this difference in sensitivity to
changes in the ionic strength was that the value
of a for D- and L-tryptophan dropped from 7.62
to 2.44 over the range of phosphate concen
trations studied. Optimum separation of the two
enantiomers was obtained at phosphate concen
trations of 0.05 M or less. This concentration
range was used in all later work.

Temperature is a third parameter which can be
varied to adjust the resolution of an enantio-

1.5.,----------------.---,

0.250.200.05
o-\---,-----,----,----,-----,-----'

0.00 0.10 0.15

[Phosphate] (M)

Fig. 4. Effect of phosphate concentration on the retention of
D- (.) and L- (e) tryptophan on the immobilized HSA
column. The chromatographic conditions are given in the
text.

------~-------------+--_....
0.5

1.0

0.0 +----.----.----.,--------i
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pH

Fig. 3. Effect of mobile phase pH on the retention of D- (.)

and L- (e) tryptophan on the immobilized HSA column. The
chromatographic conditions are given in the text.
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fiG for the binding of D- and L-tryptophan to
HSA was in the range of -5.2 to -5.7 kcallmol
at 25°C and had a significant contribution due to
entropy.

This work also examined the effects of pH,
phosphate concentration, temperature and 1
propanol content of the mobile phase on the
binding of D- and L-tryptophan to HSA. In each
case the retention of L-tryptophan was affected
to a greater extent than that of the D-tryptophan.
These differences in behavior agree with a model
in which the enantiomers are binding to two
distinct regions on HSA. Another parameter
considered was the role of sample size in de
termining the retention and peak shape for each
enantiomer. It was found that L-tryptophan had
a greater sample size dependence in its chro
matographic behavior than was noted for D-tryp
tophan.

Based on these studies, several guidelines
were developed for the separation of D- and
L-tryptophan on immobilized HSA. The
strongest binding and best separation factor for
these enantiomers was obtained when working
with a neutral pH, low ionic strength phosphate
buffer containing no organic modifier (i.e., 1
propanol). Temperature was found to have only
a small effect on the separation of D- and L
tryptophan. Under the optimized conditions, D
and L-tryptophan were separated in less than 2
min with baseline resolution. This method is
much faster than current separation techniques
and should prove useful in the analysis of these
compounds in food or pharmaceutical prepara
tions.
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Cs and ClS (5 JLm) (250 x 4.6 mm LD.) from
Shandon-SFCC (Eragny, France), Zorbax Rx-Cs
(5 JLm) (250 x 4.6 mm LD.) from Rockland
Technologies (supplied by Shandon-SFCC)
and Nucleosil 100-5 ClsAB (5 JLm) (250
x 4.0 mm LD.) from Macherey-Nagel (Diiren,
Germany).

Mobile phases
Different mobile phases were used under

isocratic conditions. For the Superspher RP-8e
and RP-18e columns, the following eluents were
prepared: 0.15 M NaHzP04 buffer-methanol
(65:35, v/v) with apparent pH 5.2; and the same
eluent but with addition of 0.02% (v/v) of
DMOA and with the pH adjusted to 5.2 with
1 M H 3P04 • For the studies with the other
columns, the mobile phases were 0.12 M
NaHzPOcacetonitrile (80:20, v/v) or 0.15 M
NaHzPOcmethanol (65:35, v/v). The pH was
adjusted to lower values, e.g., 3 and 4, by
addition of H 3P0 4 and to higher values, e.g., 6,
7 and 8, with 4 M NaOH. For LC-MS studies,
the mobile phase was 0.15 M ammonium acetate
buffer-methanol (65:35, v/v) with an apparent
pH adjusted to 5.2 with concentrated acetic acid.
For semi-preparative HPLC, the eluent was
water-methanol-concentrated trifluoroacetic
acid (65:35:1, v/v/v) with an apparent pH of
2.00.

All the eluents were filtered under vacuum
with a 0.45-JLm Millipore HV filter.

Solutions
Standard solutions of compounds 1-4 were

prepared by dissolving 0.5-3 mg (standard 1) or
0.2-0.8 mg (standard 2) of the different com
pounds in 10 ml of water. Solutions were stored
at 0-5°C under nitrogen to prevent oxidation.
Aliquots of 50 JLI of the standard solutions were
usually injected, corresponding to 3-9 JLg (10-35
nmol) or 1-3 JLg (2-12 nmol), respectively, of
the different compounds. The automatic injector
was thermostated at 4°C to limit thermal degra
dation of the compounds.
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Calculations
The following factors were used for the

column evaluation. The capacity factor was mea
sured using the relationship (t r - to)lto, where t r

is the retention time of the compound and to that
of a non-retained compound measured by using
the solvent disturbance peak [21]. The peak
asymmetry factor B1A was measured at 10% of
the peak height using the ratio of the widths of
the rear and front sides of the peak [21,22].
The Foley-Dorsey method [22] was used to
measure the column efficiency as skewed peaks
were often involved. The method uses the
equation

41.7(tR lwo.l )z
N= BIA + 1.25

were N is the efficiency (plates per column) and
W O. l the peak width at 10% height.

RESULTS AND DISCUSSION

Use of conventional reversed-phase columns and
effect of amine modifier

The first studies with the quaternary ammo
nium compound 1 and its analogues 2-4 were
done by using the classical end-capped
Superspher RP-18e and RP-8e stationary phases.
With mixtures of 0.15 M sodium phosphate
buffer and methanol at an apparent pH of 5.2,
separation of the four compounds was obtained
with badly tailing peaks, the separation being
only partial for 2 and 3 with the RP-8e column,
as illustrated in Fig. 2a and c. The addition of a
small amount of DMOA, i.e., 0.02% (v/v), to
the mobile phase at the same pH greatly im
proved the peak shapes, with a slight decrease in
retention times. Satisfactory separation of the
four compounds was obtained with the RP-18e
column, whereas with the RP-8e column 2 and 3
co-eluted (see Fig. 2b and d). Under these
conditions, 1 was always eluted first, followed by
3, 2 and 4. This is in agreement with the
differences in lipophilicity, log P being -0.60 for
1 and 1.15 for 3 [1]. The chromatographic
characteristics for 1 are summarized in Table 1.
For the injection of smaller amounts, eg., 1.6 JLg
(5 nmol) of 1, no change in k', a marked
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6700 for the RP-18e column with DMOA instead
of 3500, were observed.

Fig. 2. Effect of DMOA on the separation of compounds
1-4. Column: (a,b) Superspher RP-18e; (c,d) Superspher
RP-8e. Conditions as defined in Table I. x = % of DMOA.

decrease in the asymmetry factor, e.g., 1.6 for
the RP-18e column with DMOA instead of 2.6,
and nearly a doubling of the plate number, e.g.,

Use of deactivated Cs and C1S phases
In order to improve the separation between

the amine 3 and the quinone 2, which corre
sponds to the first and major oxidation product
formed, and to apply the HPLC method to
coupled LC-MS or semi-preparative chromatog
raphy using simplified mobile phases without
addition of an amine modifier, several deacti
vated Cs and CIS phases were tested (a complete
stability study with isolation and characterization
of the major oxidation compounds formed has
been carried out and will be described else
where). These deactivated supports have been
shown to improve greatly the separation and
peak shapes of basic analytes without addition of
basic modifiers such as triethylamine or DMOA
[14,18,19].

Method development: effect of ionic strength,
DMOA addition, pH and nature of the organic
solvent. The optimization of the mobile phase
conditions was done with the Ultrabase Cs
column. In fact, the conditions giving the best
results with the Superspher columns without
DMOA addition, i.e., 0.15 M NaHzP04 buffer
methanol (65:35, v/v) at an apparent pH of 5.2,
gave a very good separation of 1-4 with the
Ultrabase Cs column.

As expected, an increase of the ionic strength
from 0.038 to 0.15 M NaHzP04 clearly improved
the efficiency of the column and the asymmetry
factors of the peaks. For an amount of ca. 9 JLg

1
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TABLE I

EFFECT OF DMOA ON THE CHROMATOGRAPHIC CHARACTERISTICS OF COMPOUND 1 WITH THE
SUPERSPHER RP-8E AND RP-18E COLUMNS

Conditions: mobile phase, 0.15 M NaH,PO.-methanol (65:35, vfv) with or without 0.02% of DMOA, apparent pH = 5.2;
flow-rate, 1 ml/min; temperature, 40°C; detection, UVat 280 nm; sample, 50 I.d of standard 1 corresponding to amounts of ca.
9 JLg of 1 and 3 and ca. 3 JLg of 2 and 4; k', BfA and N as defined in the text.

Eluent k' BfA N

RP-8e RP-18e RP-8e RP-18e RP-8e RP-18e

Without DMOA
WithDMOA

4.20
2.49

3.68
2.56

6.37
2.45

4.82
2.58

250
2400

850
3500
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Fig. 3. Absorption spectra of zinc(lI) chlorophylls. 1 =

Zn(lI)-chl-a; 2 = Zn(lI)-chl-b.
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Fig. L Structure of zinc(lI) chlorophylls. R = CH3 , Zn(lI)
chi-a; R = CHO, Zn(lI)-chl-b.

has an aldehyde group (Fig. 1). This difference
in the substituent attached to the chlorin ring
causes a dramatic change in their spectroscopic
properties and chromatographic behaviour.

The three-dimensional chromatogram of a
mixture of zinc(II) chlorophylls is shown in Fig.
2. The absorption spectra of Zn(II)-chl-a and -b
are very similar to those of the corresponding
epimers, i.e., Zn(II)-chl-a' and Zn(II)-chl-b'.
Further detailed observation revealed that the
absorption spectra of the epimers are identical
with those of their parent compounds. The
absorption spectra give rise to only small red
shifts of the Soret band on going from
pheophytins to the corresponding zinc(II) chlo
rophylls. Typical absorption spectra of Zn(II)
chl-a and -b are presented in Fig. 3. The absorp
tion maxima and molar absorptivities of these
compounds have been given in a previous paper
[14]. These spectroscopic characteristics were
useful in the present HPLC and absorption
spectrophotometric determination.

1.:5'

Retention time (mini
Fig. 2. Three-dimensional chromatogram of zinc(lI) chloro
phylls. 1 = Zn(lI)-chl-b; 2 = Zn(lI)-chl-b'; 3 = Zn(lI)-chl-a;
4 = Zn(lI)-chl-a'.

lH NMR spectroscopy provides a good oppor
tunity to identify each derivative of zinc(II)
chlorophylls because their central zinc(II) ion is
diamagnetic. The lH NMR spectra of zinc(II)
chlorophylls and their epimers fractionated by
semi-preparative HPLC were measured to con
firm the identification of each peak component
on the chromatogram. The proton resonance
signals observed were assigned in analogy with
those for pheophytins and chlorophylls [151 and
the partial results of the assignments are summa
rized in Table I. It is noteworthy that the
diamagnetic ring-current shifts of the meso
protons are accompanied by the formation of
zinc(II) chlorophylls from pheophytins.

Chromatographic separation
Taking into account previous studies of chloro

phylls [16,17] and metallochlorophylls [14], a
reversed-phase ODS column in combination with
a methanol-acetone mobile phase was chosen
for zinc(II) chlorophylls. A good separation of
Zn(II)-chl-a and -b and of their corresponding
epimers was achieved on an ODS column with
methanol-acetone (75:25, vIv) as the mobile
phase (Fig. 2). The chromatogram of zinc(II)
chlorophylls prepared under the present ex
perimental conditions illustrates the appearance
ofZn(II)-chl-a' and -b', i.e., the C-10 epimers
of Zn(II)-chl-a and -b, respectively. As ex
pected, Zn(II)-chl-b and -b' are eluted earlier
than Zn(II)-chl-a and -a' because there is less
interaction of the former with the non-polar
ODS stationary phase. This elution order agrees
with the general tendency that the aldehyde
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come many practical difficulties but is not ideal
and necessitates rigorous purification of the
reaction products and substrates to ensure
radiochemical purity from radiolabelled com
pounds formed as a consequence of the initial
heterogeneous substrate.

HPLC has become the analytical procedure of
choice in the separation of carotenoid mixtures,
although TLC separations must not be ignored.
Papers describing such separations are relatively
common and have recently been reviewed [9
11]. However, the problems associated with the
separation of radiolabelled carotenes from their
precursors have not been addressed to the same
degree. When separating labelled carotenes
formed in enzyme reactions, the routine separa
tions typically used in analysis rarely fulfil the
rigorous requirements necessary for the purifica
tion of radiolabelled reaction products. This
paper describes HPLC systems developed for the
separation of reaction products formed in
specific carotenoid enzyme assays, permitting the
reliable determination of different reaction prod
ucts as a measure of specific enzyme activity.

EXPERIMENTAL

Carotenogenic enzyme assays
(R)- [2- 14C]Mevalonic acid lactone was con

verted into sodium mevalonate [8] and used as
the initial substrate from which specific
carotenogenic substrates were formed in situ
using cell extracts prepared from a variety of
fungal mutants. These mutants and their respec
tive coupled substrates included the Neurospora
crassa al-3 forming FPP, Gibberella fujikuroi
SG4 producing GGPP and the Phycomyces
blakesleeanus C5 carBl0(-) , C9 carR21(-) and
C115 carS42mad-107(-) mutants yielding radio
labelled phytoene, lycopene and f3-carotene,
respectively. The precise experimental details
concerning these assays have been extensively
described [7,8,12].

Extraction of radiolabelled isoprenoids
Incubations were terminated with 6% KOH

methanol (1.5 ml) and heating for 20 min. The
radiolabelled isoprenoids formed were then par
titioned into 10% diethyl ether in light pe-
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troleum (b.p. 35-80°C) (3 X 2.5 ml). To the
pooled epiphases authentic unlabelled carotene
standards were added in amounts ranging be
tween 0.1 to 1 JL g and the extract was evaporated
to dryness under a stream of nitrogen. The
residue was dissolved in acetone (20 JLI) and any
particulate material removed by centrifugation
(2000 g for 3 min).

HPLC
An LKB Model 2150 HPLC pump (Pharmacia

Biosystem, Freiburg, Germany) was used to
pump the mobile phase at a constant flow-rate of
1.0 mllmin. Mobile phases were premixed to
alleviate any problems resulting from ir
regularities in the pump mixing and degassed
extensively by sonication prior-to use.

The HPLC columns used to perform the
separations included a normal-phase 3-JLm
Spherisorb silica column (250 x 4.5 mm J.D.),
reversed-phase 5-JLm ODS-l and ODS-2
columns (250 x 4.6 mm J.D.), all obtained from
Gynkotek (Germering, Germany), and a 3-JLm
Nucleosil CIS reversed-phase column (250 x 4.6
mm J.D.) from Macherey-Nagel (Diiren, Ger
many). After prolonged use the columns were
routinely washed with methanol. Further details
of the specific separation systems used are pro
vided under Results and Discussion.

Identification and determination of the
radiolabelled carotenes separated by HPLC

An on-line radiodetector (Ramona LS,
Raytest , Straubenhardt, Germany) was con
nected to detect radioactivity eluted from the
column. A 1.5-ml flow cell together with Flo
Scint A from Packard (Frankfurt, Germany) was
used as a liquid scintillator. Integration of the
peak areas and calibration by simultaneous col
lection of several eluted fractions and their
counting in a liquid scintillation spectrometer
permitted direct determination. Radiolabelled
carotenes were identified by co-chromatography
with authentic carotenes prepared using methods
described 'previously [13]. The characteristic ab
sorbance of the standards in the column eluate
was monitored continuously with a Jasco Model
8201 programmable UV-visible spectrophotome
ter (Biotronik, Maintal, Germany). The spectral
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derived from the biosynthetic capabilities of the
fungal extract.

