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ration parameters with this column have led to
development of simple and systematic schemes
for optimizing the separation of enantiomeric
agents [7,8]. Unfortunately, however, immobil
ized protein columns all suffer from an inherent
disadvantage: sample loadings must be kept
small or the column will overload, degrading
separation performance. This characteristic of
immobilized protein columns seriously limits this
column type for separations where purified en
antiomers must be isolated. Limitations in the
protein-based columns directed us to study cel
lulose-based columns for achieving both ana
lytical and preparative separations. Although
preparative separations are not a subject of this
report, methods for optimizing separations of
racemic mixtures are analogous for both ana
lytical and preparative applications.

Cellulose-based columns have several poten
tial advantages over protein-based columns for
separating racemic mixtures. First, cellulose
based columns have higher sample loading
capacity. Second, the low-boiling organic sol
vents typically used with these columns facilitate
the isolation of purified solutes. Totally organic
solvent systems used with cellulose-based col
umns are readily removed from purified frac
tions, simplifying problems with removing the
buffered aqueous mobile phases used with
protein-based columns. Third, the cellulose
based columns are brQadly applicable to many
compound types [4]. Fourth, commercially-avail
able short columns of these materials rapidly
equilibrate and allow faster separations for de
creased method development time. Lastly, short
cellulose columns are less expensive, permitting
the practical survey of a range of column types at
reasonable cost.

However, practical disadvantages of the cel
lulose-based columns had to be overcome in this
study. There are many different types of cel
lulose-based chiral columns [9]. Which type
might be the most promising so that the testing
of all might not be required? Also, the chro
matographic performance of cellulose-based col
umns is sensitive to water contamination in
organic normal-phase solvents, requiring the use
of dry sample and mobile-phase solvents. Lastly,
another limitation of cellulose-based columns is

that they generally have lower plate numbers
(less efficient) than protein-based columns. This
characteristic often dictates that selectivity fac
tors (a) be maximized for optimum separations.

The need for maximizing the analysis and
isolation of chiral compounds led us to study
ways that a-values for cellulose-based columns
could be rapidly optimized. Optimization usually
involves selecting a mobile phase and other
operating conditions that produce the h~ghest

a-value, while maintaining good column ef
ficiency. As a background for our work, the
studies of Okamoto et a1. [10], Wainer et a1. [11]
and Shibata et a1. [4] were useful in promoting
insight for expanding the range of typically-used
solvents for the cellulose-based columns. Tradi
tionally, cellulose-based column manufacturers
recommend that protic (proton donating) modi
fiers are to be used with non-polar mobile-phase
carriers (e.g., hexane) to resolve enantiomers
[9,12]. Precautionary statements furnished with
columns warn of adverse effects on performance
and stability if there are deviations from sug
gested mobile-phase compositions.

This study has identified that certain non
protic modifiers often can improve chiral sepa
rations. At times, an aprotic modifier can
produce a useful separation that is not possible
with traditional protic modifiers. Use of polar
modifiers other than alcohols greatly expands the
applicability of the cellulose-based columns,
without apparent column stability difficulties.

Three main objectives of this study were
defined. First, data were needed to identify and
quantify the effects of using aprotic modifiers
with cellulose-based chiral columns. Second,
there was an internal need to resolve and pre
paratively isolate a proprietary racemic aryl-oxy
propionate mixture using a derivatized cellulosic
column. Finally, a simple optimization strategy
for using cellulose-based columns was desired so
that future analytical and preparative separations
could be quickly and effectively completed.

2. Experimental

Chiralcel OD and OJ columns (50 >< 4.6 mm
I.D.), Chiralcel OC, OF and OG columns (250 x
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2.2. Introduction of phenyl group on to porous
membrane

2 M ammonium sulfate. Other reagents were of
analytical-reagent grade or higher.

Ring opening of a poly-GMA chain was
adopted to introduce a ligand on to a porous
membrane [26,27]. Fig. 1 shows a schematic
diagram of the procedure used to append a
hydrophobic phenyl group to a PE membrane.
This procedure consists of the following three
steps. (1) Grafting of GMA on to the original
membrane: the PE membrane irradiated with an
electron beam is immersed in 10% (v Iv) GMA
methanol solution solution at 313 K for 12 min
[28]. (2) Introduction of the phenyl group for
enhancement of HIC: the GMA-grafted mem
brane is immersed in 9.4% (w/w) aqueous
phenol solution, the pH of which is adjusted to
9, at 353 K for 1-24 h. (3) Blocking of the

Ph(X)-diol-C fiber

Fig. 1. Schematic diagram of procedure used to append
phenyl and hydroxyl groups to polyethylene porous mem
brane.

NaOH

phobic ligand. The spacing between the matrix
and ligand is effective in improving accessibility
of the protein to the ligand [23]. For example,
HIC which utilized beads containing a phenyl
group as the hydrophobic ligand with a 2-hy
droxypropane group as a spacer exhibited a
higher resolution than that without a spacer [24].

Radiation-induced graft polymerization
(RIGP) is a powerful modification technique in
that a flexible polymer chain can be grafted on to
various forms of trunk polymers. We have pre
pared functionalized porous membranes contain
ing affinity ligands [18] and ion-exchange groups
[21,25] by RIGP of glycidyl methacrylate and
subsequent ring-opening reactions of the epoxy
group produced. The functional moiety was
immobilized on the graft chain of submicrometre
length. The flexible graft chain may provide a
favourable binding space for the protein because
it can also function as a spacer.

The objective of this study was twofold: (1) to
prepare an uncharged porous membrane for HIC
by RIGP and (2) to evaluate the adsorption and
elution characteristics of the protein during per
meation through the resultant membrane. We
adopted a phenyl group and a porous poly
ethylene hollow-fibre membrane as hydrophobic
group and feasible matrix, respectively.

2. Experimental

2.1. Materials

A porous membrane of hollow-fibre form was
used as a trunk polymer for grafting. This
membrane, which was made of polyethylene
(PE), had inner and outer diameters of 0.07 and
0.12 cm, respectively, with a nominal pore diam
eter of 0.2 p.m and a porosity of 0.67. Technical
grade glycidyl methacrylate (GMA) (CHz =
CCH3COOCHzCHOCHz) was purchased from
Tokyo Kasei and used without further purifica
tion. Bovine serum albumin (BSA) was obtained
from Sigma. Phosphate buffer (0.07 M, pH 7.4)
was prepared by dissolving phosphate buffer
powder (Wako) in deionized water. BSA was
dissolved in phosphate buffer solution containing
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Fig. 2. Conversion of epoxy groups into phenyl groups as a
function of reaction time.

Fig. 3. Densities of phenyl, dial and total hydroxyl groups of
the Ph(X)-diol-C fibre.

that of commercially available HIC gel beads:
0.1 mmol/ml of TSK gel Phenyl-5PW (Tosoh)
[30] and 0.4 mmol/ g of phenyl Sepharose FF
(Pharmacia Biotech) [31] were equivalent to the
phenyl-group densities of the Ph(5)-diol-C and
Ph(lO)-diol-C fibres, respectively.

The residual epoxy group was quantitatively
converted into two adjacent hydroxyl (diol)
groups via reaction with water. The density
balance of the functional moieties on the graft
chain, the units of which are represented mmol/
g of the dry membrane, is shown in Fig. 3 as a
function of the conversion. The total hydroxyl
group density was calculated as the sum of the
density of monool groups produced by ring
opening of the expoxy group with phenol and
twice the density of diol groups produced by that
of the residual epoxy groups with water. Kim et
al. [29] reported that the critical density of the
hydroxyl groups on the graft chain required for
minimizing non-selective, i.e., irreversible, ad
sorption of the protein on to a porous poly
ethylene membrane was 14 mmol/ g of original
polyethylene membrane. This critical density
corresponded to a total hydroxyl-group density
of 4.3 mmol/ g of Ph(67)-diol-C fibre. Therefore,
the Ph-diol-C fibres below a conversion of 67%
satisfy the requirement for hydrophilization, and

will reduce non-selective adsorption of the pro
tein.

3.2. Permeability of the Ph-diol-C fibre

Four kinds of liquids were permeated through
the Ph-diol-C fibre with various conversions at a
constant permeation pressure of 0.1 MPa: pure
water, phosphate buffer and phosphate buffers
containing 1 M and 2 M (NH4)zS04' Fig. 4
shows the permeation flux of the liquid as a
function of the conversion. The permeation flux
of each liquid of the Ph-diol-C fibre was in
dependent of the conversion, i.e., phenyl-group
density, and constant at 90% of the original
hollow fibre. In contrast, the permeation flux of
an ion-exchange porous hollow-fibre membrane
is reported to decrease with increasing ion-ex
change group density because mutual electro
static repulsion of the graft chains induced
stretching of the graft chains from the pore
surface toward the pore interior [32,33]. The
stability of the conformation of the polymer
chains grafted on to the pore surface of the
Ph-diol-C fibre towards the liquid is due to
electrostatic neutrality of the graft chain, which
is favourable for practical applications.

The permeation flux ratios of the phosphate
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Fig. 1. Affinity chromatography of bovine heart extract on mercaptopyruvic-VBAR-Ultrogel A6R biomimetic adsorbent and the
purification of LDH. Procedures were performed at 4°C. Dialysed cell-free extract (2370 pol, 26.3 mg protein, 356 units LDH) was
applied at the biomimetic adsorbent (1 ml). Non-adsorbed protein was washed off with 23 ml of buffer followed by 2 x 16.5 ml of
buffer containing 10 and 20 mM KCI. Bound LDH was eluted with equilibration buffer containing 0.1 mM NAD + and 1 mM
sulfite (3 ml). Collected fractions were assayed for LDH (0) and protein (+, A 2BO except for the fraction with NAD+).

purification and 75% step recovery. However,
when the pretreated extract was subsequently
chromatographed on the BM 1 affinity adsor
bent, the step purification on the affinity column
remained unchanged (25-fold). Pretreatment of
the starting extract by means of DEAE-cellulose
anion-exchange chromatography (20 mM Tris
HCI, pH 7.4; desorption of bound LDH with 0.2
M KCI) led to 2.9-fold step purification and 71 %
step recovery. However, after the pretreated
extract was chromatographed on a BM 1 ad-

Table 4
Summary of LDH purification from bovine heart extract

sorbent, the capacity of the affinity adsorbent
was increased by 40% but the step purification
remained approximately the same (~26-fold).

Therefore, since the purity of the final product
could not be improved further, there was no
need to perform any changes to the original
protocol. Further, in order to demonstrate the
superiority of biomimetic adsorbent BM lover
the commercial dye, CB3GA bovine heart LDH
was purified on immobilized CB3GA under the
same conditions as for BM 1 (see legend to Fig. 1

Step Volume Units Protein SA Purification Yield
(ml) (u) (mg) (u/mg) (-fold) (%)

Crude extract 2.37 356 26.3 13.5 1
Step 1: Biomimetic dye 3.0 228 0.68 335 24.8 64

chromatography
(NAD+ -sulfite elution)

Step 2: Anion-exchange 5.0 178 0.37 481 35.6 50
chromatography
(KCI elution)

Procedures were performed at 4°C. The affinity adsorbent (1 ml) consisted of the ligand biomimetic mercaptopyruvate-VBAR
immobilized on Ultrogel A6R (2.2 pomol dye/g moist gel). The agarose gel DEAE-Sepharose CL6B (1.6 x 1.5 cm 1.D.) was
employed as an anion exchanger. For experimental conditions, see texL
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Fig. 7. Stability of AEOC-derivatized phenol as a function of
time.
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perature for various lengths of time prior to
injection. The results of this study, shown in Fig.
7, indicate that the derivatives are very stable
over at least several weeks.

The method was applied to several industrial
waste water samples originating from Central
Pennsylvania. While not all four of the standard
phenols were detected in all of the samples, each
sample was found to contain one or two of the
four standard phenols. Chromatograms for two
industrial waste water samples, A and B, are
shown in Figs. 8A and 8B. Sample A (Fig. 8A)
shows a phenol peak at 8.62 min corresponding
to a level of 0.065 mg/lOO ml. A peak at 10.60
min in Fig. 8B indicates the presence of DMP at
a level of 0.0048 mg/lOO ml in waste-water
sample B. The average values obtained from
three replicate analyses of waste-water samples
A and B were 0.064 (0.065, 0.063, 0.064) and
0.0044 (0.0048, 0.0046, 0.0039) mg/lOO ml of P
and DMP, respectively. Independent analyses of

•
•

1000 1200800600400200o

Time (min)

Fig. 8. Chromatograms for Central Pennsylvania waste water samples. (A) 0.07 mg phenol/IOO m!. (B) 0.005 mg 3,4
dimethylphenol/IOO m!. Conditions the same as in Fig. 4.
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Fig. 1. Structural formulae of some aloe components.

and aged aloe solutions. In addition to the
diastereoisomeric aloins A and B, many other
peaks were simultaneously separated and the
main components identified. The very short
lifetime of aloin in aqueous-alcoholic solutions
explains why aloin was not previously detected in
beverages. As will be pointed out in the Discus
sion section, although the results presented here
are satisfactory from the analytical point of view,
they nonetheless lead to questions on the regula
tory aspects.

2. Experimental

2.1. Apparatus

The chromatographic apparatus consisted of a
pump module (Series 3 liquid chromatograph), a
column oven (LC 100) and a variable-wave
length spectrophotometric detector (LC 55B)
connected to a digital scanner (LC 55S) and a
pen recorder (Model 56) (all from Perkin-Elmer,
Norwalk, CT, USA). All chromatographic data
were recorded and processed by means of
Chromstar software (Bruker, Bremen, Ger
many).

The analytical column was a Supelcosil LC18
(250 x 4.6 mm I.D.) filled with a 5-p,m body
porous stationary phase (Supelco, Bellefonte,
PA, USA). The elution programme was isocratic
[acetonitrile-water (18:82, v/v)] for 12 min,
followed by a linear gradient to 35% acetonitrile
in 20 min and isocratic again for 8 min; the run
was then continued with a second linear gradient
from 35% to 60% acetonitrile in 10 min. This
was followed by a purge (95% acetonitrile for 10
min) and a re-equilibration step (to 18% acetoni
trile) for 15 min before the next injection. The
column was thermostated at 45°C, and the corre
sponding initial pressure drop was 9.2 MPa with
a flow-rate of 1 ml/min. The spectrophotometric
detector was set as required at either 360 or 220
nm.

2.2. Materials and methods

All solvents were of HPLC grade (Merck,
Darmstadt, Germany). A crystalline sample of
aloe (without specification of origin or purity)
was a gift kindly supplied by Janousek (Trieste,
Italy).

The powdered aloe (1 g) was mixed with water
(100 ml) [15,16] or with aqueous-alcoholic mix-
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, Each run is the mean of three experiments.