Phytoene desaturation reactions
During carotenoid biosynthesis, phytoene un

dergoes a series of desaturations, the enzyme or
enzymes responsible for this conversion being
phytoene desaturase. Several functionally di
verse desaturases form different reaction prod
ucts and intermediates [18]. The complete res
olution of all carotenes formed, including their
isomers, is difficult to achieve with a single
system. Therefore, it has been necessary to
develop specific separation methods based on the

Fig. 1. Selected HPLC traces of radiolabelled carotenoids
formed in vitro along the biosynthetic pathway. (A) Conver
sion of FPP to phytoene (chloroplast extract); (B) conversion
of phytoene to ~-carotene (E. coli/pds); (C) conversion of
lycopene to f3-carotene (Synechococcus); (D) conversion of
f3-carotene to zeaxanthin (Synechococcus). The HPLC
systems used were as follows: (A) 5-/Lm Spherisorb ODS-1
with methanol-water (90:10) for 12 min, then acetonitrile
methanol-2-propanol (85:10:5); (B) 3-/Lm Nucleosil C,s with
acetonitrile-methanol (98:2) for 10 min, then ethyl acetate
acetonitrile-water (25:70:5) until 40 min, then methanol; (C)
5-/Lm Spherisorb ODS-2 with acetonitrile-methanol-2-pro
panol (85:10:5); (D) 3-/Lm Spherisorb silica with hexane for
14 min, then ethyl acetate-hexane until 34 min, then metha
nol.
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Geranylgeranyl pyrophosphate synthesis
The enzyme geranylgeranyl pyrophosphate

(GGPP) synthase condenses isopentenyl
pyrophosphate (IPP) to farnesyl pyrophosphate
(FPP) (CIS) yielding the Czo product GGPP. The
substrates for the reaction can be supplied by the
al-3 Neurospora crassa mutant [12]. These
diphosphate compounds can be converted into
their alcohol derivatives by acid hydrolysis or
naturally as a consequence of inherent phospha
tase activity. The principle compounds posing
interference to the purification of FOH and
GGOH are other prenyl alcohols and their
respective isomers of differing chain lengths. To
separate such compounds, a methanol-based
mobile phase containing 10% of water to alter
the polarity was employed [Table I (A)]. De
velopment on a reversed-phase 5-JLm ODS-1
column separates these compounds on the basis
of their aliphatic chain length, with increases in
chain length prolonging their retention on the
column. Such a system has proved ideal in the
determination of GGPP synthase activity in
chloroplast stromal extracts and more recently in
an Escherichia coli strain expressing the Erwinia
uredovora ertE gene [17].

Phytoene synthesis
Phytoene synthesis is the first specific reaction

in the carotenoid biosynthetic pathway and the
enzyme is a characteristic marker of the chloro
plast stroma. A typical trace of a chloroplastic
phytoene synthase assay is illustrated in Fig. 1A.
In this instance the Gibberella fujikuroi SG4
mutant was used to provide the substrate GGPP
and the solvents consisted of two acetonitrile
based mixtures. After good separation of the
prenyl alcohols from each other, a switch from
the first to the second solvent was carried out in
order to obtain a good and fast resolution of the
two phytoene isomers. When the assay mixture is
separated on a 5-JLm CIS reversed-phase column
the alcohol derivative of the substrate is detected
at a retention time of 4.5 min. The products
15-cis-phytoene and all-trans-phytoene eluted at
28.5 and 30 min, respectively [Table I (B)].
These compounds of interest are clearly sepa
rated from interfering radiolabelled compounds
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characteristic reaction products formed by each
desaturase. One of the principal problems in
such separations is the presence of squalene, a
sterol precursor. This compound is an example
of a molecule whose behaviour in numerous
chromatographic systems does not adhere to that
predicted for its relative polarity. As a con
sequence, it co-migrates with desaturase prod
ucts on many typical carotenoid-separating
systems. The incorporation of radioactivity by
the fungal coupling extract into squalene is
relatively substantial (Fig. 1). This has a sec
ondary effect of masking any adjacent com
pounds poorly resolved which are present at low
levels.

The numerous systems that have been de
veloped for specific desaturase types are listed in
Table I (C). For example, the products of a
desaturase-converting phytoene (supplied by the
C5 Phycomyces mutant) to ?-carotene can be
resolved on a 3-J.Lm Nucleosil column using the
mobile phase of Miirki-Fischer et ai. [19], i.e.,
acetonitrile-methanol-2-propanol (85:10:5, v/v/
v), as indicated in section I in Table I (C). This
separation has been illustrated in a recent publi
cation [20] and is ideal for analysing the typical
desaturases from photosynthetic organisms such
as the pds of Synechococcus. An even better
separation of all the reaction products and their
isomers as well as the substrate can be obtained
in a more complicated system which involves
three different solvents which are changed after
a certain period as indicated in Fig. lB. With this
procedure the setting up of a gradient system can
be avoided. This technique of changing solvents
during the HPLC separation of carotenoids has
already been successfully employed [21]. The
3-J.Lm Nucleosil CIS column used in this and in
the following desaturase assays gave good sepa
rations of cis-trans carotene isomers in shorter
runs than described for HPLC separations on
Zorbax ODS columns [22].

The Erwinia uredovora desaturase is typical of
a desaturase that converts phytoene into
lycopene (i.e., the introduction of four double
bonds). To achieve the effective separation of
the reaction products the inclusion of ethyl
acetate and water as modifiers of an acetonitrile
based solvent and the use of a 3-J.Lm support
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were necessary [Table I (C), section II]. Such a
system permits the separation of lycopene from
squalene, which is an important achievement in
the accurate determination of such desaturase
activity; this system has been illustrated recently
[23]. The migration of the products in this system
can be altered slightly to suit more specific
requirements by keeping the water content con
stant and altering the level of ethyl acetate.
Another advantageous feature of the system is
the speed of the separation, ca. 35 min, in which
excellent resolution is achieved. One disadvan
tage of this system, however, is the presence of
an unknown compound, believed to be an epox
ide from its chromatographic behaviour, whose
presence in close proximity to the lycopene can
mask low lycopene levels. To overcome this
problem, the absence of water from the initial
acetonitrile-based mixture can alleviate such an
occurrence and the three-phase system described
in section II in Table I (C) has to be used. This
particular system is also suited to the separation
of the ?-carotene desaturase reaction where only
small amounts of lycopene are found owing to
the limiting ?-carotene level. An example of
such a system is shown in Fig. IB where the
Synechococcus pds was assayed.

The final type of desaturase found in some
photosynthetic bacteria such as Rhodobacter is
one responsible for the desaturation of phytoene
to neurosporene. As discussed previously, the
main prerequisite in achieving an effective sys
tem is the resolution of neurosporene, the princi
pal desaturase product from squalene. Using a
system described in Table I (C), section III, this
has been achieved and recently illustrated [24].

Lycopene cyciization
The cyclization of lycopene to J3-carotene can

be assayed using the C9 Phycomyces mutant to
prepare [14C]lycopene in situ. In general, HPLC
systems that separate desaturase products are
also applicable to the cylase [e.g., the three-step
system described in section II in Table I (C)].
However, two less complicated isocratic HPLC
systems which basically differ in the stationary
phase material and the particle size [Table I (D)]
are more convenient for lycopene cyclase assays.
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ABSTRACT

The on-column chromatographic detection of nicotine at low picogram levels is described. Nicotine is first subjected to chemical
derivatization with heptafluorobutyric anhydride in the presence of pyridine. In the absence of pyridine, the derivatization
reaction is markedly retarded. This high-yield reaction results in the opening of the N-methylpyrrolidine ring of nicotine with
concomitant formation of a highly electrophilic N,O-diheptafluorobutyryl derivative. After extraction of the nicotine derivative
into isooctane, it is subjected to splitless capillary gas chromatographic analysis using a 63Ni electron-capture detector and a
moderately polar fused-silica capillary column. The nicotine derivative can be detected on-column at levels below 5 pg.

INTRODUCTION

Nicotine, 1, an N-methylpyrrolidine-substi
tuted pyridine alkaloid of Nicotiana Tabacum,
has been the subject of numerous studies. We
have reviewed 36 selected references that de
scribe the analyses of 1 in a variety of matrices
[1-36]; most address the detection of 1 and/or
its metabolites in biological specimens, including
plasma [4,6-13,16,17,20,23,24,26,28,30,35,36],
blood [1,3,13], urine [5,7,13,16,19-21,24-27,
29,30,32,34], saliva [7,11] and tissue [15]. Similar
methods have been applied for the detection of 1
in tobacco [14], allergenic extracts of tobacco
[18], environmental samples [9,31,33] and neat
[2,22]. Due to recent concerns over the passive
inhalation of tobacco smoke, detection of en
vironmental contamination·by 1 has come into
sharp focus [31,33]. Of the various methods
reviewed, all but one [25] were chromatographic,

* Corresponding author.

with twenty-one utilizing gas chromatography
(GC) [1-4,6-13,15-17,20,23,24,30,31,35,36] and
thirteen employing high-performance liquid
chromatography (HPLC) [5,14,18,19,21,22,26
29,32-34]. Of the GC methods reviewed, twelve
utilized nitrogen-phosphorous detection [4,7,9
13,15,17,23,30,31], six employed mass spec
trometry (MS) [6,15,20,30,35,36], three utilized
flame ionization detection [1,3,16] and three
employed electron-capture detection (ECD)
[2,8,24]. Six of the HPLC procedures relied
upon UV detection [5,14,18,19,21,33], while
radiometric detection [26], electrochemical de
tection [22,28] and MS [34] were used in four
methods. Finally, in three instances HPLC anal
yses were preceded by chemical derivatization
(ChD) to give colored products which were
subsequently measured in the visible range
[27,29,32] .

In general, GC analysis of 1 and its congeners
was superior to HPLC in terms of on-column
detectability and specificity. Typical GC on
column minimum detectable quantity (OC-

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V All rights reserved
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MDQ) levels were usually in the 50-100 pg
range, with a few methods reporting lower than
10 pg [8,9,13,17] and one method below 100 fg
[36]. The highest specificities were observed with
high-resolution capillary columns and element
specific or, especially, MS detectors. In contrast
to GC, typical OC-MDQs for HPLC ranged
from 100 pg to over ·10 ng. However, the overall
methodology MDQ (MTH-MDQ) was still
reasonably sensitive due to the much larger
HPLC injection volumes. In addition, HPLC
was better suited for the analysis of certain
highly polar metabolites of 1 (e.g., nicotine N
oxide), which either do not chromatograph or
exhibit poor chromatographic behavior using
Gc.

Our interest in 1 has been peripheral and
evolved during investigations into the detection
of coca alkaloids in refined, illicit cocaine sam
ples, in particular the N-methylpyrrolidine al
kaloids hygrine and cuscohygrine. Specifically,
we were interested in determining whether either
alkaloid underwent high-yield heptafluoro
butyrylation at a carbon site for subsequent
analysis using capillary gas chromatography
electron-capture detection (cGC-ECD). We
have previously reported such unusual acylation/
derivatization reactions for the cGC-ECD analy
ses of fentanyl [37], morphine N-oxide and
didehydroheroin [38]. Since hygrine and cus
cohygrine were not commercially available, the
N-methylpyrrolidine-substituted alkaloid nico
tine, 1, was utilized as a model compound.

Herein, we report the successful derivatization
of 1 with heptafluorobutyric anhydride (HFBA)
in the presence of pyridine. The resultant deriva
tive exhibited excellent chromatographic be
havior and was extremely sensitive towards
cGC-ECD analysis, with an OC-MDQ below 5
pg. The overall methodology represented a sig
nificant improvement over most existing proce
dures in terms of on-column detectability.

EXPERIMENTAL

Standards, solvents and chemicals
Nicotine, 1 (98%), was obtained from the

Aldrich (Milwaukee, WI, USA). Other drug
standards were acquired from the standards
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collection of the Special Testing and Research
Laboratory, US Drug Enforcement Administra
tion (McLean, VA, USA). All solvents except
water were distilled-in-glass products of Burdick
and Jackson (Muskegon, MI, USA). Aldrin
(utilized as an internal standard) was obtained
from Supelco (Bellefonte, PA, USA). HFBA,
supplied in 1-ml ampules, was obtained from
Pierce (Rockford, IL, USA). All other chemicals
were reagent grade.

Glassware
All derivatization reactions and extractions

were performed in either 5- or 15-ml glass-stop
pered centrifuge tubes. Prior to use, the tubes
were treated with hot Nochromix (commercial
oxidant)-sulfuric acid solution, rinsed with
water, methanol and acetone and dried under
vacuum.

Capillary gas chromatography-electron-capture
detection

All chromatograms were generated in the
splitless mode using two Hewlett-Packard Model
5880 gas chromatographs interfaced with Hew
lett-Packard Level IV data processors; both were
equipped with 63Ni electron-capture detectors
(15 mCi). For the initial phase of this study, gas
chromatograph No.1 was fitted with a 15 m x
0.25 mm I.D. fused-silica capillary column
coated with DB-5 + (0.25 JLm) (J&W Scientific,
Rancho Cordova, CA, USA). The oven tem
perature was multilevel programmed as follows:
(level 1) initial temperature, 90°C, initial hold,
1.0 min; temperature program rate, 25°C/min;
final temperature, 200°C; final hold, 1.0 min;
(level 2) temperature program rate, 4.0°C/min;
final temperature, 275°C; final hold, 10 min. In
the latter part of this investigation, the 15-m
DB-5 + column was replaced by a 30 m x 0.25
mm I.D. column coated with DB-5 (0.25 JLm).
Gas chromatograph No. 2 was fitted with two
separate 30 m x 0.25 mm I.D. fused-silica capil
lary columns coated with DB-1 (0.25 JLm) and
DB-1701 (0.25 JLm), respectively. For all three
30-m columns, the oven temperatures were
multilevel programmed as follows: (level 1)
initial temperature, 90°C, initial hold, 1.5 min;
temperature program rate, 25°C/min; final tem-
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to the acetonitrile extract (final volume of 5 ml)
prior to analysis to improve chromatographic
performance.

A 2-ml volume of the 5-ml volume (above) was
concentrated by nitrogen blowdown to 300 iLl
and this concentrate was used for trimethylsilyla
tion. Trimethylsilylation was performed by com
bining 100 iLl BSTFA, 100 iLl pyridine and the
300 iLl extract in a 1.8-ml screw-capped (PTFE
lined) glass vial. This sample was heated for 20
min at 60°C prior to analysis [28]. Analysis was
performed immediately after cooling to minimize
degradation.

Instrumental
Capillary column GC-MS and GC-MS-MS

analyses were performed with a VG AUTO
SPEC-Q hybrid tandem mass spectrometer
equipped with a Hewlett-Packard Model 5890
gas chromatograph. A 15 m x 0.32 mm I.D. DB
1701 J&W capillary column (0.25 iLm film thick
ness) was used for all analyses with the following
temperature program: 40°C (2 min) 10°C/min
280°C (5 min). All GC injections were cool
on-column using an injector of our own design
[29]. The EI operating conditions were as fol
lows: source pressure, 3.10-6 Torr; source tem
perature, 200°C; electron energy, 70 eV; and
electron emission, 100 iLA. Ammonia (99.99%,
Anhydrous grade, Liquid Carbonic) CI operating
conditions were as follows: source pressure, 8·
10-5 Torr (NH;-:NH; approximately 15:1);
source temperature, 120-130°C, electron energy,
50 eV; and electron emission, 300 iLA. Source
pressure readings were taken near the source
and CI source temperatures increased slightly
during each GC-MS analysis due to filament
heating. All EI and CI mass spectra were ob
tained using a VG EIICI source at a resolution
of 1000 to 2000 (10% valley definition) and an
accelerating voltage of 8 kY. Mass spectral data
were collected from 400 to 40 u at a scan rate of
0.5 s/decade. Deuterated ammonia (99%, MDS
Isotopes) CI-MS analysis of the TMS derivatives
of the hydrolysis products of HT and HQ was
performed under conditions similar to the am
monia CI-MS conditions described above.

The daughter spectrum of m/z 167 for the
TMS derivative of 2-chloroethyl (2-hydroxyethyl-

thio)ethyl ether was obtained under ammonia CI
conditions (above) with a collisional associated
dissociation (CAD) cell energy of 13 eV and an
argon pressure of 10-6 Torr (near CAD cell).
Daughter spectra for thiodiglycol (m/z 122) and
thiodiglycol sulfone (m /z 111) were obtained
under EI conditions (above) with a CAD cell
energy of 17 eV and an argon pressure of 10-6

Torr (near the CAD cell). The quadrupole was
operated at unit resolution and scanned from 250
to 50 u at 0.5 s/scan during all capillary column
GC-MS-MS analyses.

RESULTS AND DISCUSSION

HQ and HT, two munitions-grade mustard
formulations, containing predominately mustard
(H) and sesquimustard (Q), and mustard (H)
and bis[(2-chloroethylthio)ethyl] ether (T), re
spectively [14), were hydrolysed in an attempt to
characterize the principal hydrolysis products of
these munitions samples. Fig. 1 illustrates the
total-ion-current chromatogram for the principal
hydrolysis products of mustard and the longer
chain sulfur vesicants, 2-chloroethyl (2-chloro-
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Fig. 1. Capillary column GC-EI-MS total-ion-current (400
to 40 u) chromatogram of the hydrolysis products of approxi
mately 300 ng of HT and HQ. Compounds are identified in
Table I. Time scale in min.



286 P.A. D'Agostino and L.R. Provost / J. Chromatogr. 645 (1993) 283-292

TABLE I

COMPOUNDS IDENTIFIED AFTER GC-MS AND GC-MS-MS ANALYSIS OF SAMPLES

Peak
No."