4.10

Trap 1

1 2.0 2.00
2 4.0 3.94
3 8.0 7.88
4 64.0 64.31
5 128.0 127.94
6 256.0 251.58

Table 1
Efficiency of the sampling procedure for the collection of
MOl

Run' MOl added (nmol) MOl collected (nmol)

Trap 2

sampling rate was of the order of 0.5 l/min. The
silica gel was then transferred from the trap into
a glass test-tube and the OAPM was eluted with
600 p,l of 1.7 molll sodium hydroxide in metha
nol. The mixture was first sonicated for 10 min
and then centrifuged at 3300 g for 5 min. A
vacuum centrifuge was used to concentrate the
600 p,l of supernatant to 100 p,l. Compared with
a rotary evaporator, the vacuum centrifuge has
two advantages: bumping is avoided and several
samples can be handled at the same time. A 2-p,1
volume of the concentrated supernatant was then
injected into the gas chromatograph.

2.4. Field studies

MDI values were obtained in a factory produc
ing polyurethane-insulated pipes by the spray
technique. Measurements were performed at
various distances from the production machin
ery. The average temperature in the factory was
24°C and the relative humidity ranged between
40 and 50%. The flow-rate through the trap was
maintained at 0.5 l/min. After 10 and 20 min of
sampling the solid absorbers were analysed for
MDI content. The experiment was repeated five
times on the same day.

3. Results

3.1. Collection and recovery efficiency

The collection efficiency of the solid absorber
medium for MOI was examined by using two
traps in series. Increasing amounts of standard
MDI were added to the first trap with a mi
crosyringe while air at a flow-rate of 0.5 l/min
was sucked through the traps. The air flow was
continued for 40 min. After sampling, the ab
sorbent medium in each trap was analysed for
the MDI derivative using the reported method.
The results are given in Table 1. There is 1.6%
MDI breakthrough at the highest concentration
studied. There is no breakthrough from the first
trap at a concentration of 4 nmol, equivalent to
20 1 of 50 p,g/m 3 concentration (the current
threshold limit value for MOl). This indicated

that the trapping efficiency was essentially 100%
. and that only one trap is required for collection
in the field. Tests performed with sampling tubes
spiked with 3 p,mol of MDI showed that virtually
100% of the DAMP was recovered using 600 p,l
of sodium hydroxide in methanol. Oharmarajan
[24] has demonstrated that under normal operat
ing conditions virtually all of the MDI in air is
present as an aerosol and not in the gaseous
form. The efficiency of MDI aerosol collection
was studied by inserting a Teflon filter between
the trapping system and the pump. After sam
pling, the filter was eluted with acidic methanol
and the solution analysed for MDI content
following our procedure. The concentration of
MOl collected by the filter was less than 1.8% of
the MOl collected by the trapping system in the
workplace atmosphere. Our experimental pro
cedure consisted of four runs, each repeated
twice; the results ranged from 2.3 to 21.1p,g/m 3

.

3.2. Chromatographic analysis

Good separation of OAPM was achieved with
in 7 min under the experimental conditions
described above. Typical chromatograms of a
standard solution of MOl and of an air sample
are shown in Fig. 1. Quantification of DAPM
was performed using a calibration graph. The
calibration graph was prepared by introducing
1.0,3.0,5.0,7.0 and 10.0 p,l of working standard
solution (0.3 p,mol/l MOl) with a microsyringe
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Fig. 8. Relative standard deviations in relative migration time
for three analytes. Conditions of analysis as in Fig. 4. H = All
conditions combined. Plotted on a semilogarithmic scale.7 9 11 19 23 25 33 14 18 16 22
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Fig. 7. Relative migration time at 30 kY and 30, 40, and 50°C,
as a function of the run number. (0) p-Toluene-sulfonic
acid; (6) salicylic acid; (/0.) phthalic acid.

4.3. Relative migration time

Fig. 7 shows the results for relative migration
time (RMT) using anthraquinone-2-sulfonic acid
as a reference standard, for the same data as
presented in Fig. 3. What can be seen here is that
the RMT is not affected to a high degree by the
temperature of the system. This was predicted by
Eq. 6. Additionally, it can be seen that there
remains some variation in the RMT within a
given condition, especially for phthalic acid.

Fig. 8 presents the R.S.D. data for all the
conditions. In this case we can also report an
overall data set which takes into account the
results for all conditions on all days, since the
RMT should be independent of the conditions.
The R.S.D. values are quite good for salicylic
acid and p-toluene-sulfonic acid (:;:;;1%), but
rather poor for phthalic acid (up to 10%). This is
probably the result of the dependence, discussed
in the Theory section, of the reproducibility of
this parameter on' the difference between the
mobility of the analyte and the reference materi
al. Phthalic acid has the greatest difference in
mobility, and shows the poorest results. Also,
when the electrophoretic mobility of the analyte
is similar in magnitude but opposite in direction

to the electroosmotic flow, small changes in the
electroosmotic flow have a large effect on the
migration time. The effect may also be caused by
temp'erature drift, since this would cause phthalic
acid to experience a different average tempera
ture than the other analytes. It is also notable
that the pattern of the plots follows that for
electroosmotic mobility (Fig. 5) for each of the
analytes. This indicates that the RMT is not
completely free from the effects of variations in
electroosmotic flow, as seen in Eq. 6.

Analysis of covariance for the data set col
lected at 30 kV indicates that only the type of
analyte contributes significantly to the variance
in the data set. The temperature and the run
number do not significantly contribute. For a
given applied potential and temperature, the
inverse of the natural logarithm of the RMT was
found to be highly correlated (r 2

:? 0.92, as high
as 0.999) with the inverse of to' This is as one
would expect when the variation in RMT is
caused solely by variations in electroosmotic
flow.

The zeta potential and dielectric constant do
depend on the temperature, so one might expect
that the RMT would be affected to a greater
extent by changes in temperature. This is a
further indication that the effects of changes in
the temperature are dominated by viscosity in
fluences.

The ratio of the migration time of the analyte
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[.Lep Electrophoretic mobility
q Effective molecular charge
r Effective molecular radius
T/ Buffer viscosity
l Effective capillary length
L Total capillary length
V Applied potential
tmig Migration time
to Migration time of an uncharged com

pound
[.Leo Electroosmotic mobility
E Dielectric constant of the separation buf

fer
!: Zeta potential at the internal capillary

wall
t rel Relative migration time
[.Lrel Relative electrophoretic mobility
[.Lx Actual electrophoretic mobility
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give the best cancellation. What we did was to
use the sum of the two adjacent data points in
channel a (interpolation) and divide that by the
data point in channel b to get the normalized
output intensity, 1:

(1)

Here a, and ai + 1 are the ith and (i + 1)th data
points in channel a, and bi is the ith data point in
channel b. This has an averaging effect and the
resulting background noise showed a relative
standard deviation of 1· 10-5

. The high-resolu
tion AID conversion is critical here. The re
sidual peaks observed in Fig. 2B were most
likely due to the asynchronous movements of the
optical components for the two beams. So, the
ruggedness of the setup is very important. From
another point of view, this also proves that the
proposed cancellation scheme is suitable for
cancellation of correlated noise components.
With this simple system (Fig. 1), the possibility
of mechanical movements can be reduced com
pared to a complicated setup. He-Ne and Ar
lasers were also tested with the same setup. The
cancellation results were less impressive. This is
largely due to the inherent instability of these
laser systems. One needs to account for the
higher-frequency fluctuations by sampling the
two beams at a higher rate for proper cancella
tion.