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

Molecular
mass

104
120
158
140
122
202
184
218
200
182
262
244
226
212
266
256
272
326
316
370
298

Compound

1,4-Thioxane
1,4-Dithiane
Mustard
Hemisulfur mustard
Thiodiglycol
2-Chloroethyl (2-chloroethoxy)ethyl sulfide
2-Chloroethyl (2-hydroxyethylthio)ethyl ether
Sesquimustard
2-Chloroethyl (2-hydroxyethylthio)ethyl sulfide
Bis(2~hydroxyethylthio)ethane
Bis[(2-chloroethylthio)ethyl] ether
(2-Chloroethylthio)ethyl (2-hydroxyethylthio)ethyl ether
Bis[(2-hydroxyethylthio)ethyl] ether
TMS derivative of hemisulfur mustard
Di-TMS derivative of thiodiglycol
TMS derivative of 2-chloroethyl (2-hydroxyethylthio)ethyl ether
TMS derivative of 2-chloroethyl (2-hydroxyethylthio)ethyl sulfide
Di-TMSderivative of bis(2-hydroxyethylthio)ethane
TMS derivative of (2-chloroethylthio)ethyl (2-hydroxyethylthio)ethyl ether
Di-TMS derivative of bis[(2-hydroxyethylthio)ethyl] ether
Di-TMS derivative of thiodiglycol sulfone

"Refer to Figs. 1, 2 and 5.

ethoxy)ethyl sulfide, sesquimustard and bis[(2
chloroethylthio)ethyl] ether. The partial (e.g.,
HO-CHzCHz-S-CHzCHz-CI) and/or full
(e.g., HO-CHzCHz-S-CHzCHz-OH) hydrol
ysis products for mustard and the three other
longer-chain sulfur vesicants were the predomi
nate sample components, with a lesser contribu
tion coming from intact sulfur vesicants and the
commonly observed mustard impurities 1,4
thioxane and 1,4-dithiane [14].

Chromatography of partial hydrolysis products
was excellent and equivalent to the gaussian
peak shape routinely observed for the sulfur
vesicants. However, the chromatographic quality
deteriorates somewhat for the full hydrolysis
products due to the polarity of two hydroxyl
substituents. A small amount of tailing was
typically observed (Fig. 1) during capillary
column GC-MS of these compounds (peak num
bers 5, 10 and 13). With more active or poorly
conditioned capillary columns the quality of
chromatography deteriorates significantly and

low nanogram detection of full hydrolysis prod
ucts, such as thiodiglycol, cannot be reliably
made. Analysis of authentic reference standards
(e.g., thiodiglycol) prior to the analysis of un
known samples is recommended to ensure good
quality control for this reason.

The activity of capillary columns becomes less
critical during the analysis of the TMS deriva
tives of the hydrolysis products, as these com
pounds are much less polar than the underivat
ized compounds. Gaussian peak shape was ob
served (Fig. 2) during chromatography of the
TMS derivatives of the full hydrolysis products
(peak numbers 15, 18 and 20). Improved chro
matographic performance and the fact that direct
trimethylsilylation of samples, such as soil, en
ables extraction of chemical warfare agent hy
drolysis products [17] makes derivatization an
attractive complementary confirmation tech
nique.

The EI mass spectra of the partial and full
hydrolysis products of mustard and the longer-
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Fig. 2. Capillary column GC-EI-MS total-ion-current (400
to 40 u) chromatogram of the hydrolysis products of approxi
mately 300 ng of HT and HQ after trimethylsilylation.
Compounds are identified in Table I (minor sample com
ponents, with retention times near 2 min, were due to the
TMS derivatizing reagent). Time scale in min.

chain sulfur vesicants generally provide little or
no molecular ion information (Figs. 3 and 4).
This fact, coupled with the lack of higher-mass
structurally significant EI ions for several com
pounds, prompted the evaluation of ammonia CI
as a complementary confirmation technique.
Ammonia CI-MS, a technique recently reported
for longer-chain sulfur vesicants [27], provided
(M + H) + and/ or (M + NH4) + pseudo-molecu
lar ions for all the hydrolysis products along with
structurally significant CI fragmentation ions.

Mustard hydrolysis
Mustard hydrolysis results in the production of

the partial hydrolysis product, hemisulfur mus
tard, and the full hydrolysis product, thiodigly
col. The EI mass spectra of hemisulfur mustard
(Fig. 3a), thiodiglycol (Fig. 3e) and the di-TMS
derivative of thiodiglycol (Fig. 3g), included for
completeness, were similar to those reported by
Wils and Hulst [13]. The EI mass spectrum of
the TMS derivative of hemisulfur mustard (Fig.
3c) exhibited higher-mass ions at m/z 197 and

m/z 176 due to (M - CH3 t and (M - HClt
but did not exhibit a molecular ion.

(M + Ht and/or (M + NH 4 t pseudo-molec
ular ions were observed for hemisulfur mustard
(Fig. 3b), the TMS derivative of hemisulfur
mustard (Fig. 3d), thiodiglycol (Fig. 3f) and the
di-TMS derivative of thiodiglycol (Fig. 3h).
Hemisulfur mustard exhibited an intense CI
fragmentation ion at m/z 105 due to protonated
1,4-thioxane and the TMS derivative was charac
terized by ions at m/z 177 and m/z 123 due to
(M + H - HClt and (C2H4-S-C2H 4Clt. Thio
diglycol exhibited a weak CI fragmentation ion
at m/z 105 due to protonated 1,4-thioxane and
the di-TMS derivative of thiodiglycol was charac
terized by an intense CI ion at m /z 177 due to
[M + H - (CH3)3Si(OH)r. CI ions characteris
tic of TMS derivatization at m/z 73, (CH3)3Si+,
and m/z 90, [(CH3)3SiNH3r were observed for
the TMS derivatives of hemisulfur mustard,
thiodiglycol and the other longer-chain sulfur
vesicant hydrolysis products. The structure of the
ammonia CI ion at m/z 90, observed for all TMS
derivatives, was confirmed by the observation of
an ion at m/z 93, due to [(CH3)3N2H3r, during
deuterated ammonia CI-MS analysis.

2-Chloroethyl (2-chloroethoxy)ethyl sulfide
hydrolysis

Only the partial hydrolysis product of 2-chlo
roethyl (2-chloroethoxy)ethyl sulfide was de
tected during EI and CI analysis of the hydro
lysed sample. Under EI conditions 2-chloroethyl
(2-hydroxyethylthio)ethyl ether exhibited an in
tense protonated 1,4-thioxane ion (Fig. 3i) and
the TMS derivative of this hydrolysis product
contained a weak ion at m/z 241 due to (M
CH3)+ (Fig. 3k). Under ammonia CI conditions
molecular ion information was obtained for both
2-chloroethyl (2-hydroxyethylthio)ethyl ether
(Fig. 3j) and its TMS derivative (Fig. 31). An ion
at m/z 167 due to (C2H4-S-C2HcO-C2H4
Cl) + was observed during both ammonia CI
analyses.

It was not obvious after interpretation of the
EI and CI data as to whether the hydroxyl
substituent was nearer the sulfur or oxygen
position and only the following general structure
was initially assumed: CIC2H4-X-C2H 4-X
C2H 40H (where one X was an oxygen and the





P.A. D'Agostino and L.R. Provost I J. Chromatogr. 645 (1993) 283-292

10. a 10• ..
eo eo
60 10. 60

60 II HO.............S............S.............OH 60 HO.............S............O.............S~

:l 1'(2: 1 7. 120
l i' Ii" M' 2: J (M.HpJ"

50 "0 >So 2 0 2.0 "0 "0 H', 50 '00 "0 200 2.0 '00 "0 H'.
100 2 0

b
100 ,.

jeo
(M+NH.)'

eo
60 60 J(M.NHJ·60

T (M+H)'
60 244

lt
91r MH~)l20

1651iJ 20 ,y 20 2r60 .. 62
0 0

50 "0 "0 20 2'0 300 '00 H'. 50 "0 ••0 200 2.0 "0 "0 HIZ
100 7J

C
100 7J

keo eo '"
60

'r{
60

TMSO.............S............O.............S............OTMSTMSO.............S............S.............OTMS

T
60

T
40

T20
'I~ '1,0

20 .. 'i,O ",0 "' 0 2"

50 '.0 "0 200 200 300 "0 H. 50 ~oo 150 200 250 300 ,SO HI'
'00 90

d
100 " I

" "60 "40 60

20 'L (M+NHJ' 20 X 11' 2r (M+NHJ'

117 177 237 (M+Hf 344 'f' '1'0 0
50 "0 "0 2'0 2.0 '00 "0 H " '00 .00 200 200 '00 '00 H'.

10.
E .;~

--
m

eo "60
,OS ..
T

"60 H°'V"s............o .............s ............co 75 TMSO.............S............O~

:r..
70

20 l~
l"-HCl)" ••75 200

"0 55"f ':'. ,.. 200 200 '00 "0 HI. "(M+NH.r f
..

2.2 60

" " ..
"

I~WII T
..

I T
227 20

J.HI' "10

T~l',lt71U 209 2i.' •0
50 1 0 "0 200 200 '00 "0 ... . 0 .0 '00 "0 "0 110 110 HI'

100 73

. " I 9

50 160 150 200250 300 )SO HI!.

:100. 9t h
, 80.:

289

Fig. 4. (a) EI and (b) ammonia CI mass spectra of bis(2-hydroxyethylthio)ethane and (c) EI and (d) ammonia CI mass spectra of
the di-TMS derivative of bis(2-hydroxyethylthio)ethane. (e) EI and (f) ammonia CI mass spectra of (2-chloroethylthio)ethyl
(2-hydroxyethylthio)ethyl ether and (g) EI and (h) ammonia CI mass spectra of TMS derivative of (2-chloroethylthio)ethyl
(2-hydroxyethylthio)ethyl ether. (i) EI and (j) ammonia CI mass spectra of bis[(2-hydroxyethylthio)ethyl] ether and (k) EI and
(I) ammonia CI mass spectra of the di-TMS derivative of bis[(2-hydroxyethylthio)ethyl] ether. (m) Daughter spectrum (mlz 167)
for TMS derivative of 2-chloroethyl (2-hydroxyethylthio)ethyl ether acquired during ammonia CI.

thio)ethane, of sesquimustard were detected
during analysis. 2-Chloroethyl (2-hydroxyethyl
thio)ethyl sulfide exhibited a molecular ion at
m/z 200 and higher mass ions due to (M
HzOt· and (M - HClt· at m/z 182 and m/z
164 under EI conditions (Fig. 3m). Lower-mass
ions at m/z 61, (CzHsSt, m/z 105, protonated
1,4-thioxane, and m/z 123, (CzH 4-S-CzH 4Clt,
were typical of those observed for other partial

or full hydrolysis products. The EI mass spec
trum after TMS derivatization yielded a very
weak molecular ion (Fig. 30). However, under
ammonia CI conditions 2-chloroethyl (2-hy
droxyethylthio)ethyl sulfide provided both (M +
Ht and (M + NH 4 t pseudo-molecular ions
(Fig. 3n). Following TMS derivatization of 2
chloroethyl (2-hydroxyethylthio)ethyl sulfide the
ammonia CI mass spectrum exhibited a reason-
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Fig. 2. Reaction scheme of the reductive silylation of hy
droxyquinones 1-10.

(4)], 1,4-dihydroxy-9,1O-anthracenedione [1,4
DHAQ (5)], 1,5-dihydroxy-9,1O-anthracene
dione [1,5-DHAQ (6)], 5,8-dihydroxy-2(1-hy
droxy - 4 - methyl- 3 - pentenyl) -1,4- naphthalene
dione [5,8-DHHMPNQ (7)], 1,8-dihydroxy-9,10
anthracenedione [1,8-DHAQ (8)], 2-hydroxy
methyl-9,10-anthracenedione [2-HMAQ (9)] and
1,2-dihydroxy-9,10-anthracenedione [1,2-DHAQ

(10)] (Fig. 1) and to a mixture of the entire
series.

The reductive silylation reaction may be ex
pressed as in the reaction scheme shown in Fig. 2
for [5,8-DHHMPNQ (7)].

The reductive silylation reaction was applied
using gradually increasing amounts of the silylat
ing agent (MSTFA), in order to reach the
optimum ratio of hydroxyquinone/silylating
agent (Fig. 3). The completion of the reaction
was checked by GC (one peak).

Table I presents the optimum conditions and
yields of the reductive silylation reaction of the
hydroxyquinones.

The longer reaction periods and the increased
amounts of silylating agent required for the artha

a b c d e

3 3 3 3 3 3

minto·10. 9.00. • a. d8.0010.1l.00

,-J

1

1

I

1

i
I

j
2

j
2

, I
0: 6.bo 10 .00 q.OO 'i) {I 0 9.00 00

Fig. 3. 5-HNQ (1) as an example of optimization process of the hydroxyquinone-to-MSTFA ratio. Moles of hydroxyquinone to
moles of MSTFA = (a) 1:14, (b) 1:21, (c) 1:28, (d) 1:35, (e) 1:40, and (f) 1:42. For conditions, see Experimental. Peaks:
1 = 5-HNQ-TMS; 2 = 5-HNQ-2-TMS; 3 = 5-HNQ-3-TMS.
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TABLE II

GAS CHROMATOGRAPHIC AND MASS SPECTROMETRIC DATA FOR THE REDUCTIVELY SILYLATED
HYDROXYQUINONES 1-10

No. Hydroxyquinone Product tR
M+': Principal ions:

(min) m/z, relative m/z, relative intensity (% )",b

No. Compound intensity (%)

1 5-HNQ la 5-HNQ-3-TMS 8:16 392(100) 394(18), 395(28), 392(100), 377(8),
304(12), 289(30), 273(12), 229(5),
147(1), 73(62), 45(18)

2 2-HNQ 2a 2-HNQ-3-TMS 8:20 392(100) 394(16), 393(30), 392(100), 377(5),
304(20), 289(15), 229(10), 147(5),
73(63), 45(20)

3 5,8-DHNQ 3a 5,8-DHNQ-4-TMS 8:36 480(95) 482(25), 481(31), 480(95), 392(10),
304(12), 274(8), 244(1), 229(5),
147(1), 73(100), 45(20)

4 I-HAQ 4a I-HAQ-3-TMS 9:38 442(50) 444(8), 443(19), 442(50), 354(12),
339(6), 324(3), 281(9), 279(3),
235(3), 147(1), 74(9), 73(100),
45(18)

5 1,4-DHAQ 5a 1,4-DHAQ-4-TMS 9:45 530(7) 530(7), 442(2), 354(5), 324(2),
294(1), 279(2), 147(2), 73(100),
45(20),

6 1,5-DHAQ 6a 1,5-DHAQ-4-TMS 9:58 530(11) 530(11), 442(1), 354(6), 324(1),
294(1), 279(1), 147(1), 73(100),
45(20)

7 5,8-DHHMPNQ 7a 5,8-DHHMPNQ-5-TMS 10:07 650(5) 650(5), 583(10), 582(17), 581(40),
493(10), 421(5), 405(3), 229(1),
147(2), 73(100), 45(10)

8 1,8-DHAQ 8a 1,8-DHAQ-4-TMS 10:25 530(10) 531(5), 530(10), 442(5), 369(5),
412(1),297(1), 279(1), 73(100),
45(20)

9 2-HAQ 9a 2-HAQ-3-TMS 10:35 456(47) 458(7), 457(20), 456(47), 367(5),
294(2), 279(7), 147(5), 75(6),
74(8), 73(100), 45(25)

10 1,2-DHAQ lOa 1,2-DHAQ-4-TMS 10:50 530(75) 532(18), 531(30), 530(75), 515(5),
442(18), 412(1), 369(6), 297(4),
279(1), 147(3), 74(8), 73(100),
45(20)

a Relative to the base peak.
b The base peak is italicized.

Fig. 5. Main fragmentation path of the ortho-silylated hy
droxyquinones.

w·~w~w
~Me~ ~ .

[M-a8j [M-103j [M-118)

Fig. 4. Main fragmentation path of the peri-silylated hy
droxyquinones.

[M-88) [M-103) [M-118)
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a, rnIz 304 C, rnIz 289 b, rnIz 304 d. rnIz 289 e, rnIz 354

Fig. 8. Principal ions formed by the fragmentation of the reductively silylated hydroxyquinones 1 (a, c), 2 (b, d) and 4 (e).

and lOa. Compounds 7a and 9a follow their own
fragmentation pathway due mainly to the exist
ence of an aliphatic side-chain in each of them.

tively, for 8a and lOa), m/z 369, (p, q) and m/z
297 (r, t), the last one being of very low
abundance (0.1 % and 2%, respectively) (Fig. 9).

Fig. 9. Principal ions formed by the fragmentation of the
reductively silylated hydroxyquinones 8 (m, p, r) and 10 (n,
q, t).