For the LED-based system,' o15taming . the
signal and reference beams is not so easy. Many
beam-splitting techniques do not apply simply
because the beam from the LED is not uni
directional, like the laser beam. In this case, the
reference beam is collected by putting a mi
croscope objective very close to the LED. The
two beams thus obtained are also quite well
correlated (Fig. 2C). Since the LED appears to
be more stable but is at a lower intensity than
the diode laser, there is more digitization noise
before (Fig. 2C) and after (Fig. 2D) cancella
tion. Despite this, the background noise still has
a relative standard deviation of only 3.6' 10 -6.

As we will discuss later, this noise can be further
eliminated by averaging and smoothing after
normalization.

3.2. Direct absorption detection

As a demonstration, the separation of oxazine
1 and bromothymol blue was performed in our
diode-laser system (Fig. 3). The baseline is
stable and the peaks are sharp, indicating the
lack of broadening due to the detector. When the
concentration of oxazine-1 was reduced (6.7·
10- 8 M) to approach its detection limit, the peak
was hardly distinguishable from the background
noise (Fig. 4A) if merely the signal-channel data
is plotted (e.g., single beam). However, after our
double-beam renormalization scheme the
oxazine-1 peak is several times above the back
ground noise level (Fig. 4B). This shows the
effectiveness of this noise-cancellation technique.

The absorbance of an analyte in CE should be
predictable from Beer's law. For small absor
bance, Beer's law can be written as:

IMI 110 = 2.303Ebc = 2.303A (2)

where IMI is the absolute intensity change
caused by absorption, 10 is the initial intensity
without analyte, E is the molar absorptivity of
the analyte, b is the optical path length, c is the
analyte concentration, and A is the absorbance
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~
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Fig. 3. Electropherogram of a mixture of oxazine-1 (1) and
bromothymol blue (2) with injected concentrations of 7· 10- 6

and 2.10-5 M, respectively. The running potential was 18
kYo The running buffer was 10 mM phosphate at pH 10.4. A
75 !Lm 1.0., 360 !Lm 0.0. capillary with 50 cm total length
and 38 cm to the detector was used.
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where aA is the absorbance noise, € is the molar
absorptivity of the background chromophore,

cover most of the visible range, the wavelengths
are still long compared to most chromophores.
Fortunately, the same system is applicable to
universal detection via indirect absorption as
well [6]. Fig. 6A is the electropherogram of
several cations obtained by the diode-laser-based
system. From our previous study, the limit of
detection (LOD) for indirect absorption detec
tion can be written as:

different analytes, from blue to red in the visible
range. LEDs are also less expensive. For the
same reason as for LEDs, the peak heights from
the commercial system are also not predicted by
Beer's law. Fig. 5 is the electropherogram of
2.10- 7 M oxazine-l from the commercial CE
system. The absorbance observed here is only
3.10-5

. Better focusing in the diode-laser system
accounts for about four times improvement in
the absorbance measured. This effect will be
even more dramatic for smaller-diameter capil
laries [6].

In our previous study, 2· 10 -8 M malachite
green was detectable at 632.8 nm (He-Ne laser)
with an electronic noise-canceler [4]. In the
simple system reported here, 7.10-8 M of in
jected malachite green also gives good signal-to
noise ratio at 635 nm (diode laser), which is very
close to 632.8 nm. But the whole scheme is
simplified and the requirements are much less
critical. Again, this result is well predicated by
Beer's law.

3.3. Indirect detection

For practical applications, the 635 and 670 nm
wavelengths provided by the diode laser are not
broadly useful. Even with LEDs, which can
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Fig. 5. Electropherogram of 2.10- 7 oxazine-l (injected)
from a commercial CE system. The running potential was 15
kY. The total and effective lengths of the capillary were 44
and 35 cm, respectively. Other conditions were the same as
in Fig. 3. S, system peak.

Fig. 6. Electropherograms for the indirect detection of
cations in the diode-laser-based system. The running buffer
was 0.12 mM methyl green in 1.0 mM Tris and 2.5 mM
acetic acid (pH 3.9). The applied potential was 28 kYo A 50
/Lm 1.0. DB-l capillary with 55 cm total length and 40 cm to
the detector was used. (A) Separation of cations (1, 5.2.10- 4

M K+; 2, 3.2.10-4 M Ca'+; 3, 9.6.10- 5 M Na+; and 4,
8.8 '10-5 M Li+). (B) Detection limit of Li+ (3.5 .10- 6 M).
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extractor. The methanol extract was evaporated
to dryness and the residue was re-extracted with
6 ml of methylene chloride-water (1:1). The
water fraction contained the limonoid glucosides
and was analyzed directly.

2.3. Reagents and chemicals

The separation buffer consisted of 20 mM
sodium dihydrogen phosphate (BOH, Poole,
UK), 12 mM disodium tetraborate (BOH) and
35 mM sodium dodecyl sulphate (Sigma, St.
Louis, MO, USA) and was prepared in doubly
deionised water (Millipore Corp., USA). All
samples and standards were filtered through a
0.45-JLm syringe filter (Lida, Kenosha, USA).
All chemicals were of analytical-reagent grade.

2.4. Standards of limonoid glucosides

In this study, standards of the 17-,I3-D-gluco
pyranosides of limonin, obacunone and nomilin
were used. They were isolated and characterised
by nuclear magnetic resonance, infra-red and
mass spectroscopic techniques.

2.5. Instrumentation

The qualitative and optimization experiments
were carried out on a laboratory built CE system
and the quantitative experiments were per
formed on a Beckman P/ACE System 2000
(Beckman Instruments, Palo Alto, CA, USA).
The laboratory built system consisted of a 0-30
kV high voltage power supply (Series 230, Ber
tan High Voltage, Hicksville, NY, USA) and a
variable-wavelength UV detector (Spectrasystem
UV 1000, Spectra-Physics, San Jose, CA, USA)
that was fitted with an on-column capillary cell
(Model 9550-0155, Linear Instruments, NV,
USA). The platinum electrodes were housed in a
perspex box which was equipped with an inter
lock for operator safety. Fused-silica capillaries
(50 JLm 1.0., 220 JLm 0.0.) were obtained from
SGE (Melbourne, Australia). The capillary
length was 68 cm (43 cm from the injection end
to the detector window). The separations were
carried out at ambient temperature and detec-

tion was at 210 nm. The electropherograms were
recorded with an electronic integrator (Model SP
4200, Spectra-Physics). Hydrodynamic injections
were made by lowering the vial at the detector
end by 4 cm below its normal position and
inserting the upstream end of the capillary into
the sample vial for 5 s.

The Beckman system consisted of a 0-30 kV
high-voltage built-in power supply, a selectable
fixed-wavelength UV detector, a temperature
controlled column cartridge (75 JLm 1.0.) and an
autosampler. The capillary length was 50 cm
(43.5 cm from the injection end to the detector
window). All experiments were carried out at
25°C at a constant voltage of 25 kYo Injections
were made using the pressure mode for 2 s each
and the peaks were monitored at 214 nm. The
Gold software for system controlling and data
handling was used. The electropherograms were
recorded on an IBM PS/2 Model 55 SX com
puter.

2.6. Calibration graphs

The calibration graphs were obtained from
standard solutions containing limonin glucoside
and nomilin glucoside in the concentration range
0.15-1.5 mg/ ml in doubly deionised water. Since
only a small amount of obacunone glucoside
standard was available it was excluded from the
quantitative study.