Mass spectra of 5,8-DHHPMNQ-5-TMS (7a)
and 2-HMAQ-3-TMS (9a)

The fragmentation pattern of 7a begins by the
elimination of the side-chain followed by two
successive losses of tetramethylsilane molecules.
Three ions of m/z 581, 493 and 405 are formed,
corresponding to [M - CsH 9] (D), [M - CSH 9
88] (v) and [M - CSH 9 - 2 x 88] (w) ions, respec
tively (Fig. 10).

Elimination of a trimethylsilyloxy radical from
the molecular ion of 9a, followed by the loss of a
trimethylsilyl radical, forms two ions of m/z 367
(x) and 294 (y) (Fig. 11).

r, mIz. 297

t, mJz 297

p, mlz 369

q, mlz 369

m, m/z 442

n, mlz. 442

Mass spectra of 5-HNQ-3-TMS (la), 2-HNQ-3
TMS (2a) and 1-HAQ-3-TMS (4a)

Both 1a and 2a show the molecular ion M +. of
m/z 392 as the base peak and the [M - 88t ion,
a, b, of m/z 304 in significant abundance (12%
and 20%, respectively) (Fig. 8). However, owing
to the ortho effect, the ion c, [M - 103] +" of m/z
289, is of lesser abundance (15%) in 2a than in
its isomer 1a (d, 30%). In the mass spectrum of
4a the ion [M -l03t of m/z 339, e, is of lesser
abundance (6%) than the [M - 88t ion of m/z
354, suggesting the greater stability of the former
ion, e.

Mass spectra of 5,8-DHNQ-4-TMS (Ja), 1,4
DHAQ-4-TMS (Sa), 1,5-DHAQ-4-TMS (6a),
1,8-DHAQ-4-TMS (Sa) and 1,2-DHAQ-4-TMS
(lOa)

In the mass spectra of all these trimethylsilyl
ethers the base peak is due to a fragment of m/z
73, through the gradual loss of two trimethylsilyl
radicals for the first three or only one for the last
two. Therefore, two peaks are observed at m/z
392 and 304 for 3a and m/z 442 and 354 for the
others, corresponding to the [M - 88] + and [M 
176t ions, respectively.

For the last two ethers elimination occurs first
of a tetramethylsilane molecule followed by the
loss of a trimethylsilyl radical and finally of a
(CH3)2Si=CH2 molecule. Consequently, three
ions are formed, of m/z 442 (m and n, respec-
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methylene chloride (1 ml) and the solvent was
removed with a Savant evaporator (Model SVC
100H). The residue was transferred to the re
action vial in methylene chloride (200 pol).

Derivatizations
CDI (100 pol of stock solution, 100 pog, 616

nmol) and one of Ib-4b (100 pol of test solu
tions, 10 pog, 47.8 nmol) were added to a Pierce
Reacti-Vial (45 x 13 mm) equipped with a PTFE
coated micro stir bar (10 x 3 mm) and a PTFE
lined screw cap (septum type). The mixture was
magnetically stirred (Reacti-Therm III module)
under argon gas for 15 min at room temperature
(21-23°C), then the amine (800 nmol) in methyl
ene chloride (100 or 200 pol) was added and
stirring was continued at room temperature for 1
h. The reaction mixture was evaporated to
dryness (Savant). Methyl tert.-butyl ether (500
pol) and 1 M hydrochloric acid (500 pol) were
added followed by a 2-min shake (Vibrax) and a
2-min centrifugation. The organic phase was
transferred to a glass tube (100 x 13 mm) and
washed with 500 pol of a saturated solution of
sodium borate (prepared from Na2B40 7 •

lOH20, Fisher), then with water (500 pol), cen
trifuging after each wash. The organic phase in a
glass tube (100 x 13 mm) was evaporated (Sav
ant), the residue was dissolved in methylene
chloride (100 pol), vortexed (VWR vortex mixer)
and 1-4-pol portions were removed (Hamilton
701 syringe) for capillary GC and GC-MS analy
ses.

Instrumentation and chromatographic conditions
Hewlett-Packard 5830 and 5890 gas chroma

tographs equipped with flame ionization detec
tors were used. The injector and detector tem
peratures were 225 and 250°C, respectively.
Helium was used as the carrier gas with inlet
pressures adjusted to give linear flow velocities
for hexane of 28-29 cm/s at 35°C. J&W fused
silica capillary columns of DB-1 (30 m x 0.25
mm I.D.; film thickness 0.25 porn), DB-5 (30
m x 0.32 mm I.D.) and DB-WAX (30 m x 0.24
mm I.D.) were used. Samples were injected
splitless (30 s) with column temperature pro
gramming (DB-I, DB-5) from 50 to 140°C at
25°C/min, at 3°C/min to 215°C and at 15°C/min
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to 265°C. With DB-WAX, the rate was 25°C/min
from 50 to 140°C and 3°C/min to 250°C.

Mass spectra were obtained on a Hewlett
Packard 5985B GC-MS instrument under elec
tron-impact (70 eV) and chemical-ionization
conditions. Isobutane (0.5 Torr; 1 Torr =
133.322 Pa) served as the reagent gas for
chemical-ionization mass spectrometry. The
transfer lines were maintained at 250°C and the
ion source at 200°C (electron impact) or 180°C
(chemical ionization). Capillary columns of HP-1
(25 m x 0.2 mm I.D.) from Hewlett-Packard and
SPB-1 (30 m x 0.32 mm I.D.) from Supelco were
used. The samples were injected splitless (30 s)
with helium as the carrier gas.

RESULTS AND DISCUSSION

Derivatization experiments were initially car
ried out with the (lR,3S)-cis enantiomer lb by
reacting this optically active acid with excess
CDI and (R)( - )-amphetamine. Our procedure is
based, in part, on a publication of Singh et ai.
[13] who reported the derivatization of several
2-arylpropionic acids with these reagents in
methylene chloride or chloroform. Although the
reported conditions suggested a 2-h stir at 65
85°C [13,14], lb (and the other permethrin acids)
could be derivatized in methylene chloride at
room temperature (1 h).

Assuming that both chiral reagents were opti
cally pure and that racemization did not occur
during the reaction, the anticipated derivative
3- (2,2-dichloroethenyl) -2,2-dimethyl-N-(1-meth
yl-2-phenylethyl) cyclopropanecarboxamide (Ie)
will possess the R, Sand R stereochemistry at
C-1, C-3 and in the amine moiety, respectively.
Therefore, Ie is designated as the RSR dia
stereomer.

GC-MS analysis of a derivatized mixture gave
a mass chromatogram shown in Fig. 2. Under
electron-impact conditions, the component at
22.7 min showed a pair of weak ions at m/z 325
and 327 corresponding to the molecular ions for
Ie (C17H21 Cl2NO+·). Prominent fragment ions
at m/z 91 (base peak), 119 and 162, originating
from the amphetamine portion of the molecule,
were observed. The chemical-ionization mass



306 WG. Taylor et al. / J. Chromatogr. 645 (1993) 303-310

6

I

lC

(a) RCo,H •
N"'""\ i /""-N Y /">-N
~N-e-N~ - RC-NV

!R'- NH,

Y
RC-NH-R'

N • co,

• N

R'- N-C-C>

Fig. 3. Reactions of CDI with carboxylic acids and primary
amines. (a) Amide formation; (b) urea and isocyanate
formation. 1M = Imidazole.
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Fig. 2. Total ion mass chromatogram (70 eV) of a mixture
obtained from derivatization of (lR,3S)-cis acid Ib with CDI
and (R)(-)-amphetamine. The HP-l column was tempera
ture programmed from 50 to 140°C at 25°C/min, at 5°C/min
to 215°C, then at 15°C/min to 265°C. Peaks: Ie = amide;
5 = urea; 6 = isocyanate.

(b) R'- NH:z • • N

! R'- NH2

y
R'NH-C-NHR' + N

spectrum gave prominent quasimolecular ions
for Ie, at m/z 326 and 328.

Derivatization of Ib with (S)( +)-amphetamine
gave a mass chromatogram that was similar to
Fig. 2 except that the desired ld (RSS) eluted
before Ie, at 22.4 min. The mass spectra of Ie
and Id were nearly identical.

Fig. 2 shows that a second major component
of the derivatization reaction eluted from the
capillary column at 24.5 min. The molecular
mass (296) and fragment ions (m/z 205, 91, 44)
suggested that this product was the symmetrical
ly disubstituted methylphenylethyl derivative of
urea, C6HsCHzCH(CH3)NHCONHCH(CH3)
CHZC6H s (5). Ureas are formed by the reaction
of amines with CDI [20], and this pathway would
be expected to compete with the desired amide
bond-forming reaction (Fig. 3). Furthermore,
intermediate imidazole-N-carboxamides can dis
sociate to an isocyanate and imidazole [20].
Indeed, a third major component eluting at 6.5
min (Fig. 2) gave a molecular ion at m/z 161
corresponding to C6H sCHzCH(CH3)N = C = 0
(6) in addition to fragment ions at m/z 91 and
70. The urea (5) and isocyanate (6) were also
found in control derivatizations without lb.

It is also possible that 6 represents a thermal
degradation product since ureas are capable of

decomposing to isocyanates during gas chroma
tography [21].

GC analyses with DB-1 indicated that samples
of Ie (RSR) contained a small amount of a
compound with the same retention time as Id
(RSS). Naturally, ld would also be formed if
(S)( + )-amphetamine was a contaminant in the
sample of (R)( - )-amphetamine. This minor iso
meric component (1-2% from GC peak area
ratios) could also be 2e (SRR) if Ib was contami
nated with 2b because Id and 2e are optical
isomers and have identical retention times on
achiral columns.

Samples of ld, prepared from Ib and (S)( +)
amphetamine, were found by GC to contain Ie
(or possibly 2d) but to the extent of 5%. This
discrepancy could be attributed to small differ
ences in the optical purities of the amine sam
ples, (R)( - )-amphetamine being purer than
(S)( +)-amphetamine. Indeed, derivatization of
the (1S,3R)-cis acid 2b with CDI and (R)(-)
amphetamine gave 2e (SRR) and 2d (or Ie) in a
ratio of 98 to 2 whereas experiments with
(S)( + )-amphetamine gave a ratio of 2d to 2e (or
Id) of 95 to 5. These results also indicated that
the derivatizations proceeded without racemiza-











Journal of Chromatography, 645 (1993) 311-317
Elsevier Science Publishers B.Y., Amsterdam

CHROM. 25 286
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ABSTRACT

Mobility, theoretical plate count, and resolution are reported for single-stranded DNA in polyacrylamide containing 0,0.5,2.5,
and 5% cross-linker and 6% total acrylamide. An electric field of 300 V/cm was used with 50 JLm I.D. capillaries. Mobility
decreases with increasing cross-linker concentration. The transition from normal mobility to the limiting mobility of biased
reptation with stretching occurs for longer fragments as the %C is decreased. Theoretical plate counts do not vary significantly
between the different polyacrylamide compositions. Resolution is higher for O%C polyacrylamide, due to the latter onset of
biased reptation with stretching.

INTRODUCTION

Since 1989, there have been a number of
reports of DNA sequencing by capillary gel
electrophoresis [1-9]. The high surface-to-vol
ume ratio of the capillary facilitates the use of
high electric fields for fast separations. However,
there have been few systematic studies of the
effect of gel composition on separation parame
ters [10]. In this paper, we consider the effect of
cross-linker concentration on mobility, plate
count, and resolution in the separation of DNA
sequencing fragments by polyacrylamide gel
electrophoresis.

Bisacrylamide is the most common cross-link
ing agent used in polyacrylamide gels. The cross
linker concentration (%C) is usually expressed
as a mass percentage of the total monomer
concentration in the gel. The mass percent of

• Corresponding author.

monomer plus cross-linker is denoted as %T, the
total acrylamide concentration. Most workers
employ 5%C polyacrylamide gels, although
there have been reports on the use of much
lower. %C gels.

Recently, attention has focused on the use of
O%C polyacrylamide in electrophoresis. These
entangled polymer solutions have relatively low
viscosity and they may be pumped from the
capillary after use. There is hope that by refilling
the capillary after every separation, it will not b~
necessary to realign optical systems in automated
DNA sequencers. Bode [11,12] apparently per
formed the first work with non-cross-linked poly
acrylamide in the mid-1970s; he combined O%C
polyacrylamide with agarose for separation of
proteins and nucleic acids. Mobility was a func
tion of polymer length. Crambach and co-work
ers [13-15] compared the performance of O%C
and 5%C gels at various total acrylamide con
centrations. More recently, Heiger et al. [16]
compared 0, 0.5 and 5%C gels for separation of

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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double-strand DNA; they also studied the effect
of electric field on the resolution of fragments
4363 and 7253 bases in length. Sudor et al. [17]
reported that O%C polyacrylamide could be
pumped from a capillary through use of a special
high pressure syringe; the effect of the total
acrylamide concentration was considered. Pen
toney et al. [18] reported DNA sequencing in
10%T, O%C polyacrylamide at an electric field
of 300 V/cm; sequence could not be determined
for fragments longer than 300 bases. Similar
results have been reported by Huang et al. [19]
with 9%T O%C gels. Chiari et al. [20] argued
that the high viscosity of 10%T, O%C poly
acrylamide eliminates any hope of refilling capil
laries with that material; only low %T poly
acrylamide has sufficiently low viscosity for re
placement. These authors also pointed out that
the polymerization reaction does not go to com
pletion; at least 20% monomer remains after
pOlymerization. Guttman et al. [21] reported the
use of low total percent linear polyacrylamide for
separation of double-strand DNA; they claimed
that the capillary could be reused 100 times
without replacement of the separation medium.

EXPERIMENTAL

Fluorescently labeled DNA sequencing sam
ples were prepared using 1 ILl M13mp18 single
stranded DNA (United States Biochemical,
Cleveland, OH, USA), 1 ILl of ROX primer
(Applied Biosystems, Los Angeles, CA, USA)
and 1 ILl of Sequenase (United States Biochemi
cal). Only ddATP was used as terminating nu
cleotide. The samples were ethanol precipitated,
washed, and then re-suspended in 4 ILl of a
mixture of formamide-0.5 M EDTA (49:1) at
pH 8.0.

Stock solution of 40% acrylamide-X%N,N'
methylenebisacrylamide (Bio-Rad, Toronto,
Canada) were prepared monthly. Gels (6%T)
were prepared daily in 5-ml aliquots by dilution
of the stock acrylamide-bisacrylamide solution.
The aliquots also contained 1 x TBE buffer (0.54
g Tris, 0.275 g boric acid, and 0.100 mmol
disodium EDTA, diluted to 50 ml with deionized
water) and 7 M urea. Before polymerization, the
solution was carefully degassed for at least 20
min under vacuum provided by a water as-

pirator. Polymerization was initiated by addition
of 2 ILl of N,N,N',N'-tetramethylethylene
diamine (TEMED) and 20 ILl of 10% ammo
nium persulfate; polymerization was done at
room temperature over night. The solutions
were injected into a capillary using a modified
syringe. The gels were covalently bound to the
capillary wall through use of "}'-methacryloxy
propyltrimethoxysilane. O%C polyacrylamide
was covalently bound to the full length of the
capillary; other gels were bound to the last 5 cm
of the capillary. The polyimide-coated, fused
silica capillaries were typically 35 cm long x 50
ILm J.D. x 190 ILm O.D.

The one-spectral channel DNA sequencing
capillary electrophoresis system has been de
scribed before [6,8]. In this system, the injection
end of the capillary is kept in a Plexiglas box
equipped with a safety interlock. The opposite
end of the capillary is inserted into the flow
chamber of a sheath flow cuvette; the cuvette is
held at ground potential. Fluorescence is excited
with the green (543 nm) line of a He-Ne laser.
Fluorescence is collected at right angles with a
microscope objective, imaged onto a pinhole,
passed through a band pass filter and detected
with a photomultiplier tube (PMT). A Macin
tosh computer digitizes the signal of the PMT.
The samples were injected at 200 Vlcm for 60
seconds and eluted at 300 Vlcm with a fresh
1 x TBE buffer.

RESULTS AND DISCUSSION

Three to six electropherograms were obtained
for each value of %C studied; in all cases, 6%T
polyacrylamide was used. The order in which the
gels were prepared was randomized, and fresh
gels were used for each experiment. The results
reported are average values. There were approx
imately a 5 to 10% variation in retention time for
different gels of the same nominal composition.
We believe that this variation arises during our
vacuum degassing step; evaporation produces ca.
5% decrease in solution volume. Because the
final volume is not precisely controlled, the
concentration of polymer components will have a
minor variation. It appears that the length of the
polymer is a strong function of the concentration
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of catalyst and initiator, which gives rise to the
variation in viscosity and electrophoretic mobi
lity.

As in our earlier work, there is a linear
relationship between fragment length and reten
tion time for relatively short sequencing frag
ments ranging from 60 to 240 bases [10]. The
slope and intercept are summarized in Table I.
The plots have a common intercept, which
corresponds to a retention time of 11.7 min and
a mobility of 1.43.10-4 cm2 V-I S-I for a
vanishingly small fragment. This value is slightly
less than observed in our %T study, and pre
sumably results from differences in the fluores
cent labeling scheme used in the two experi
ments.

The mobility (JL) of the DNA sequencing
fragments is calculated froni the retention time,
t r

(1)

where L is the capillary length, E is electric field
and V is the applied potential. Within ex
perimental error, the mobility is identical for 2.5
and 5%C gels. The mobility increases with lower
%C, and is maximum for O%C.

The electrophoretic behaviour of long DNA
fragments is described by the biased reptation
model [22,23]. Fragments smaller than some
threshold are in a random coil configuration;
their mobility decreases inversely with fragment
length. Fragments longer than that threshold are
stretched into a linear configuration; their

TABLE I

LEAST SQUARES SLOPE AND INTERCEPT FROM A
PLOT OF RETENTION TIME (min) VERSUS THE
FRAGMENT LENGTH IN BASES FOR FRAGMENTS
RANGING IN SIZE FROM 60 TO 240 BASES IN
LENGTH

%C Slope (min/base) Intercept (min) r

0 1.02 ± 0.04 .10- 1 1.1 ± 0.1'10' 0.9995
0.5 1.17 ± 0.08 '10-' 1.2 ± 0.1' 10' 0.9988
2.5 1.75 ± 0.03 .10- 1 1.1 ± 0.5 . 10' 0.9999
5.0 1.61 ± 0.09 .10- 1 1.2 ± 0.2 . 10' 0.9992

mobility is independent of fragment length. The
biased reptation model predicts that mobility is
given by

(2)

where a is the slope of the line, N* is the
fragment length for the onset of biased reptation
with stretching and JL", is the mobility of the
longest fragments. A plot of JL versus N- I is
shown in Fig. 1. The biased reptation model
seems to apply to all the fragments larger than
125 bases for 0.5,2.5, and 5%C and 200 bases in
the case of O%C. Eqn. 2 was fit to the linear
portion of the plot of mobility versus the inverse
fragment length. The coefficients obtained are
reported in Table II. The intercept, JL"" is the
mobility of the longest fragments; lower %C gels
generate higher mobility for the longest frag
ments. The slope decreases with %C. The ratio
a/JL", is N*. Fragments with N* bases have half
the mobility compared to the absence of biased
reptation with stretching. The O%C poly
acrylamide produces the highest values of N*,
which suggests that the non-crosslinked polymer
suffers least from the effects of biased reptation
with stretching.

According to the biased reptation model, the
slope of eqo. 2 is proportional to the frictional
coefficient for migration of an elongated frag
ment through the gel. The decrease in slope with
increasing %C implies that the frictional force
experienced by the fragment decreases with
decreasing %c. The largest increase in slope
between 5%C and O%C should be related to the
fact that 5%C is a gel and O%C is an entangled
pOlymer.

A Gaussian function was fit to peaks obtained
for bases 85,117, 184,217,258,309,350 and 396

I(t) = ao + al exp[ -(t - a2 )2 / a;] (3)

where I(t) is intensity as a function of time, ao is
the baseline signal, al is peak height, a2 is the
elution time for the peak center, and a3 is the
standard deviation of the peak. The number of
theoretical plates, Np , was estimated by

N =2.(a2)2 (4)
p a

3
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G. Westerberg et al. / J. Chrornatogr. 645 (1993) 319-325

K-KU 3463, and partially by Grants OTKA No.
1981 and T5218 (Hungary).

REFERENCES

1 M. Phelps, J. Mazziotta and H. Schelbert (Editors), PET
and Autoradiography: Principles and Applications for the
Brain and Heart, Raven Press, New York, 1986.

2 G. Westerberg and B. Uingstriim, in preparation.
3 R.E. Needham and M.F. Delaney, Anal. Chern., 55

(1983) 148-150.
4 S.L. Pentoney, R.N. Zare and J.F. Quint, Anal. Chern.,

61 (1989) 1642-1647.
5 D. Kaniansky, P. Rajec, A. Svec, P. Havasi and F.

Macasek, J. Chrornatogr., 258 (1983) 238-243.
6 K.D. Altria, C.F. Simpson, A.K. Bharij and A.E.

Theobald, Electrophoresis, 11 (1990) 732-734.

325

7 G. Westerberg and B. Ungstriim, Acta Chern. Scand., in
press.

8 F. Kilar and S. Hjerten, Electrophoresis, 10 (1989) 23-29.
9 F. KHar and S. Hjerten, J. Chrornatogr., 480 (1989)

351-358.
10 F. Kilar, J. Chrornatogr., 545 (1991) 403-406.
11 K. Breddam and A. Kanstrup, Carlsberg Res. Cornrnun.,

52 (1987) 65-7l.
12 Y. Degani, H. Neumann and A. Patchornik, J. Am.

Chern. Soc., 92 (1970) 6969-697l.
13 Y. Degani and A. Patchornik, J. Org. Chern., 36 (1971)

2727-2728.
14 H. Wiedner, R. Wetzel and F. Eckstein, J. Bioi. Chern.,

253 (1977) 2763-2768.
15 G.R. Stark, W.H. Stein and S. Moore, J. Bioi. Chern.,

235 (1960) 3177.





Journal of Chromatography, 645 (1993) 327-336
Elsevier Science Publishers B.Y., Amsterdam

CHROM. 25 271

Optimized capillary zone electrophoretic separation of
chlorinated phenols

M.F. Gonnord* and J. Collet
Laboratoire des Mecanismes Reactionnels, URA D 1307 CNRS,· Ecole Polytechnique, F-91128 Palaiseau Cedex (France)

(First received February 8th, 1993; revised manuscript received May 6th, 1993)

ABSTRACT

A mixture of thirteen chlorinated phenols was resolved within 16 min by using a 57 cm x 75 /Lm l.D. fused-silica tube with a 50
mM sodium phosphate buffer (pH 6.9) electrolyte, under an 18 kV potential. The electrophoretic behaviour of chlorophenol
congeners was investigated in order to optimize their separation as a function of the running buffer pH, concentration and applied
voltage. A migration order depending on both charge and size of the solutes was established. Selectivity is strongly affected by the
electrolyte concentration, in a manner that cannot be easily predicted. Quantitative aspects of capillary zone electrophoresis are
also discussed.

INTRODUCTION

Chlorinated phenols (CPs) in water can be
degradation by-products of pesticides [1] or be
formed from the chlorination of drinking water
containing phenols originating from petroleum,
steel or pulp and paper industry [2]. According
to several workers, their toxicity and organolep
tic properties are often manifested in the ppb
range [3-5].

'Chlorophenols are generally analysed by
either GC [1] or HPLC [1-10]. 'Unfortunately,
these separations are often time consuming or
need derivatization of the solutes [5,9,10]. More
over, the optimization of chromatographic meth
ods, especially gradient HPLC [2,3,7,9], requires
complex procedures or a large number of experi
ments.

The development of capillary zone electro
phoresis (CZE) has permitted high-resolution
separations of CPs faster than by conventional
HPLC. Good results were achieved by Gaitonde

• Corresponding author.

and Pathak [11], who determined eleven CPs in
less than 24 min using phosphate-borate buffer
(pH 8.0) in a fused-silica capillary (65 cm x 25
JLm I.D.) with an applied potential of 20 kYo
Detection was performed with an on-column
electrochemical detector in the picomole range.
Efficiencies of the order of 320 000 theoretical
plates were reached.

The use of micellar electrokinetic chromatog
raphy (MEKC) for the separation of chlorinated
phenols was first reported by Otsuka et at. [12]
the nineteen isomers were separated within 18
min, by using a 65 cm x 50 JLm I.D. fused-silica
tube with a 0.07 M sodium dodecyl sulphate
(SDS) solution (pH 7.0). Eleven substituted
phenols, listed by the US Environmental Protec
tion Agency (EPA) as priority pollutants, were
resolved by Ong and co-workers [13-15].

MEKC techniques have been widely used for
the study of these compounds, whereas compara
tively little attention has been paid to CZE.
However CZE has several advantages, as fol
lows. (1) With MEKC, the theoretical plate
numbers are not as high as those which can be
achieved by CZE, because of the resistance to

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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mass transfer introduced by the solute distribu
tion between the conducting buffer and the
micelles. Consequently, the sensitivity in MEKC
is lower than in CZE [16]. (2) CZE is a simpler
technique than MEKC, which often requires
extensive studies for optimizing the resolution
[16]. (3) CZE is reported to be compatible with
electrospray ionization mass spectrometry
[17,18], whereas no such data have yet been
published concerning MEKC. (4) CZE allows
separations between neutral interferents and
CPs. (5) Detection in CZE is likely to be
enhanced by on-column sample concentration
using field amplification [19,20]. On the other
hand, MEKC gives greater selectivity than CZE
for the separation of ionic solutes, which is
influenced by differential partitioning and dif
ferential'migration mechanisms.

The objective of this work was to demonstrate
the suitability of CZE for the separation of
chlorinated phenols. For this purpose, we tried
to achieve a satisfactory optimization to obtain
good resolution, based on three parameters: pH,
buffer concentration and applied voltage. Ob
servations on the migration behaviour of the CPs
under different conditions were related to their
physico-chemical properties and were used to
predict CP migration and resolution.

NazHP04 and NaH2P0 4 (Sigma, St. Louis, MO,
USA). HPLC-grade distilled water (Baker, De
venter, Netherlands) was used to prepare buffers
and standard solutions. 2,3-, 2,4-, 2,5,-Di-,2,3,6-,
2,4,6-, 2,4,5-tri- and pentachlorophenol were
obtained from Fluka (Buchs, Switzerland) and
2,6-, 3,5-di-, 2,3,4-, 2,3,5-tri-, and 2,3,5,6-tetra
chlorophenol from Janssen (Noisy Le Grand,
France). Standard solutions were prepared at a
concentration of about 1.0 mg/l, except for 0

chlorophenol (10.0 mg/l). All solutions were
filtered through a 0.22-JLm Nalgene filter
(Sybron, Rochester, USA). Buffers could be
stored for 3 days at 4°C.

Procedure
The capillary column was first conditioned

with the separation buffer (1 min) immediately
prior to injection. The column was systematically
washed with 0.1 M NaOH (1 min), then rinsed
with water (1 min) between runs.

RESULTS AND DISCUSSION

Theoretical
According to Giddings [21], the resolution

(Rs ) of two zones in electrophoresis can be
expressed as

EXPERIMENTAL (1)

Apparatus
Measurements were carried out on an HPCE

PlACE system 2000 (Beckman, Palo Alto, CA,
USA), equipped with a UVabsorbance detector,
an automatic injector, a thermostated column
cartridge and an autosampler. A 57.0 cm long
(50.0 cm to the detector cell) 75 mm I.D. fused
silica capillary column (Beckman) was used.
All experiments were performed at 22.0°C at
constant voltage. Samples were introduced
pneumatically by application of pressure during
5 s. Solutes were monitored at 214 nm, Peak
areas and electrophoretic mobilities were mea
sured using Beckman GOLD 6.01 software.

Chemicals
Phosphate running buffers (pH 6.9) were

prepared by mixing equimolar solutions of

where N is the theoretical plates number, ilvl ii
is the relative velocity difference of the two ions
to be separated and, ii is the average velocity of
these two ions.

Jorgenson and Lukacs [22] derived the follow
ing expression for resolution in CZE:

- 1 V2( )V 1 / 2D -1/2( - )-1/2Rs - 4 JLep,l - JLep ,2 JLep + JLeo

(2)

where V is the applied voltage, D the analyte
average diffusion coefficient, JLep,l and JLep,2 the
electrophoretic mobilities of the two solutes, /Lep

their average electrophoretic mobility and JLeo

the electroosmotic flow coefficient. Eqn. (2)
suggests that optimization of resolution can be
achieved by controlling either (1) the difference
in the electrophoretic mobilities of the solutes,
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where Qa is the analyte charge. Qa may be
further defined as the product of the electron
charge (e) and the degree of dissociation (a) of
the CP in the medium

D.J.L = J.L 1 - J.Le· 2' which represents the selec-ep ep, p,

tivity factor, or (2) the electroosmotic flow
coefficient (J.Leo)'

J.Leo and J.Lep are related through the relation
ships [23]

where E is the permittivity of the bulk elec
trolyte, (c and (a are the zeta potentials of the
capillary inner wall and of the analyte, respec
tively, 1/ is the viscosity of the electrolyte and
f(Kr) is a function dependent on the analyte
double layer thickness (11K) and the solute
"radius" (r), assuming that CPs can be consid
ered as spherical particles.

Whereas D is determined for each analyte, V
can be selected by the operator and J.Lep ,l' J.Lep ,2

or J.Leo can be modified by using different running
buffers, by varying the pH and electrolyte type
or concentration.

(7)

(8)
eaf(Kr)

~
80

c
.5!
ii
'u 60
0....
:a... 40
0

Gl
Gl
"-en 20
Gl...

a = III + 10pKa-pH

o+-~-r-~----r~---r--:;~r---=~--l
4 6 8 10

PKa

Fig. 1. Calculated degree of dissociation of CPs as a function
of pK

a
, at different constant pH values: (A) 5.9; (D) 6.9;

(.) 8.2. For solute numbers, see Table 1.

100 1I~1t::::""'''''__

J.Lep = 617'TJ'(1 + Kr)

Therefore, as the ionic mobility of an analyte
is dependent on its charge, manipulation of the
buffer pH becomes one of the key strategies in
optimizing a separation. As can be seen from
Fig. 1, the optimum pH corresponds to larger
values of a. In practice, this pH is obtained by
calculating the mean value of the solute pKa

values. Consequently, the useful range of pK.
available for the separation is limited by the
electrolyte buffer pH ± 2 units, leading to a
degree of dissociation between 1% and 99%.
Then, it can be assumed that compounds with a
pKa that is not included in this pratical interval
of pH (4 units wide). will not be successfully
resolved. This is exemplified in Table I, where
the pK. values of CPs range from 4.74 to 9.37.
In that case, the wide distribution of pK. values
adds to the difficulty in resolving the nineteen
isomers using a single buffer pH. Hence, differ
ent runs at different pH values could be per
formed in order to overcome such difficulties.
The feasibility of this approach will be discussed
later.

The thirteen CPs isomers tested in this work
exhibit an average pK. value of 6.82. Separa-

Combining eqns. 4, 5 and 6 yields the following
expression for the electrophoretic mobility:

(6)

(5)

(3)

(4)

Qa

J.Leo = - E(JTJ

J.Lep = 2E(af(Kr) 13T}

(a = 417'Er(1 + Kr)

Q a =ea

where

Effect of buffer pH on resolution
Different buffer pH values have been used for

the analysis of CPs [11-13], and the optimum pH
for the separation of CPs has been reported to
range from 6.6 to 8.0. Terabe and co-workers
succeeded in resolving the nineteen isomers of
CPs using phosphate-borate buffer (pH 7.0). In
fact, in most instances, the buffer pH has been
chosen in a very empirical manner. This is
particularly true when performing MEKC, for
which the elution order of the solutes is difficult
to predict. On the other hand, in CZE, it is
possible to estimate the migration order, based on
the solute pKa values, using the following model.

Hunter [24] defined the zeta potential of an
analyte ((a) as
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TABLE II

REGRESSION PARAMETERS FROM FIG. 3

331

Buffer
concentration
(mM)

10
25
30
35
40
50
75

r

-0.99901
-0.99955
-0.99968
-0.99966
-0.99972
-0.99976
-0.99964

Slope
(10-4min -1)

-6.9242
-6.3169
-6.0860
-5.9710
-5.8627
-5.6780
-5.3243

teo (min)
(extrapolated
value)

6.980
8.719
8.957
9.421
9.810

10.655
11.968

teo (min)
(experimental)

7.002
8.537
8.697
9.197
9.477

10.293
11.330

index of the medium. Hence this water plug
appears as a small peak on the electrophero
gram. Finally, the suitability of this marker is
made questionable by these last results, and one
should be cautious when using this method.
Moreover, it must be remembered that a small
error in teo determination may greatly influence
the electrophoretic mobility (JLep) calculation.
This is more critical when tm is closed to teo

JLep = JLapp - JLeo = (lltm -l/teo)L'L/V (9)

where JLapp is the apparent mobility of the
analyte, L' is the distance along the capillary
between the sample introduction point and the
detector and L is the total length of the capil
lary.

On the basis of eqn. 8 and 9, the linear plots
observed in Fig. 3 should be interpreted as a
linear relationship between JLep and a, as the
radii (r) and f(Kr) functions of the different
diCPs are assumed to be nearly identical.