3. Results and discussion

Preliminary experiments were conducted to
separate the limonoid glucosides using capillary
zone electrophoresis (CZE) conditions. CZE
was unable to resolve limonin and obacunone
glucoside in the pH range 6.0-7.5. The upper
limit of the pH was set at 7.5 because nomilin
glucoside is converted to obacunone glucoside at
a pH greater than 7.5 [19].

The three Iimonoid glucoside standards were
estimated from pH measurements to have pKa

values close to 4.3. The difference in ionization
of the carboxylic group in the limonoid skeletons
was not great enough to allow differentiation
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Abstract

The carbohydrate-dependent microheterogeneity of recombinant coagulation factor VIla (rFVIla) has been
characterized by capillary electrophoresis (CE) of the native protein and by high-performance liquid chromatog
raphy (HPLC) of tryptic peptides and of oligosaccharides released by hydrazinolysis.

The development of the CE analysis is reported here. We have found that application of 1,4-diaminobutane
(putrescine) as additive to the CE separation buffer is essential for the separation of the various glycoforms. Under
optimum conditions rFVIla migrates as a cluster of six peaks or more. By CE of neuraminidase-treated rFVIla a
faster-moving double peak is observed. This indicates that the separation obtained is primarily based upon the
different content of N-acetyl-neuraminic acid of the oligosaccharide structures in rFVIla.

By reversed-phase HPLC of tryptic digested neuraminidase treated rFVIla the glycopeptides containing the
heavy chain N-glycosylated site elute as two peaks compared to the four peaks corresponding to glycopeptides with
o to 3 N-acetyl-neuraminic acids seen for untreated rFVIla.

In high-pH anion-exchange HPLC of the oligosaccharides released from native rFVIla by hydrazinolysis the
major peaks elute as oligosaccharides with 1 or 2 N-acetyl-neuraminic acids. Oligosaccharides released from
neuraminidase treated rFVIla elute earlier compared to oligosaccharides from native rFVIla, but separated into
several peaks, indicating heterogeneity for the oligosaccharide structures without N-acetyl-neuraminic acid.

1. Introduction

Factor VII is a single-chain, vitamin K-depen
dent plasma glycoprotein that participates in the
extrinsic pathway of blood coagulation. By the
activation of factor VII to factor VIla the peptide
chain is cleaved between Arg152 and Ile153,
resulting in a two-chain molecule consisting of a
light chain (AA 1-152) and a heavy chain (AA
153-406) linked through one disulphide bond

* Corresponding author.

[1]. Human recombinant blood coagulation fac
tor VII has been obtained from a mammalian
expression system and has in its activated form
(rFVIIa) been purified and characterized [1].
rFVIIa is post-translationally modified in several
ways, including y-carboxylation, O-glycosylation
at Ser52 and Ser60 and N-glycosylation at
Asn145 and Asn322 [1,2]. At Ser52 three differ
ent structures, (Xyl)o_z-Glc-, and at Ser60 a
single Fuc have been found [2].

Each N-glycosylated site in eukaryotic glyco
proteins is associated with several different oligo-

0021-9673/95/$09.50 © 1995 Elsevier Science BV All rights reserved
SSDI0021-9673(95)00656-7
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Neu5Ac (A-2751) and putrescine dihydroch
loride (1 ,4-diaminobutane , 2HCI) were from
Sigma (St. Louis, MO, USA). Neuraminidase
was from Boehringer Mannheim (Mannheim,
Germany) for rFVIIa and from Oxford
GlycoSystems (X-5011, Oxford, UK) for the
olig0saccharides. The reagent kit (1-4011) used
for the hydrazinolysis and the oligosaccharide
standards (C-335300, C-224300 and C-124300)
were from Oxford GlycoSystems (Oxford, UK).
All other chemicals were of analytical grade.

2.2. Neuraminidase treatment of r-factor VIla
and purified oligosaccharides

Removal of Neu5Ac was done by incubation
of rFVIIa or purified oligosaccharide with neur
aminidase in 50 mM sodium acetate, 5 mM
calcium chloride, pH 4.8, for 3 h at room
temperature. The enzyme-substrate ratio was
1:5 for rFVIIa and 1 U per approximately 100
pmol for the oligosaccharides.

2.3. Preparation and separation of r-factor VIla
tryptic peptides

rFVIIa samples (1 mg/ml) were digested
with trypsin (enzyme/substrate ratio 1:100) in
50 mM Tris buffer, 5 mM CaCI2 , pH 7.5, for
20 h at 37°C. Digestion was terminated by
addition of glacial acetic acid, adjusting the pH
to approximately 3.5. The digestion product
(25 JLl) was analyzed using RP-HPLC: HPLC
equipment, Waters; column, Nucleosil C I8 col
umn (250 x 4 mm, particle size 7 J,Lm, pore
diameter 12 nm, Macherey-Nagel 720042); col
umn temperature, 30°C; detection, 215 nm;
flow-rate, 1.5 ml/min; eluent A, 0.065% (by
volume) trifluoroacetic acid in water; eluent B,
0.05% (by volume) trifluoroacetic acid in 90%
acetonitrile in water. Gradient for heavy chain
glycopeptides, 6-41% eluent B for 49 min;
gradient for light chain glycopeptides, 0-16%
eluent B for 40 min.

The elution positions of the glycosylated pep
tides by the RP-HPLC analysis were identified as
previously described [33].

2.4. Preparation and separation of rFVIla
oligosaccharides

Samples of rFVIIa (1 mg/ml) were dialyzed
against 0.1 % trifluoroacetic acid, lyophilized and
hydrazinolyzed on a GlycoPreplOOO (Oxford
GlycoSystems, UK), using standard procedure.
The dried oligosaccharide pools were resuspend
ed in water and analyzed, using HPAEC-PAD:
HPLC equipment, Waters; column, CarboPac
PAlOO (250 x 4 mm) with a CarboPac PA100
Guard (50 x 4 mm) (Dionex, USA); column
temperature, ambient; detection, pulsed am
perometric with pulse potentials and durations
0.05 V/300 ms, 0.80 V/200 ms, -0.06 V/600 ms,
working at 1 J,LA full scale; flow-rate, 1.0 ml/
min; gradient, 7.5 mM to 150 mM sodium
acetate in 150 mM sodium hydroxide for 50 min.

2.5. Sample preparation prior to CE

A change of the buffer of the rFVIIa samples
(1 mg/ml) to 50 mM sodium acetate, 5 mM
calcium chloride, pH 4.8, was done in some of
the experiments. Buffer exchange was performed
either by dialysis (M r 8000 cutoff) or size-exclu
sion chromatography (NAP10 column, Phar
macia, Sweden).

2.6. Capillary electrophoresis-instrumentation
and operation

The capillary electrophoresis was performed
using a Waters Quanta 4000 capillary electro
phoresis system. Fused-silica capillaries (75 J,Lm

J.D.; 356 J,Lm O.D.) from Polymicro Tech
nologies (Phoenix, AZ, USA) with a total length
of 88 or 45 cm were used. Sample introduction
was done by hydrostatic injection (siphoning) for
10 s at the anode. UV detection at 214 nm took
place 7.5 cm from the cathodic end of the
capillary. To avoid excessive heating of the
buffer in the capillary the field strength was
chosen so that the current did not exceed 100
J,LA.