In addition, it is of interest to compare the
behaviour of the diCPs and the triCPs. For
example, it can be seen in Fig. 4 that 2,6-di-CP
(pKa = 6.78) has a larger migration time than
2,4,5-tri-CP (pKa = 6.72). It is readily apparent
that the two solutes are well resolved, despite a
very minor discrepancy in their pKa values. This
can be explained by the fact that, in this case,
the separation is primarily based on size rather
than on charge.

Finally, it can be recognized from the results
presented here that the migration order of CPs is

based on both the solute pKa value and size, that
is, on the number of chlorine atoms on the
aromatic ring.

Effect of buffer concentration on selectivity and
resolution

Tsuda et al. [26] demonstrated ten years ago
that the electrophoretic mobility and its com
plementary electroosmotic mobility should be
inversely proportional to the square root of ionic
strength. These results were later confirmed by
Issaq et al. [27] and Atamna et al. [28]. Theoret
ical justifications for the dependence of JLep on
buffer concentration can be summarized by the
following equations.

According to Hunter [24], the reciprocal of the

16,--------------.,
+ 13 12
II

14

c
:§.. 12

~
c

~
10..

"-ene

6-t-~__,.____~__r-~_r~-_.__~__j

4

pKa

Fig. 4. Dependence of migration times of twelve CPs on
their pKa values. For solute numbers, see Table I. Conditions
as in Fig. 2. <> = 2-CP; 0 = diCPs; A = triCPs; • = 2,3,5,6
tetraCP; + = pentaCP.
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Other workers [27,28] have recently pointed
out that this argument cannot be taken as a
systematic approach to improving resolution. In

C(mM)
Fig. 7. Mobility difference versus buffer concentration. Con
stant applied voltage, V= 18 kY. Other conditions as in Fig.
2. Symbols as in Fig. 6.

(16)
(I II )-1t!.T(0C) = rn tb

2%

the present case, Fig. 6 clearly shows that an
increase in buffer concentration results in co
migration of solutes 11 and 12. Hence the use of
the more concentrated buffer does not systemati
cally provide a significant improvement in res
olution.

Applied voltage and heat dissipation
In most CZE separations, it can be observed

that the ideal situation is obtained by applying as
high a voltage as possible. This leads to the
highest separation efficiency in the shortest time.
However, the principal difficulty with this
approach lies in the limited ability to dissipate
the heat generated during the electrophor
etic process. Indeed, numerous workers
[22,26,27,31-33] have reported that /-Lapp (or Vapp
or Iltm) deviates positively at high values of E.
This effect is attributed to temperature-induced
buffer viscosity changes, as a consequence of
Joule heat dissipation. According to a generally
accepted value of 2%/C for the decrease in
water viscosity [22], in-column temperature in
creases (t!. T) have been estimated (Table III)
from the non-linear dependence of the current
on the applied voltage (Fig. 8). By analogy with
the expression developped by Vindevogel and
Sandra [33], t!.T can be calculated from the
following expression

where I is the current measured for voltage Vrn
and I tb is the theoretical current, calculated from
the assumption of a linear relationship between I
and V. With a 50 mM phosphate buffer, Itb can
be expressed as

I tb = 19 kVVkV/9 kV (17)

where 19 kV is the experimental current corre
sponding to V = 9 kV, taken as a reference value
(t!.T is there considered to be insignificant).

Estimated values of t!. T, calculated from data
in Fig. 8, are listed in Table III. Results obtained
with a borate buffer are given for comparison,
but it should be remembered that the ionic
strength is different in phosphate and borate
buffers. Dissipated powers were calculated using
the equation P = VI I L. As the upper power limit

(14)

(15)

554535

2

2515

6

,
5..

:.
4

Ne...
"l
Cl

:;
:::l.
<l

0

5

t!./-L = (1ltrn 1 -lltrn z)L'L/V, ,

It can be noted that t!./-L is insensitive to teo
determination.

As shown in Fig. 6 or 7, the /-L11 - /-L13 differ
ence is independent of the buffer concentration
although the migration of solute 12 is greatly
influenced. At low concentrations, solutes 12 and
13 co-migrate (t!./-L = 0) whereas, as the concen
tration increases, peak 12 moves towards peak
11. It can thus be demonstrated that the best
separation can be achieved at an optimum buffer
concentration 40 mM at V = 12 kVand 50 mM at
V= 18 kYo

R s is proportional to both (/-Lep,l - /-Lep,Z) and
(jiep + /-Leo)-IIZ (eqn. 2). This is the reason why
many workers [22,29,30] have predicted that
maximum resolution is obtained when the the
electroosmotic flow is opposite and equal to ion
migration. This can be carried out by lowering
electroosmosis, by increasing the buffer ionic
strength. An improvement in resolution will be
obtained, however, at the expense of a large
increase in analysis time, as the migration time
(trn) is defined as

L'L
t =-----

rn (/-Lep + /-Leo)V
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trometry, it can be expected that the analysis
time could be reduced to 5 min. Although this
approach seems to be promising, it should be
remembered that ·the theory predicts that the
nineteen congeners cannot be easily resolved
using a single buffer pH. Therefore, an alter
native method is to use two different buffer pH
values, yielding two group separations penta-,
tetra- and triCPs could be separated at pH 5.9
while mono- and diCPs could be conveniently
resolved at pH 8.2. Further, the increase of
selectivity due to the pH shift will allow two
short and efficient separations, with extreme
voltage (30 kV) and minimum buffer concen
tration (10 mM). Because the pH is a dominant
factor that could be manipulated to control
resolution, this last method should be applicable
to complex samples, where inadequate separa
tion is obtained at any single buffer pH.
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ABSTRACT

Malto-oligosaccharides were derivatized via their reducing end with 8-aminonaphthalene-1,3,6-trisulfonic acid by reductive
amination, and the separation and electrophoretic migration behavior of the labelled sugars were investigated by capillary zone
electrophoresis. Series of linear malto-oligosaccharides were found particularly suitable for both the study of the effect of the
operating conditions on the separation and the investigation of the relationship between the electrophoretic mobility and the
molecular size of the homologues. The electrophoretic mobility of the malto-oligosaccharide conjugates was found to be a linear
function of the molecular mass to the negative two-thirds power. The sugar derivatives employed here carry three negative
charges due to the presence of the dissociated sulfonic acid groups even at strongly acidic pH. Therefore, the analytes can migrate
in the electric field without interference by electroendosmotic flow and/or wall adsorption in uncoated silica capillaries at low pH.
As a result, the separation of these carbohydrate conjugates can be carried out under such conditions with high speed and
efficiency in free solution, i.e., without an anticonvective medium such as a gel or a viscous polymer solution. Appropriate use of
triethylammonium phosphate buffer, pH 2.5, as the background electrolyte improves not only the reproducibility, but also the
efficiency and speed of the separation. The labelled sugars allow monitoring of the separation by UV detector or laser-induced
fluorescence detector with concomitant enhancement of analytical sensitivity.

INTRODUCTION

The important role of complex carbohydrates
in life processes is increasingly recognized. More
and more therapeutic proteins produced by bio
technology entail glycan moieties that affect the
biological activity, lifetime and specificity of the
drug [1-3]. Consequently, there is a growing
need for rapid analytical techniques of high
resolution for oligosaccharides. However, the
separation of carbohydrates is hampered by their
similar chemical composition, as many oligosac
charides of biological interest consist of only a
few kinds of residues and differ from each other
mainly in their three-dimensional molecular
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structure. Moreover, the lack of chromophoric
and/or ftuorogenic functions in most sugar mole
cules impedes their high-sensitivity detection.

Traditionally, both chromatography and elec
trophoresis were employed for the analysis of
carbohydrates. Most branches of chromatog
raphy such as size-exclusion, ion-exchange, lig
and-exchange, reversed-phase and affinity chro
matography as well as gas chromatography have
found application in the quantitative and quali
tative analysis of saccharides [4,5]. For complex
oligosaccharides, the most popular HPLC meth
od is anion-exchange chromatography at high pH
with pulsed amperometric detection [6-8].

Electrophoresis of carbohydrates is encum
bered by the absence of readily ionizable func
tions in most mono- and oligosaccharides.
Whereas planar electrophoretic techniques have

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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been widely used for the separation of naturally
charged oligosaccharides and glycopeptides, the
requirement of highly alkaline pH to ionize most
carbohydrate molecules has impeded the use of
electrophoresis for the separation of underivat
ized sugars. One approach to overcome this
difficulty is the use of borate in the background
electrolyte to form negatively charged borate
complexes of neutral saccharides at moderately
alkaline pH [9]. The borate complexes of carbo
hydrates are then separated by electrophoresis
according to their differences in electric charge,
molecular size and stability.

Polyacrylamide gel layers were preferentially
employed for the electrophoretic separation of
carbohydrate molecules. Since the diameter of
the gel pores usually exceeded substantially the
molecular dimensions of oligosaccharides and
glycopeptides [10,11], their electrophoretic
mobility in this matrix was largely determined by
the charge-to-mass ratio, and molecular sieving
did not contribute significantly to the separation.
Despite its great merits, slab gel electrophoresis
is a relatively slow process, and does not lend
itself readily to automation or quantitative analy
sis with high precision.

In the past few years, capillary zone electro
phoresis (CZE) has made great advances. This
instrumental electrophoretic technique is particu
larly suitable for rapid analysis with high res
olution as demonstrated by the analysis of pep
tide, protein and complex oligonucleotide mix
tures [12-14]. A review of this technique can be
found in the recent literature [15]. Moreover,
CZE has been shown to also have promise for
the analysis of mono- and oligosaccharides as
well as glycoprotein fragments [16-20].

A promising approach in the CZE of carbohy
drates entails their precolumn derivatization with
reagents that contain ionogenic functions and
suitable chromophoric or fluorogenic groups.
Reductive amination at the reducing end of the
saccharide with a reagent containing a primary
amino group and allowing highly sensitive detec
tion, offers a particularly convenient method for
the preparation of these kinds of conjugates.
Such a derivatization reaction of mono- and
oligosaccharides with 2-aminopyridine was intro
duced originally for use in paper electrophoresis
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and was later employed in HPLC [21]. It was re
cently modified for use in the CZE of monosac
charides and oligosaccharides as the borate com
plexes of their N-2-pyridylglycamine forms
[22,23]. The separation by CZE of such malto
oligosaccharide conjugates was further improved
by the addition of small amounts of tetra
butylammonium bromide to the background
electrolyte at pH 5.0 [24]. In another example,
reducing carbohydrates were derivatized with 3
(4 - carboxybenzoyl) -2 - quinolinecarboxaldehyde
for the analysis by CZE with borate buffer in
both free solution and highly concentrated poly
acrylamide gel-filled capillaries [25-28]. With
such derivatives, the use of polyacrylamide gel
filled capillaries was found to be essential for the
CZE of carbohydrates at high resolution.

Most of the methods for the analysis of carbo
hydrates by CZE described so far in the litera
ture are carried out at pH higher than 7.0,
usually in order to form their borate complexes.
Under such conditions, the silanol groups at the
silica surface are dissociated and, as a result of
the negatively charged capillary inner wall, con
siderable electroendosmotic flow is generated by
the high electric field with possible untoward
consequences for the separation. Furthermore,
adsorption of positively charged analytes at the
inner wall of the silica capillary significantly
reduces the separation efficiency.

The goal of the present study was to investi
gate the potential of CZE in carbohydrate analy
sis under conditions where both electroendos
motic flow and adsorption at the capillary inner
wall were negligible. This approach requires the
use of derivatives which contain strongly acidic
functions that dissociate even at low pH and
facilitate UV and/or fluorescence detection. De
rivatives of aromatic sulfonic acid can be particu
larly useful in this regard as they are ionized over
a wide pH range. For this reason, reagents
such as 7-aminonaphthalene-l,3-disulfonic acid
and 8-amino-naphthalene-l,3,6-trisulfonic acid
(ANTS), introduced for the derivatization of
reducing saccharides prior to polyacrylamide slab
gel electrophoresis, are potentially suitable also
in CZE. Indeed, the reductive amination of N
acetylchitooligosaccharides with 7-amino-l,3
naphthalene disulfonic acid was recently de-
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(4)

(3)

(1)

(2)

where /-Leo is the electroendosmotic mobility. Its
magnitude depends [35] on the zeta potential, (,
at the tube inner wall, the dielectric constant, IE,

the viscosity of the fluid, TI, and the permittivity
of the vacuum, lEo' as

peaks that cannot be seen by UV detection at
214 nm. The derivatization reaction with ANTS
appears to be a "clean" one not giving rise to
minor side-products.

By using egns. 2 and 4, we can estimate the
value of the zeta potential from the migration
time of neutral markers.

In the presence of electroendosmotic flow, the
migration rates of charged molecules are de-

Theoretical aspects of CZE of carbohydrates
derivatized with ANTS

Since the ANTS-derivatized saccharides are
negatively charged over a wide pH range, they
can be subjected to CZE at acidic pH where the
electroendosmotic flow is usually negligible.
Under such arheic (from the Greek a "without"
and rheos "flow") conditions, the sample com
ponents traverse the capillary in free solution
solely by electrophoretic migration.

In the absence of electroendosmotic flow, the
electrophoretic migration velocity uep is given by

where L is the length of the capillary, and l is
the pertinent migration distance, i.e. the tube
length from the inlet to the detector's light
beam.

In uncoated fused-silica capillaries of uniform
surface properties at alkaline pH, the velocity of
the electroendosmotic flow ueo is expressed by

where /-Lep is the electrophoretic mobility, and V
is the potential across the capillary of length L
[33,34].

Experimentally, the migration time t m is mea
sured and under arheic conditions given by
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Fig. 3. Electropherograms of ANTS-derivatized malto
oligosaccharides (mixture A) obtained with UV and LIF
detection. (A) 670 mm x 20 JLm capillary; 200 mM phosphate
buffer, pH 2.0; temperature, 25°C; voltage, 30 kV; UV
detection at 214 nm; injected amount: 20 ng of ANTS
derivatized malto-oligosaccharide mixture. (B) 470 mm x 20
JLm capillary; 200 mM phosphate buffer, pH 2.0; tempera
ture, 25°C; voltage, 15 kV; He-Cd laser-induced fluorescence
detector, emission wavelength 525 nm; injected amount: 70
pg of ANTS-derivatized malto-oligosaccharide mixture.

the system and reduced separation efficiency.
When a 12-nl sample was subjected to CZE,
approximately 15 fmol of ANTS-derivatized glu
cose could be detected at 214 nm (signal-to-noise
ratio of 3) at the highest sensitivity setting.

As a fluorophore, ANTS has a maximum
excitation wavelength at 360 nm in 50 mM
phosphate buffer, pH 7.2, which shifts to 370 nm
for the ANTS-derivatized maltose. The wave
length of maximum emission is at 515 nm. The
fluorescent properties of ANTS facilitate LIF of
its derivatives with a He-Cd laser with an output
wavelength of 325 nm.

Fig. 3 depicts the results of some preliminary
studies on the CZE of ANTS-derivatized malto
oligosaccharides from mixture A obtained by
UVand LIF detection. The pattern is identical in
both cases, but the sensitivity of LIF detection is
about 3 orders of magnitude higher than that of
the UV detection. As a result, a few attomoles
can be analyzed by using an LIF detector.
Moreover, as the capillary does not have to be
overloaded, the potential of ANTS derivatiza
tion can be fully exploited without loss of ef
ficiency. Precise values for the lower detection
·limit and for the efficiency of LIF detection are
not available, but the preliminary results allow
us to expect an efficiency of several hundred
thousand theoretical plates per meter. In spite of
the much higher sensitivity of LIF, the electro
pherogram depicted in Fig. 3B does not reveal
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The electrophoretic mobility is evaluated by
the relationship
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Fig. 4. Electropherogram of ANTS-derivatized malto
oligosaccharides obtained at alkaline pH in the presence of
electroendosmotic flow with a fused-silica capillary, 370
mm x 50 J.l.m. Conditions: 50 mM phosphate buffer, pH 9.0;
temperature, 25°C; voltage, 17 kV; sample, 11 ng of mixture
B derivatized with ANTS introduced at the anodic end. The
number of glucose residues in the corresponding linear
malto-oligosaccharide analytes, as determined by co-electro
phoresis with authentic standards, is indicated for certain
peaks.

DMSO 4 3 2

CZE at high pH
Fig. 4 shows the electropherogram of ANTS

derivatized saccharides obtained in a fused-silica
capillary with phosphate buffer, pH 9.0, and
cathodic detection. Under alkaline conditions,
the convective transport is faster than the elec
trophoretic migration of the components and the
analytes are carried toward the cathode by
electroendosmotic flow. The sample components
appear at the detector in the order of increasing
electrophoretic mobility. The migration times of
the lower homologues, which have higher elec
trophoreticmobilities, are longer than those with
a higher degree of polymerization; the lower
homologues also exhibit broad and tailing peaks.
Under the conditions used in Fig. 4, the ANTS
peak does not appear in the electropherogram.
ANTS has the highest charge-to-mass ratio
among the sample components, and its migration
rate in the opposite direction is greater than the
electroendosmotic flow velocity. Therefore, it
can only be detected anodically by reversing the
polarity of the instrument. Fig. 4 also clearly

(6)

(5)

(7)

termined by both the pertinent electrophoretic
mobilities and the magnitude of the electroen
dosmotic flow. The net migration velocity of a
charged substance u is given by

The sign of the electrophoretic and electroen
dosmotic mobility can be positive or negative
according to the signs of the charge on the
analyte molecule and those of the fixed charges
at the tube inner wall.

According to eqns. 2 and 5, the observed
migration time tm is expressed by

where to is the measured migration time of a
neutral marker.

In our case, the ANTS-derivatized saccharides
bear a strong negative charge over the whole pH
range under investigation. Therefore, we shall
examine the three situations that follow. (a) At
alkaline pH, the inner wall of silica capillaries is
negatively charged so that the direction of the
electrophoretic migration of negatively charged
analytes is opposite to that of the electroendos
motic flow. In this case, the negatively charged
sample components reach the detector at the
cathodic end only if the absolute value of the
electroendosmotic mobility is higher than that of
the electrophoretic mobility. When the convec
tive velocity is lower than the opposite electro
phoretic migration velocity, the polarity of the
electrodes must be reversed in order to detect
the negatively charged sample components. (b)
At strongly acidic pH, when the electroendos
motic flow is negligible, arheic or near-arheic
separation conditions can be reached without
anticonvective gel filling or coating of the tube
inner wall. (c) Certain positively charged buffer
components and additives, such as TEA, may be
absorbed at the capillary inner wall so that it
becomes positively charged. In this case, elec
troendosmotic flow takes place toward the
anodic end of the capillary, i.e. in the direction
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6

Fig. 6. Electropherogram of ANTS-derivatized malto
oligosaccharides (mixture A), obtained under arheic condi
tions. Capillary, 670 mm x 20 /Lm; 200 mM phosphate
buffer, pH 2.0; temperature, 25°C; voltage, 30 kV; 100 ng of
sample.

(8)J.Lep = q / 67TT/R

Relationship between electrophoretic mobility
and molecular mass

The electrophoretic mobility of a molecule in
free solution is, according to the simplest models
[35,42], proportional to its electrical charge, q,
and inversely proportional to the hydrodynamic
radius, R. For small spherical ions in infinite
conductive medium the electrophoretic mobility
is expressed as

mass spectrometry (TOF-MS). The spectrum
obtained by this highly sensitive technique re
vealed no components having molecular masses
other than those of the linear malto-oligosac
charide homologues. The results in Fig. 6 con
firm that oligosaccharide isomers can be sepa
rated with high resolution not only by reversed
phased HPLC [40,41], but also by CZE as ANTS
conjugates. By using other derivatives,
Nashabeh and EI Rassi [18] have found that in
the CZE of linear and branched oligosac
charides, the branched ones have longer migra
tion times. Such a migration pattern is likely to
apply in our case as well. In further investiga
tions, samples of mixture Band C were used
exclusively since they contain the highest number
of readily identifiable linear homologues.

where T/ is the viscosity of the medium. If the
model leading to eqn. 8 was applicable to our
case involving linear malto-oligosaccharide
ANTS conjugates with molecular mass M r , then
M/ '3 could be substituted for R in eqn. 8, and
plots of JLep against ;Mr -1/3 would be linear.
However, our experimental results do not show
such linear dependence. Indeed, perusal of the
literature on electrophoretic migration [35,42]
reveals that the dependence of mobility on the
molecular properties is quite complex and there
is a lacuna for quantitative relationships between
electrophoretic mobility, size and / or structure of
large biological molecules despite considerable
theoretical efforts over the last 30 years.

However, with the rapid development and
growing applications of CZE, demand for such
relationships is on the rise. For this reason, we
investigated several approaches to correlate the
electrophoretic mobilities of the ANTS-derivat-

3020

MINUTES

10

_h.1

charides migrate faster than those containing a
larger number of glucose residues as depicted in
Fig. 5. The components of the mixture are very
well resolved and baseline separation of more
than 20 components was obtained contrary to the
relatively poor separation of the higher homo
logues in the presence of electroendosmotic flow
as shown in Fig. 4.

Comparison of Fig. SA and B shows that
separation of mixture B was improved and speed
of analysis was increased by raising the tempera
ture to 50°C. With increasing temperature, the
viscosity of the liquid medium in the capillary
decreases at a rate of approximately 2%/oC [39]
leading to increased electrophoretic mobility.
This enhancement of the transport properties
accounts for the satisfactory separation of almost
30 homologues in 6 min.

The separation of the derivatized malto
oligosaccharide components of mixture A was
also carried out under similar conditions, but a'
longer capillary tube of smaller inner diameter
(670 mm x 20 JLm) was needed for optimal
resolution as illustrated by a typical electro
pherogram in Fig. 6. The main components were
identified as the homologues of the linear malto
oligosaccharide series containing 4 to 12 glucose
residues. The electropherogram shows a large
number of small peaks that are attributed to
branched isomers of the malto-oligosaccharides.
This is further supported by the results of experi
ments in which mixture A was subjected to
matrix-assisted laser desorption time-of-flight
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Fig. 7. Plot of the electrophoretic mobility of ANTS-derivatized malto-oligosaccharide homologues against their molecular mass
to the - 2/3 power. (A), (B) and (C) show data obtained with mixtures A, Band C, respectively. Capillary, 270 mm x 50 I-tm; 50
mM phosphate buffer, pH 2.5; temperature, 25°C; voltage, 17 kYo

ized malto- oligosaccharides with their molecular
size. Such homologues carry the same electric
charge and differ only in the number of glucose
residues, and therefore they should represent a
simpler system than other biopolymers such as
peptides and nucleic acids. Peptide mobilities in
paper electrophoresis have been successfully
correlated to the molecular mass by Offord [43]
using the relationship

where C is a constant. Eqn. 9 has some theoret
ical support for rodlike molecules whose mobility
depends on molecular surface area rather than
on radius.

We have evaluated the electrophoretic mo
bilities of ANTS-malto-oligosaccharides under
conditions given in Fig. SA at three different
voltage settings (15, 17 and 20 kV). The highly
reproducible results showed that the mobilities
were independent of the electric field strength in
agreement with theoretical prediction, indicating
that the system was well behaving and elec
troendosmotic flow was indeed negligible. The
data were plotted against M

r
-Z/3 and the results

are illustrated in Fig. 7. As seen, the plots show
excellent linearity for all three malto-oligosac
charide mixtures. The mobility-molecular mass
relationship represented by eqn. 9 was also
successfully used by Wenn [44] for dansyl
glycopeptides with glycan moieties having differ
ent numbers of monosaccharide residues. Both
series are composed of rather uniform monosac
charide residues, and magnitude and terminal

8
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m
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A

location of the charges carried by each member
of the series are the same. It appears that in such
relatively simple cases, eqn. 9 offers useful
mobility-molecular size relationships also in the
electrophoresis of ANTS derivatives of various
oligosaccharides with biological significance. This
possibility may further expand the usefulness of
ANTS as a fluorescent marker which facilitates
high sensitivity detection.

Other linear relationships between the number
of glucose residues in the malto-oligosaccharides
and their migration time or electrophoretic mo
bilities have also been found; they are shown in
Fig. 8. The migration time depends linearly on
the number of glucose units as seen in Fig. 8A.
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Fig. 8. Plots illustrating the dependence of electrophoretic
properties of ANTS-derivatized malto-oligosaccharide homo
logues on the number of glucose residues. (A) Plot of the
electrophoretic migration time against the number of glucose
residues. (B) Plot of the electrophoretic mobility against the
logarithmic number of glucose units in the molecule. Ex
perimental conditions as in Fig. SA.
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Effects of the addition of TEA to the
background electrolyte

The electropherograms in Figs. 5A and 5B
demonstrate that ANTS-derivatized malto
oligosaccharides can be efficiently and rapidly
separated using untreated silica capillaries in free
solution at low pH with a relatively simple
electrophoretic system. Nonetheless, it is im
portant to emphasize that when uncoated fused
silica capillaries are used, the reproducibility of
the results usually depends on the uniformity and

other, the electrophoretic mobility was calcu
lated according to eqn. 5 from data measured in
phosphate buffer at pH 9.4 with correction for
the effect of the electroendosmotic flow on the
overall migration rates. In the third case, the
electrophoretic mobilities were evaluated from
data measured at pH 9.4 in 10 mM phosphate
buffers containing 10 mM borate. Measuring in
the absence of electroendosmotic flow at pH 2.5
and calculating from the two sets of data ob
tained in the presence of strong electroendos
motic flow at pH 9.4, the electrophoretic mo
bilities show excellent linear correlation. The
results are not unexpected since the three sul
fonic acid functions are fully dissociated at either
pH. Nevertheless, this finding also suggests that
no significant changes occurred in the viscosity of
the electrophoretic medium or in the relevant
hydrodynamic size parameter of the sample
molecules upon changing from pH 2.5 to 9.4.
The higher electrophoretic mobility of the malto
oligosaccharides when borate is added to the
buffer solution is readily explained by the forma
tion of negatively charged complexes between
borate and certain sugars at sufficiently high pH
[38]. Such complexation augments the negative
charge on the analytes and thus accounts for the
relatively high electrophoretic mobility. The
slope of the straight line for the mobilities
measured in the presence of borate is steeper
than for those obtained in its absence as seen in
Fig. 9. Evidently, with increasing size of the
carbohydrate moiety, the negative charge on the
analyte molecules also increases due to borate
complexation. The effect of the incremental
charge on the electrophoretic mobility is greater
than the opposing influence of the higher molec
ular mass of the borate complexes.
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Fig. 9. Correlation between electrophoretic mobilities direct
ly observed at pH 2.5 and calculated from data measured at
pH 9.4 with malto-oligosaccharide-ANTS conjugates in the
presence (A) and absence (t.) of 10 mM borate buffer.
Capillary, 370 mm x 50 ILm; 50 mM phosphate buffer;
temperature 25°C; voltage, 17 kYo

Such linear relationships between tm and the
number of residues have been observed with
oligomers in gel electrophoresis, i.e. under ar
heic conditions, in the following two cases:
firstly, when the series of molecules under in
vestigation have the same electrical charge and
differ only in the number of neutral residues as
with malto-oligosaccharide-ANTS conjugates,
and secondly, when both the charge and molecu
lar size increase in equal increments as is the
case with oligonucleotides. Another empirical
quasi-linear relationship is shown in Fig. 8B
between the electrophoretic mobility of linear
malto-oligosaccharide-ANTS conjugates and the
logarithmic number of glucose residues. This
correlation has been found convenient in this
study among others for identification of the
peaks in the electropherograms. The use of
homologues offers a convenient means of testing
the electrophoretic system in light of these linear
relationships. However, further investigations
are required to elucidate their basis at the
molecular level.

The use of the linear relationships is further
illustrated in Fig. 9 by plots of different sets of
electrophoretic mobilities evaluated under di
verse conditions. In one case, the electrophoretic
mobility of the derivatized malto-oligosaccharide
homologues was obtained directly from arheic
migration times at pH 2.5 by eqn. 2. In the
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buffer of pH 2.5-3.0 not only yields high speed
and efficiency of the separation but also allows
us to modulate the properties of the capillary
inner wall to obtain a desired value of the
electroendosmotic flow. Fig. llA illustrates the
separation of malto-oligosaccharide mixture C in
free solution using sodium triethylammonium
phosphate buffer, pH 2.5, under arheic condi
tions. Comparison of the results in Fig. llA to
those in Fig. 5A shows a significant increase in
the speed of analysis without loss of separating
efficiency for the higher members of the homolo
gous series.

The effect of TEA is attributed to its inter
action with the capillary inner wall rather than
an interaction between the negatively charged
ANTS derivatives and the triethylammonium
ions. This is supported by the observation that at
various TEA concentrations up to 36 mM in the
phosphate buffer, the electrophoretic mobilities
of the homologues were essentially constant;
only a slight change in the electrophoretic mo
bilities of the lowest homologues was noted. On
the other hand, in preliminary experiments with
various alkyl diamines and triamines as buffer
additives, a dramatic increase in the electro
phoretic migration times was observed. This
effect is likely to be associated with a strong
interaction between such amines and the ANTS
derivatives which alters the effective charge on
the analyte molecules.

349

The zeta potential titration curve in Fig. 10
also shows that increasing the concentration of
TEA in the buffer above approximately 25% of
the total cationic concentration progressively
imparts positive charge to the inner wall of the
capillary in agreement with recent observations
by others [47]. As a consequence, electroendos
motic flow toward the anodic end of the capillary
is generated when the voltage is applied. Since
the electrophoretic migration of the strongly
negatively charged ANTS derivatives takes place
in the same direction, the electroendosmotic flow
at a sufficiently high TEA concentration has the
beneficial effect of enhancing the speed of sepa
ration. Under such conditions, when both elec
troendosmotic flow and electrophoretic migra
tion occur toward the detector end, the separa
tion of more than 20 homologues can be carried
out in less than 3 min, as shown in Fig. llB. This
approach permits a dramatic reduction of the
analysis time for less complex samples; an exam
ple of ultrafast separations is illustrated in Fig.
12 where three short-chain malto-oligosac
charides are resolved in less than 10 s.

Electrophoretic behavior of derivatized
saccharides in free solution and in
polyacrylamide gels

As exemplified by the results in Figs. 5A, llA,
llB, and 13, the derivatization of malto-
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Fig. 11. Electropherogram of ANTS-derivatized malto-oligosaccharides (mixture C) obtained (A) with 50 mM sodium/
triethylammonium phosphate buffer, pH 2.5, containing 10.8 mM TEA, (B) with 50 mM triethylammonium phosphate, pH 2.5.
In both cases: capillary, 270 mm x 50 JLm; temperature, 25°C; voltage, 22 kV; 80 ng of sample.
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Fig. 14. Illustration of the electrophoretic behavior of malto-oligosaccharide conjugates in three different systems: ANTS
derivatives in free solution CZE under arheic conditions (0) (see Fig. SA), ANTS derivatives in slab gel electrophoresis (A) [25],
and CBQCA derivatives in polyacrylamide gel filled capillaries (e) [30]. The formula mass of the CBQ'CA-glucose conjugate
(474) was used in the calculation of the molecular masses of the homologues. (A) Plots of the relative electrophoretic mobility of
the conjugated oligosaccharides on the number of glucose residues. Tt,e solid line represents the plot of the molecular mass ratio
to the two third power of the neighboring homologues as a function of the number of glucose residues. (B) Dependence of the
electrophoretic mobility on the molecular mass to the - 2/3 power.

at low pH can be compared to the electro
phoretic mobilities of CBQCA-derivatized mal
to-oligosaccharides in gel-filled capillaries by the
plots of /L

ep
against M r -2/3 in Fig. 14B. The

slopes of the two pertinent straight lines in Fig.
14B suggest that the electrophoretic mobilities of
ANTS derivatives are higher by a factor of about
6 than those of the CBQCA derivatives. Much of
this difference can be attributed to differences in
the charges carried by the two label-moieties:
ANTS and CBQCA. Whereas ANTS-derivatized
saccharides have three negative charges, the
dissociation of the carboxylic group in CBQCA
derivatives results in only a single negative
charge. However, the negative charge is believed
to increase with the molecular size of the
oligosaccharide moiety due to the formation of
borate complexes under the operating conditions
which results in higher electrophoretic mobilities
[25]. From the comparison of the slopes, we can
infer that the electrophoretic migration rates of
derivatized malto-oligosaccharides (n < 40) are
at least two times lower in the gel present in the
capillary than in free solution. Fig. 14B also
shows a plot of the electrophoretic mobilities of
ANTS-derivatized oligosaccharides in poly
acrylamide gel slab as estimated from the data by
Jackson [29] against M r -213. This allows a direct

comparison, though limited to the first seven
components of the homologous series, of the
electrophoretic mobilities of ANTS derivatives in
free solution and in the polyacrylamide gel slab.
From the data shown in Fig. 14B, the mobility of
the ANTS derivatives appears to be lower by a
factor of 22 in the cross-linked gel than in free
solution. The relatively high electrophoretic mo
bilities of the derivatized oligosaccharides under
the conditions described in this study are mainly
responsible for the high speed of analysis without
the loss of resolution.
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ABSTRACT

Three S. marcescens nuclease isoforms differing mainly in charge (native nuclease with pI 6.8 and two minor isoforms with pI
7.3 and 7.4) were separated using several different modes of high-performance capillary electrophoresis. Separation of the
isoforms by free solution capillary electrophoresis was unsatisfactory. Separation by micellar electrokinetic capillary chromatog
raphy was therefore investigated in detail and the method optimized with respect to pH and sodium dodecyl sulphate
concentration; in addition, the effect of adding various substances to control dispersion and avoid analyte adsorption at the
capillary wall was examined. Under optimal conditions there was almost complete baseline separation of the two isoforms with
basic pI whereas there was only partial separation of the native form and the isoform'with pI 7.4. With capillary isoelectric
focusing there was complete baseline separation of the native nuclease and the other two isoforms.