Before analysis the capillary was equilibrated
with the separation buffer. Washing with dilute
sodium hydroxide between runs had no benefi
cial effect and was therefore avoided. At chang-
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3.g HPAEC/PAD analysis of oligosaccharides
from native and from neuraminidase treated
rFVIIa

Activated recombinant human factor
VII

one coeluting with Neu5Ac and one coeluting
with a corefucosylated biantennary reference
structure (not shown) (OS-C). Based on the
relative amounts of Neu5Ac found after neur
aminidase treatment, it is concluded that OS-A
and OS-B are corefucosylated biantennary struc
tures with two and one Neu5Ac residues, respec
tively. It is noteworthy that rFVIIa glycosylation
shows considerably microheterogeneity also with
regard to the desialylated structures (Fig. 6).
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4. Conclusion

Separation of the glycoforms of rFVIla into six
peaks or more has been obtained by CE, using
phosphate as separation buffer with 1,4
diaminobutane as buffer additive. The separa
tion has been shown to be related primarily to
differences in the content of Neu5Ac of the
rFVIIa glycoforms. Techniques for RP-HPLC
separation of the rFVIIa tryptic glycopeptides
containing the N-glycosylated sites and for
HPAEC separation of the rFVIIa oligosaccha
rides released by hydrazinolysis have been estab
lished. The CE and the HPLC separations have
been used for characterization of native and
neuraminidase treated rFVIIa. Although the
neuraminidase treatment, as expected, reduces
the heterogeneity, significant peak separation is
obtained by all three analyses for the neuramini
dase treated sample. Characterization of this
heterogeneity will be the subject of further
studies using the potentials of CE and HPLC.
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The HPAEC analysis of the oligosaccharides
released from rFVIIa samples was performed at
high pH using conditions similar to those origi
nally described by Townsend and co-workers
[7,34]. Using HPAEC it is possible to obtain a
separation not only based on the content of
Neu5Ac in the oligosaccharides but, in addition,
a further separation based on the oxyanion
formation of the neutral part of the oligosac
charides [5,7,8,34]. In HPAEC of the oligosac
charides from native rFVIIa and of the oligo
saccharides from desialylated rFVIIa separation
into 5-8 peaks is obtained for both samples (Fig.
6). The oligosaccharide peaks OS-A and OS-B
(Fig. 6) were collected and subjected to neur
aminidase treatment. While untreated OS-A and
OS-B eluted as expected from the preparative
run, the neuraminidase treated oligosaccharides
for both oligosaccharides resulted in two peaks,
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Fig. 6. High-pH anion-exchange HPLC separation of from
top to bottom: (trace 6) oligosaccharides from native rFVlIa,
(trace 5) oligosaccharides from neuraminidase treated
rFVlIa, (trace 4) trisialylated triantennary oligosaccharide
standard (C-33S300), (trace 3) disialylated biantennary oligo
saccharide standard (C-224300), (trace 2) monosialylated
biantennary oligosaccharide standard (C-124300), (trace 1)
NeuSAc. Two oligosaccharides, labelled OS-A and OS-B,
from native rFVlIa were purified and characterized as
described in the text. The peak labelled OS-C corresponds to
the desialylated forms of OS-A and OS-B. The oligosac
charide standards contain oligosaccharides with NeuSAc
linked either a2-3 or a2-6, and can therefore give more
than one peak. Detection was pulsed amperometric. The
separation conditions are described in Section 2.4.
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Abstract

A capillary zone electrophoresis (CZE) method to separate the peptide series val-gly n' where n is 1 to 4, has
been evaluated and compared to separation by reversed-phase high-performance liquid chromatography (RP
HPLC). The method was able to quantitate peptides present at very low concentrations (down to 0.05 mM) with
high reproducibility and accuracy and was capable of separating peptides differing in size by only a single glycine
residue. It could also separate the peptides val-gly and leu-gly which differed in only a single side-chain methylene
group. The method was fast, required small sample volumes, and proved to be superior to RP-HPLC. The
suitability of the CZE method to analyze peptide uptake by dairy starter bacteria is discussed.

1. IntrOduction

In the manufacture of cheese from milk,
starter bacteria (Lactococcus lactis) convert large
amounts of lactose to lactic acid, acidifying the
milk and facilitating the formation of milk curds.
For these starter bacteria to grow to the high cell
densities required to sustain this lactic acid
production they must obtain peptides and amino
acids from the hydrolysis of the casein milk
protein [1]. The metabolites are acquired by the
activity of a complex proteolytic system, a key
step of which is the transport of the casein
'~rived peptides into the bacterial cell [2,3]. It is
..esently not known whether the relatively large

peptides (average length 11 residues) produced

* Corresponding author.
." Presented at the 3rd International Symposium on Capillary

Electrophoresis, York, 24-26 August 1994.

by the initial degradation of casein by a cell-wall
associated proteinase can be transported into the
cell intact or only after further degradation by
extracellular peptidases.

The rate of peptide transport into whole cells
is generally calculated by measuring the uptake
of synthetic peptides by the starter bacteria.
Whilst reversed-phase high-performance liquid
chromatography (RP-HPLC) has been used pre
viously for the analysis of changes in the levels of
these peptides [4-6] this method is slow, requires
relatively large sample volumes and often cannot
resolve closely related peptides.

The present paper reports the use of a capil
lary zone electrophoresis (CZE) method to sepa
rate and measure synthetic peptides belonging to
the homologous series val-glyn' where n is from
1 to 4. The peptide series was based on valine as
this amino acid is essential to the growth of the
L. lactis strain used in this study [7]. For the

0021-9673/95/$09.50 © 1995 Elsevier Science B.Y. All rights reserved
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Fig. 1. Separation of val-glY3 by (a) RP-HPLC, (b) CZE and (c) CZE in the presence of 1% TFA. Conditions for
chromatography and CE were as in the Experimental section. Peak 1 was val-glY3'

In contrast to the RP-HPLC chromatogram,
the CZE electropherogram (Fig. Ib) showed that
migration of the val-gly peptide through the
capillary was retarded by the separation con
ditions such that it was well resolved from other
material found in the cell suspension and that it
was a very sharp peak. When I % TFA was
included in the samples taken from the bacterial
cell suspension to inhibit further peptide uptake,
the separation of the val-glY3 peptide was not
seriously affected (Fig. Ic). Whilst the val-glY3
peak was not as sharp as in the absence of TFA,
there was still good resolution and reproducibil
ity.

The CZE method, therefore, gave excellent
separation of the tetrapeptide val-gly3 from
contaminating material both in the presence and
absence of I % TFA. It also had the advantages
over the RP-HPLC method of having a total
assay time, including washing and regenerating
the capillary, of 20 min compared with 60 min
for the RP-HPLC method, and of requiring only
small amounts of sample (20 JLI for CZE versus
100-200 JLI for RP-HPLC).

Overall these results reinforce previous studies
that have compared the use of CZE and RP
HPLC to separate peptides [8,9]. The two meth
ods are best described as orthogonal with the
CZE selectivity based on peptide charge and
mass and the RP-HPLC separation based on the
relative hydrophobicity of the peptides. Whilst
this provides a degree of complementarity be-

tween the two techniques, in the present case the
CZE method was deemed to be superior to
RP-HPLC due to its quicker separation, greater
resolution and higher sensitivity.

3.2. Separation of peptides differing in size by
one amino acid

When determining what size of peptides could
be transported into the bacterial cell it was
deemed to be essential that the assay method
should be able to accurately separate peptides
which differed in size by as little as one amino
acid residue. Using the CZE method (Fig. 2)
there was baseline separation of a series of val
glyn peptides where n = I to 4. This series was
generated during the synthesis of the pentapep
tide val-gly4 with the peptides val-gly, val-gly 2

and val-gly3 appearing as contaminants that
resulted from the incomplete coupling to the
solid-phase. As neither val nor gly have a
charged side-chain, the separation was presumed
to be based on both the change in the charge-to
size ratio of the peptide and changes in the local
hydrophobic environment as successive gly res
idues are introduced.