INTRODUCTION

The use of high-performance capillary electro
phoresis (HPCE) for protein analysis in biotech
nological production is gaining increasing inter
est. Since HPCE is rapid and separates mole
cules by virtue of differences in their charge and
hydrodynamic properties, it provides an advan
tageous alternative to existing analytical tech
niques such as gel electrophoresis, which is
rather time consuming, and reversed-phase
HPLC, which separates according to solute hy-

• Corresponding author.

drophobicity and is therefore often unsuitable
for separating globular proteins. Although inter
est in HPCE particularly concerns in process
analysis, the possibilities for applying HPCE to
biotechnological processes are largely unex
plored.

Serratia marcescens nuclease is an active
globular molecule with a pI of 6.8 [1], and a
molecular mass of 26 705.8 as calculated from
the amino acid sequence [2]. The enzyme is
stable within the pH range 6-8 for at least 1/2 h
at temperatures from 2 to 37°C [3], but is
thermally degradable above 40°C [4]. Two close
ly related isoforms of the enzyme having pI 7.3
and 7.4 have recently been isolated from S.
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354

marcescens fermentation broth; both are N
terminal split variants of the native enzyme
encoded from the nucleotide sequence of the nuc
gene. The pI 7.4 isoform lacks Asp-Thr-Leu
while the pI 7.3 isoform only lacks Asp [1].

Hitherto isoelectric focusing has been used to
detect these isoforms in the fermentation broth
and during isolation and purification of the
enzyme. In the present study we evaluated the
efficacy of the following modes of HPCE in
separating these closely related and enzymatical
ly active nuclease isoforms: free solution capil
lary electrophoresis (FSCE), micellar elec
trokinetic capillary chromatography (MECC)
using the surfactant sodium dodecyl sulphate
(SDS), and capillary isoelectric focusing (clEF)
using ampholytes. MECC has previously been
used mainly for analyzing small organic mole
cules, especially small neutral organic molecules
that are difficult to separate by FSCE [5,6]. In
this study the separation of macromolecules such
as nuclease isoforms by MECC was optimized
with respect to pH, buffer type, SDS concen
tration, and by manipulation of the micellar
buffer by the addition of methanol, hydroxy
propylmethylcellulose, and mono- and divalent
ions. A recent modification of MECC in which
microemulsions are used as the medium [7,8]
was also examined. The results obtained using
MECC were compared to those obtained using
FSCE and clEF.

EXPERIMENTAL

Preparation of nuclease
Nuclease was produced and purified from two

S. marcescens BlOMI fermentations as previous
ly described [9,10]. The isoforms were partially
separated by DEAE-cellulose chromatography,
elution being undertaken using a narrow pH
gradient (pH 8.25-7.2). The first peak to elute
contained in one case a major basic isoform with
pI 7.3, and a minor basic isoform with pI 7.4,
and in the other case only the isoform with pI
7.4. The main peak, which eluted last, contained
the native nuclease with pI 6.8. Fractions col
lected from the two peaks from each of the

J. Pedersen et al. / J. Chromatogr. 645 (1993) 353-361

fermentations were dialysed against water and
lyophilized prior to HPCE.

Preparation of reagents
All reagents were of analytical grade. The pH

of the Tris buffer was adjusted using H 2S04 and
that of citrate buffer using citric acid. SDS
solutions were prepared by adding SDS (Phar
macia Biotechnology, Aller0d, Denmark) to the
buffers, usually at a concentration of 25 mM.
Hydroxypropylmethylcellulose (HMC) (Merck,
Darmstadt, Germany) was solubilized in 40 mM
Tris buffer, pH 7.5, while stirring overnight and
then filtered through a 45-J.Lm membrane filter
(Millipore, Guyancourt, France). HMC buffers
containing 25 mM SDS were prepared with
HMC concentrations from 0.05 to 0.25% (w/v).

Three microemulsions were investigated, their
composition being as described by Watarai [8]:
(A) water-SDS-l-butanol-heptane (89.3:3.3:
6.6:0.8, v/w/w/w), (B) water-SDS-l-butanol
heptane (76.0:6.3:12.7:5.0, v/w/w/w); (C) water
SDS-l-butanol-heptane (65.1:9.3:18.6:7.0,
v/w/w/w) (the water was 40 mM Tris-H2S04 ,

pH 7.5). These microemulsions were chosen
according to a ternary phase diagram [11] of the
system water-SDS-l-butanol-heptane such that
each gave a single-phase microemulsion of oil
in water. In addition, the composition of micro
emulsion A was modified with respect to SDS
and water, that of Al being water-SDS (91.9:0.7)
and that of A 2 being water-SDS (91.1:1.5).

The reagents used for clEF were prepared
according to the method described by the HPCE
equipment manufacturer [12]. The ampholyte
used was Servalyt 3-10 (Serva, Heidelberg,
Germany).

High-performance capillary electrophoresis
(HPCE)

HPCE was performed using an Applied Bio
systems Model 270 A system (Applied Biosys
terns, Foster City, CA, USA) comprising an
untreated capillary tube (52 cm x 50 J.Lm J.D. x
300 J.Lm O.D.), a high-voltage power supply (0
30 kV), an autosampler with hydrodynamic in-
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Separation by FSCE
The separation efficiency obtained with Tris

buffer at pH 7.5, 8.0 and 8.5 is shown in the
electropherogram (Fig. 3). The best resolution
was obtained at pH 8.0; however, isoform sepa
ration was poor, the sample resolving into only
two partially separated peaks with the basic
isoforms (pI 7.3 and 7.4) eluting together in the
first peak. The elution order indicated on the
figure was determined by analyzing each of the
isoforms separately. Thus separation of the nu
clease isoforms, all of which have a 'pI close to
neutrality, was unsatisfactory with this mode of
HPCE.

28 32

Time (min)

(a)

32 36

Time (min)

(b)

Fig. 4. Separation of nuclease isoforms by micellar elec
trokinetic capillary chromatography at different pH. The
sample containing the three isoforms was introduced by
applying a 16.9 kPa vacuum for 1.0 s at the detector end. 10
kV was applied during electrophoresis. (a-c) 40 mM Tris
H 2S04 electrophoresis buffer containing 25 mM SDS. (a) pH
7.1; (b) pH 7.5; (c) pH 8.5; (d) 40 mM citrate buffer, pH 7.1.
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Separation by MECC
The effect of pH on isoform separation in 40

mM Tris buffer containing 25 mM SDS is illus
trated in Fig. 4a-c. Separation was better than
that obtained with FSCE, particularly at pH 7.1,
which is between the pI of the isoforms, and at
pH 7.5, which is just above the pI of the most
basic of the isoforms. Similar separation was
obtained using a citrate buffer at pH 7.1 instead
of Tris-HzS04 (Fig. 4d), and when using a
tricine buffer.

With MECC the order of migration is the
reverse of that seen with FSCE (Fig. 5). Because
of electrostatic repulsion from the more slowly
migrating micelle phase, native nuclease with pI

Fig. 3. Separation of nuclease isoforms by free solution
capillary electrophoresis at different pH values. The electro
phoresis buffer used was 40 mM Tris-H2S04 • The sample
containing the three isoforms was introduced by applying a
16.9 kPa vacuum at the detector end for 1.0 s. A voltage of 5
kV was applied during electrophoresis. EO = electroosmotic
flow.
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6.8, which has the most negative net charge,
probably spends more time in the bulk phase
than the more basic isoforms, thus explaining
why it elutes first. The negatively charged side
chain of glutamic acid at the N-terminal of the
isoform with pI 7.4 (Fig. 2) may explain why it
migrates faster than the isoform with pI 7.3;
since the latter has uncharged Thr at the N
terminal, it probably has a greater affinity for the
micelles and hence a slower migration velocity.
Conditions other than electrostatic repulsion and
attraction may also affect the elution order,
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ABSTRACT

A reversed-phase column liquid chromatograpic method. was developed for the assay of ascorbyl dipalmitate in whitening
powders. The linear calibration range was 0.1-0.7 mg/ml (r = 0.9999), and recoveries were generally greater than 98.8%. The
coefficient of variation was less than 0.64%. The method has been applied to whitening powders produced by four different
cosmetics companies. The assay results were compared with those obtained from a sodium hydroxide titration assay of ascorbyl

udipalmitate in commercial whitening powders. The method can be successfully used for routine quality control and offers
advantages in speed, simplicity and reliability.

INTRODUCTION

Ascorbyl dipalmitate is a more stable form of
ascorbic acid and is found in nail lacquers [1],
lotions [2,3], skin powders [4-6], skin condition
ers [7], sunscreen [8], freckle formulations [9],
creams [10,11] and dentifrices [12]. It has also
been shown to extend the stability of adhesive
transdermal pharmaceuticals [13]. Ascorbic acid
and ascorbic acid derivatives are thought to be
produced by the inactivation of tyrosinase, an
enzyme that mediates the early steps of the
melanin biosynthetic pathway [14]. Owing to its
skin-whitening action, ascorbyI dipalmitate has
been used widely in skin-whitening preparations
[15-23].

In order to ensure effectiveness, safety and

* Corresponding author.

quality, the manufacture and import of medi
cated cosmetics are strictly controlled. In Taiwan
no-one can operate such a business without
obtaining approval and a license from the De
partment of Health, Taiwan. Requirements for
approval and license applications for medicated
cosmetics are almost the same as those for drugs.
Hence, it is imperative to be able to determine
accurately the amount of ascorbyl dipalmitate in
cosmetic whitening powders.

Few methods have been reported in the litera
ture for the analysis of ascorbyl dipalmitate.
Luckewicz and Saccro [24] reported a differential
scanning colorimetric method for the determina
tion of ascorbyl dipalmitate and Matsumoto and
Shinozaki [25] and Yamaoka et al. [26] described
LC procedures for the determination of ascorbyl
dipalmitate in vitamin preparations and oint
ments. The present official assay method for the
analysis of ascorbyl dipalmitate in whitening

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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starch, etc. It is possible that the pyridoxine
hydrochloride may be responsible for the bias of
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This study demonstrates the applicability of
the proposed HPLC method for the determina
tion of ascorbyl dipalmitate in cosmetic whiten
ing powders. The method can be successfully
used for routine quality control and offers advan
tages in speed, simplicity and reliability.
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ABSTRACT

Capillary zone electrophoresis can be used for the detection of by-products in purified codeine. Separation of the by-products
thebaine and 6-methylcodeine illustrates that small geometrical differences can be exploited to achieve effective separation.
Examples of the capillary zone electrophoresis and micellar electrokinetic chromatography of codeine-containing drug
formulations are presented.

stationary phase still present, tailing still occurs,
as can be inferred from data presented by
Verheij et ai. [6]. As was demonstrated with
another class of compounds, the hop acids [7],
only the complete elimination of the stationary
phase solves this kind of adsorption problem.

INTRODUCTION

Codeine (Fig. 1), an antitussive and mild
analgesic, can be obtained from Indian opium or
poppy straw and is additionally produced by
methylation of morphine from the same sources
[1]. To obtain pure codeine, various impurities,
ranging from naturally occurring alkaloids (such
as thebaine) to reaction side-products such as
6-methylcodeine and 3-0-(1,2-dichlorovinylmor
phine) [2] must be removed. The purity of the
codeine must then be ascertained.

Basic drugs can be analysed by HPLC [3] or
TLC [4,5], but interactions with the stationary
phases [3] can lead to tailed peaks. In electro
osmotically driven chromatography, with the
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• Corresponding author. Fig. 1. Codeine and its by-products.
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Therefore, capillary zone electrophoresis (CZE)
is a convenient alternative.

Several groups have reported the capillary
electrophoretic separation of basic drugs [8-11]
and alkaloids [12-14]. All of the work on
codeine [8-10] has focused on its determination
for forensic drug screening. This contribution
deals with codeine in its pharmaceutical dosage
form.

EXPERIMENTAL
5.0

4

3
2

10.0

5

min

Codeine was obtained from Sigma (St. Louis,
MO, USA). The purified by-products of codeine
and drug formulations were obtained from
Slovakofarma (Hlohovec, Slovak Republic). The
pure compounds were dissolved in separation
buffer at the required concentration, except for
the trace impurity analysis of codeine, for which
0.01 M hydrochloric acid was used as the sample
solvent. The tablets (Kodynal, Spasmoveralgin,
Alnagon) were crushed in a mortar and 65-150
mg of powder, equivalent to one-tenth of a
tablet, were sonicated in 100 ml of separation
buffer and filtrated through a 0.45-JLm mem
brane filter (Schleicher & Schull, Dassel, Ger
many). The Ipecarin drops were simply diluted
100 times with separation buffer. The actual
concentrations of the substances are listed in the
figure legends.

CZE was performed on a Quanta 4000 system
(Millipore, Bedford, MA, USA). Fused-silica
capillaries were 50 JLm or 75 JLm J.D., 375 JLm
O.D., 60 cm long, with the detection window at
53 cm.

Electropherograms were obtained with various
buffers, all prepared with deionized water (Milli
Q, Millipore). Samples were introduced hydro
dynamically with an elevation of 10 cm and an
injection time of 5 or 10 s, analysed with an
applied voltage of 17 or 20 kV and detected at
214 nm. After each run the column was rinsed
with 0.05 M sodium hydroxide (1-3 min) and
separation buffer for 3 min.

Molecular modelling calculations were per
formed on a MicroVAX II (Digital Equipment,
Shrewsbury, MA, USA) with the MM2(85)
Force Field program (MacroModel v3.0, W.e.
Still, Columbia University, 1990).

Fig. 2. CZE analysis of a synthetic mixture of codeine and its
by-products. Buffer: 25 mM citrate, pH 4.2. Column: 60 cm
(53 cm to detector) x 75 /Lm I.D. Applied voltage: 20 kYo
Detection: 214 nm. Injection time: 5 s. 1 =Biscodeine; 2 =
codeine; 3 = thebaine; 4 = 6-methylcodeine; 5 = 3-0-1,2
dichlorovinylmorphine.

RESULTS AND DISCUSSION

Fig. 2 shows an electropherogram of an artifi
cial mixture of codeine and its by-products.
The excellent separation of thebaine and 6
methylcodeine is remarkable as these com
pounds differ by only two hydrogen radicals. As
the pKa of thebaine is 6.05, charge effects are
not expected to have a strong influence at pH
4.2. This is confirmed by examining the separa
tion in the range pH 2.5-6.0 (Fig. 3). To avoid
interferences from different ionic strengths in the
pH scale, the buffers contained a large excess of
sodium chloride. We did not attempt to measure
electroosmotic flow at these low pH values, but
by selecting a reference compound, in this case
thebaine, and considering differences in ob
served mobility, the effect of electroosmosis is
effectively neutralized (JLep = electrophoretic
mobility, JLeo = electroosmotic mobility)

/i.JL = (JLep,l + JLeo) - (JLep,2 + JLeo) = JLep,l - JLep,2

(1)

:No pH-related difference in electrophoretic
mobility could be found between thebaine and
6-methylcodeine. The changes for bis-codeine
are very likely related to the transition from the
mono- to the diprotonated form. The small
changes for codeine and 3-0-(1,2-dichloro
vinylmorphine) are less well understood but
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Fig. 6. Examples of the analysis of codeine-containing drug formulations. The concentrations reflect the relative amounts in the
formulation. (a) Kodynal. Same conditions as in Fig. 2. 1 = Emetine (1 ppm); 2 = ephedrine (20 ppm); 3 = codeine (40 ppm). (b)
Ipecarin. Buffer: 12.5 mM citrate, pH 6.5. Other conditions as in Fig. 2. 1 = Ephedrine (130 ppm); 2 = codeine (93 ppm);
3 = emetine (1 ppm); 4 = pilocarpine (15 ppm). (c) Spasmoveralgin. Buffer: 40 mM SDS in 10 mM phosphate, pH 8.5. Other
conditions as in Fig. 2. 1 = Caffeine (50 ppm); 2 = aminophenazone (150 ppm); 3 = bromoisovalum (250 ppm); 4 = phenobarbital
(20 ppm); 5 = codeine (15 ppm); 6 = ephedrine (5 ppm); 7 = papaverine (30 ppm); 8 = antropine methylbromide (0.5 ppm). (d)
Alnagon. Same conditions as in (c), except for the addition of 15% acetonitrile to the buffer. 1 =Caffeine (80 ppm);
2 = phenobarbital (20 ppm); 3 = aspirin (380 ppm); 4 = codeine (20 ppm).
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