3.3. Separation of peptides differing by one
amino acid

The ability of dipeptides structurally related to
val-gly to inhibit the uptake of val-gly was
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internal standard solution (4 mg/ml) and filtered
before analysis.
(c) ethanol in chloroform (30%) extraction. An
amount of 8 g of finely milled poppy straw was
extracted with 120 ml of 30% ethanol in chloro
form in a soxhlet extractor for 6 h. Then 25 ml
was removed and taken to dryness with a rotary
evaporator. The residue was dissolved in 10 ml
0.05 M HC!. Then 2 ml of this stock solution was
diluted to 5 ml with de-ionised water for HPLC
analysis. For MEKC analysis, 0.5 ml of internal
standard solution (4 mg/ml) was added to 2 ml
of the stock solution and the volume made to 5
ml with de-ionised water and filtered before
analysis.

Standards
Standard solutions were prepared in 0.01 M

HCl for both MEKC and HPLC. The solutions
were filtered before analysis. Pholcodine was
added as the internal standard at a final con
centration of 0.4 mg/ml for MEKC analyses. No
internal standard was used for the HPLC analy
ses.

3. Results and discussion

The separation and quantitation of the com
ponents of illicit heroin seizures (heroin,
acetylcodene, 06-monoacetylmorphine, mor
phine, codeine, papaverine and narcotine) by
MEKC was accomplished using a 75 cm x 75 JLm
J.D. uncoated fused-silica capillary column with
a buffer consisting of 10% acetonitrile-90% 0.05
M CTAB, 0.01 M potassium dihydrogen ortho
phosphate, 0.01 M sodium tetraborate, pH 8.6
[1]. Morphine and codeine, the major alkaloids
found in Papaver somniferium poppies, were
reasonably well separated, as were the alkaloids
papaverine and narcotine. Thebaine and
oripavine are two other important alkaloids
found in various amounts in poppy straw, opium
and crude morphine preparations [12,14]; how
ever, they are not found in illicit heroin seizures
as they rearrange when the crude morphine/
opium is converted to heroin with hot acetic
anhydride [15]. Narceine, cryptopine and

salutaridine are also present in various amounts
in Papaver somniferium poppies. Initial attempts
to separate the alkaloids on a 50-JLm uncoated
fused-silica column with the buffer used for the
analyses of illicit heroin seizures were encourag
ing. Increasing the amount of acetonitrile to
12.5% resulted in near-baseline separation of the
alkaloids (Fig. Ie). The separation of the al
kaloids, except for oripavine and cryptopine, was
maintained over twenty repetitive injections.
Pholcodine was well separated from the other
alkaloids and was therefore suitable for use as
the internal standard. Other organic modifiers
were then tried in an attempt to achieve baseline
separation of the alkaloids. Optimum separation
was achieved when the acetonitrile was replaced
with 27.5% methanol as the modifier (Fig. 1B).
The separation was maintained over twenty
repetitions. With this buffer, codeine migrated
before morphine, however, the separation of
oripavine and thebaine was not as pronounced.
The run time for the separation increased from
10 to 15 min with this buffer. Dioxane and
tetrahydrofuran were unsuitable as organic
modifiers as morphine and codeine could not be
completely separated. The buffer containing
tetrahydrofuran was particularly unsuitable as
the migration times of the alkaloids changed
dramatically over repeated injections of the
standard solution.

One of the features of CZE is that the buffers
are transparent in the low UV range (210-220
nm). Detection at these wavelengths allows for
increased sensitivity and has been exploited on a
number of occasions [8]. Acetonitrile, methanol,
dioxane and tetrahydrafuran are often the first
choices as organic modifiers as buffers containing
these solvents are UV transparent at 210-220
nm. Dimethylformamide, dimethylsulphoxide
and hexamethylphosphoramide can also be used
as organic modifiers but absorb UV light in the
low UV range «240 nm) and so have limited
use when optimum sensitivity is required. In this
work, the alkaloids were detected at 254 nm and
so these compounds could be used as organic
modifiers. Various amounts of these solvents with
the CTAB buffer were tried. Optimum sepa
ration of the alkaloids was obtained with buffers



Fig. 1. Separation of (1) pholcodine, (2) morphine, (3) codeine, (4) salutaridine, (5) oripavine, (6) cryptopine, (7) narceine, (8)
thebaine, (9) papaverine and (10) narcotine using a mixture of (A) 10% dimethylformamide (DMF) and 90% of a buffer
consisting of 0.05 M CTAB and a 1: 1 mixture of 0.01 M potassium dihydrogen orthophosphate and 0.01 M sodium tetraborate,
pH 8.6, (B) 27.5% CH 3 0H and 72.5% of a buffer consisting of 0.05 M CTAB and a 1:1 mixture of 0.01 M potassium dihydrogen
orthophosphate and 0.01 M sodium tetraborate, pH 8.6, and (C) 12.5% CH,CN and 87.5% of a buffer consisting of 0.05 M
CTAB and a 1:1 mixture of 0.01 M potassium dihydrogen orthophosphate and 0.01 M sodium tetraborate, pH 8.6.

containing 20% dimethylsulphoxide, 5% hexa
methylphosphoramide and 10% dimethylform
amide. The buffer containing 10% dimethyl
formamide as the organic modifier gave the best
separation of the ten alkaloids (Fig. lA). This
separation was extremely reproducible over
twenty repetitive injections of a standard solu
tion. Also, the separation of the alkaloids was

quite consistent over the pH, range 8.4 to 8.8,
except for narceine, which migrated before
papaverine below pH 8.5, and oripavine, which
comigrated with cryptopine at pH 8.5 (Fig. 2).
Minimal separation was seen when both di
methylformamide and CTAB were absent from
the buffer. The addition of 0.05 M CTAB gave
partial separation of the alkaloids, but complete
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The procedure was then extended to the
analysis of a sample of poppy straw, opium and
opium dross. The materials were extracted with
either lime-water, acetic acid or ethanol-chloro
form and analysed by MEKC and HPLC. The
levels of the alkaloids determined by MEKC and
HPLC are displayed in Table 2 and are in good
agreement. The different levels of alkaloids
extracted from the poppy straw with the lime
water and the solvent extraction were due to the
different extraction conditions used. Similar al
kaloid profiles were obtained when the poppy
straw was extracted with acetic acid. Partial
electropherograms showing the excellent sepa
ration of the alkaloids in the opium and opium
dross extracts are displayed in Fig. 4.

4. Conclusion

A rapid method for the separation and de
termination of alkaloids present in crude mor
phine, poppy straw and opium preparations by
MEKC is described. The instrument repeatabili
ty for area calculation was acceptable, and the
levels of the alkaloids in the samples were in
good agreement with the levels determined by
HPLC. The MEKC procedure is also faster and
less costly to operate than the HPLC method.
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Abstract

Capillary zone electrophoresis was used for the determination of gold(III) chloride using direct UV detection at
220 nm. By using a capillary column 70 cm long, the optimum applied voltage was found to be around -7 kV;
carrier solution containing 0.1 M HCl and 0.4 M NaCl was used as an additive. At this pH, the electroosmotic
flow-rate appears to be almost zero. The effects of chloride concentration and the applied voltage on determination
efficiency are discussed. Heat generation appeared negligible as the electric current and migration time were
reproducible. The analytical performance is discussed in terms of the detection limit, linearity and reproducibility.
A single trial was performed in 18 min. Under these conditions, Pd(II) and Pt(IV) can also be determined; the
order of mobility in the electropherogram was as follows: PdCI;- > PtCI~- > AuCl~. The method was applied to
the monitoring of Au concentration during a study of AuCl~ transport through solid-supported liquid membranes.

1. Introduction

In the last 5 years, the number of applications
of capillary zone electrophoresis (CZE) has
increased greatly, but the number of papers
discussing CZE separations of inorganic cations
has remained relatively low [1-3]. This tech
nique offers rapid and efficient separation, being
more matriX-independent than other existing
techniques. Several ligands have been proposed
for CZE analysis, including cyanide [4-6],
EDTA [7,8], 8-hydroxyquinoline-5-sulfonic acid
[9] and a-hydroxyisobutyric acid [10]. In each
case, methods using a mainly basic or slightly
acidic medium were described. Methods em-

* Corresponding author.
IOn leave from Faculty of Natural Sciences, Tirana Univer

sity, Tirana, Albania.

ployed for the determination of Au are both
numerous and heterogeneous [11-14]. Many use
dyes as complexing agents following an extrac
tion step, which makes the procedure time
consuming and tedious. Atomic absorption spec
trometry (AAS) or inductively coupled plasma
spectrometry is currently used [15,16].

In a study by Aguilar et al. [6], cyanide was
used as a ligand for the determination of gold(I)
and silver(I) at pH 9.6 by CZE. The samples and
carrier solution were prepared with almost the
same conductivity, and consequently the stacking
effect was not used. In addition, the ionic
strength (0.01 M NaCN) was much lower than in
the present work.

In this paper, the determination of gold(III) as
the AuCl~ complex is described. The formation
of the gold chloride complex is supported by
using HCl and NaCl in the carrier solution (pH

0021-9673/95/$09.50 © 1995 Elsevier Science BV All rights reserved
SSDI0021-9673(95)00655-9
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pH

Fig. 1. Distribution species-pH diagram. Total gold(IlI)
concentration, 10 JLg ml- ' ; 0.1 M Cl-.

M sodium chloride was used as an additive. At
such a high ionic strength, some optimization of
the applied voltage was required to obtain low
noise and a stable electric current, which could
be affected by Joule heat generation. It was
observed that it was not possible to increase the
voltage beyond -10 kV, as the electric current
was beyond the instrument limit. In addition, at
-10 kV applied voltage we noted an up-scale
excursion of the baseline (detector drift). A
voltage of -7 to -8 kV proved to be the best
compromise between the applied voltage, migra
tion time, sensitivity and baseline noise. We also
noted that at -7 kV applied voltage the repro
ducibility of the migration time was very good
and the current through the capillary was fairly
stable (190 JLA). This means that under the
conditions used the Joule heating was negligible.

Gold samples were prepared in 10-70% car
rier solution. Consequently, in all cases the
conductivity of the sample was lower than that of
the carrier solution, allowing the possibility of
working in stacking conditions [21,22]. Under
the conditions used (pH = 1), silanols on the
capillary wall become more protonated as the
buffer pH is made more acidic, thereby reducing
the charge on the capillary walls. Corresponding
ly, the electroosmotic flow should also be mini
mal or approach zero [23,24]. This was con
firmed by the fact that we were not able to detect
the methanol injected (as a marker) even when

(1)

applying a positive or negative voltage. Thus, the
electrophoretic mobility rate of AuCl~ at pH 1,
neglecting any small residual electroosmotic
mobility, can be estimated using the equation

3.3. Calibration graph, detection limit and
reproducibility

where L is the capillary length, L d is the capil
lary length to the detector cell, V is the applied
voltage and tm is the observed migration time.
According to Eq. 1, the electrophoretic mobility
of AuCl~ is -4.5 '10-4 cm 2 V-I S-I.

Working at high ionic strength and low pH
should yield a more reproducible separation,
since changes in ionic strength and pH can cause
significant changes in the magnitude of the
electroosmotic flow. In contrast, separations that
depend solely on the electrophoretic mobility are
not subject to these flow variations [23]. The
applied voltage can be increased when using a
carrier solution containing 0.1 M Cl-. Conse
quently, the migration time of the gold complex
will be shorter. Under these conditions the
samples have to be prepared in 100% carrier
solution to avoid the instability of the AuCl~,

but the system will not work under stacking
conditions, which improve the sensitivity and
resolution.

It is also possible to determine Pd(II) and
Pt(IV) simultaneously at 270 nm (to be pub
lished elsewhere), while at 220 nm all three can
be determined simultaneously (Fig. 2). Never
theless, the sensitivity of Pd(II) at this wave
length is about twice that at 270 nm, while the
sensitivity of Pt(IV) is approximately three times
lower.

Several calibration graphs were obtained by
changing the concentration of the carrier solu
tion (10-70%) in the prepared standards. At
high sample-solution conductivity, the peak is
broad and the sampling time is therefore limited.
From preliminary experiments the following
upper limits were selected: 20-s sampling time
for samples containing 50-70% carrier solution

10
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"Fig. 2. Electropherogram obtained for a mixture of standard
chloride complexes of Pd(II), Pt(IV) and Au(III). Con
ditions: capillary, 70 cm (50 cm to detector); carrier solution,
0.1 M HCI-OA M NaCl; voltage, -7 kV; UV detection at
220 nm; sampling time, 10 s. Sample contained 40% carrier
solution. Peaks: l=Pd(II), 5 p.,g ml- ' ; 2=Pt(IV), 10 p.,g
ml- ' ; 3 = Au(III), 4 p.,g mt- I

.

and 50 s for the rest. Fig. 3 shows that by
decreasing the concentration of carrier solution
in the sample, the peaks obtained are sharper,
owing to the improvement achieved through
stacking conditions. A linear relationship be
tween the peak area or peak height and gold
concentration in the range 0.5-25 jLg/ml was
observed under all conditions for the calibration
graphs tested (r = 0.991-0.999). The good corre
lation indicates that this method can be used for
samples having a conductivity in the range 8-50
mS cm -1 (10-70% carrier solution in the sam
ple). In the case where the gold sample is
prepared in less than 10% carrier solution, a
decrease in the area of the AuCl~ peak was
observed owing to the formation of hydrolysis
species, which occurs at higher pH and lower
chloride concentration [19]. For samples pre
pared in more than 70% of carrier solution,
however, the peak was broad owing to the high
sample conductivity (Fig. 3, peak 1). The detec-

3

I
I
!

.~

10 12 14 16 18

MIGRATION TIME (Min)

Fig. 3. Electropherograms of Au(CI)~ standard samples
prepared at different concentrations of carrier solution.
Conditions: sampling time, 20 s; other conditions as in Fig. 2.
Sample preparation: (peak 1) 5 p.,g ml- ' Au(III) dissolved in
carrier solution; (peak 2) 5 p.,g ml- 1 Au(III) containing 50%
carrier solution; (peak 3) 4 p.,g ml- ' Au(III) containing 10%
carrier solution.

tion limits for the different experiments per
formed are given in Table 1. A factor of two is
often used in CZE to calculate the detection
limit relative to the baseline noise; we used a
factor of three [25]. A linear relationship was
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Fig. 4. Electropherogram of 2.5 /Lg ml- 1 Au(III) sample.
Sample preparation: dilution with 0.025 M HCl, injection;
other conditions as in Fig. 3. Peaks: 1 = NO; (contaminant),
2=AuCl~.
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