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Abstract

This paper describes the application of combined orthogonal array design and overlapping resolution mapping to
the optimization of capillary zone electrophoresis for the separation of heterocyclic amines. The factors affecting
resolution, such as buffer pH. organic modifier, concentration of buffer solution, capillary tubing temperature, and
electric field strength, were studied in two steps. In the first step, orthogonal array design was used to determine
the most important factors and interactions. The experiments were carried out according to an OA,, (2'°) matrix
through sixteen pre-designed trials. Based on the results of the first step, the second set of experiments was
performed according to a three-dimensional overlapping resolution mapping scheme, in which eleven pre-planned
trials were executed and global optimum conditions for the separation within a reasonable analysis time were
obtained. The proposed conditions were successfully applied in the separation of thirteen heterocyclic amines.

1. Introduction

Since 1976, a series of mutagens and car-
cinogens, heterocyclic amines (HCAs), have
been isolated and identified from heated amino
acids or cooked meat products. Later, some of
them have also been found in environmental
samples [1-4]. These compounds have been
found to be carcinogenic in rodents [5], non-
human primates [6], and potentially carcinogenic
to humans [7-13]. The knowledge of the dis-
tribution and contents of HCAs in environmen-
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tal samples is essential for human health risk
assessments and several methods have been
developed for quantitating HCAs in various
matrices. The commonly used ones are negative
chemical ion GC-MS [14,15], LC-MS [16,17],
HPLC [18-21], and immunoaffinity chromatog-
raphy [22], but these techniques either require
sophisticated and costly equipment which is
beyond the reach of routine laboratories or are
restricted to the determination of a selected
group of HCAs.

Capillary electrophoresis (CE) has now been
established as a powerful separation tool. Com-
pared with HPLC, the technique is capable of
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achieving higher separation efficiency, uses less
organic solvents, and requires small amounts of
samples. However, the migration behavior of
ionized compounds is less well characterized
than their retention behavior in HPLC. For the
separation of compounds with very similar mo-
bilities, such as isomers and analogues, more
than one parameter (e.g. modifier concentration,
pH, electrolyte concentration, nature of capillary
tubing, capillary temperature, electric field
strength, etc.) need to be incorporated in the
optimization strategy to achieve an adequate
separation of such complex mixtures.

Strategies for the systematic optimization of
CE are few and most of the optimum separation
conditions have been achieved using simple
univariate optimization procedures. These tech-
niques have been proven to be ineffective in
locating the true optimum and are time-consum-
ing.

The simultaneous multivariate optimization
approach is usually the preferred method, but
the application of it is often limited by the large
trial size and the requirement of a sophisticated
statistical background to implement. To alleviate
these problems. systematic approaches are
necessary.

The Plackett—Burman statistical design [23]
has been used to optimize the resolution of
testosterone esters. But there were no fixed rules
for the selection of levels of factors and further
optimization needed to be executed before the
exact experimental conditions providing op-
timum separation could be determined. Other
techniques also suffer from the limited number
of parameters which can be varied, or from the
difficulty in calculating the response function.

In our previous work, orthogonal array design
(OAD) has been successfully applied in the
optimization of analytical procedures such as
chromatographic separation [24,25], solid-phase
extraction [26], and others [27-31]. Orthogonal
array design has some advantages over other
optimization techniques in that as one kind of
factorial design it can perform simultaneous
multivariate optimization. Furthermore, since it
is a fractional factorial design approach, the
number of trials may be reduced greatly com-

pared to the normal factorial designs by imple-
menting a well-balanced assignment of all the
factors and the interactions among them. In that
way, when the effect of a factor is calculated, the
influence of the other factors is canceled out.
Therefore the term ‘“‘orthogonal” means ‘bal-
anced”, “separable”, or ‘“not mixed” in this
approach. A common mathematical procedure
can be used to independently extract the main
effects from factors and interactions amongst
them quantitatively. The number of factors in-
vestigated can be up to thirty-one [32], which is
decided by the size of the trials, the complexity
of the system, and to what extent one wants the
information. It can deal with both continuous
and discrete factors. However, in the case of
continuous factors the optimum conditions de-
termined by OAD designs are limited to some
discrete points, and in some cases the global
optimum level lies between these points so that
subsequent optimization steps may be necessary.

One of the mixture designs, the overlapping
resolution mapping (ORM) scheme, has been
adapted for the optimization of CE separations
[33-35]. Although the considered number of
factors by the two-dimensional ORM scheme is
only two [33,34] and by the three-dimensional
scheme three [35], ORM is capable of locating
the global optimum within the selected range of
experimental conditions instead of levels or
points as in other approaches, and hence is faster
in locating the optimum conditions.

The purpose of the present work is to demon-
strate the advantages of combining the OAD
design with the ORM scheme in optimizing the
separation of eleven heterocyclic amines and two
co-mutagenic B-carbolines (Table 1) by capillary
zone electrophoresis (CZE).

2. Experimental
2.1. Chemicals

Chemicals and solvents were of HPLC or
analytical grade. Water was obtained from a

Milli-Q water purification system (Millipore,
Bedford, MA, USA). 1Q, MelQx, 4.,8-Di-
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Tabie 1
Heterocyclic amines used in this investigation

Chemical name

Abbreviation

2-Amino-3-methylimidazo[4.5-f |quinoline
2-Amino-4-methylimidazo[4.5-f ]quinoline
2-Amino-3 8-dimethylimidazo[4.5-f Jquinoxaline
2-Amino-3.4.8-trimethylimidazo[4.5-f |quinoxaline
2-Amino-3.4.7 8-tetramethylimidazo[4.5-f jquinoxaline
2-Amino-1-methyl-6-phenylimidazo[4.5-b]pyridine
3-Amino-1 4-dimethyl-5H-pyrido[4.3-b]indole
3-Amino-1-methyl-5H-pyrido[4.3-b]indole
2-Amino-6-methyldipyrido[1.2-4:3".2"-d Jimidazolc
2-Amino-dipyrido[1.2-a:3' 2'-d]imidazole
2-Amino-9H-pyrido[2,3-b]indole
1-methyl-9H-pyrido[3.4-b}indole, B-carboline
9H-pyrido|3.4-b]indole, B-carboline

1Q

Iso-1Q
MelQx
4.8-DiMelQx
4.7 8-TriMelQx
PhIP

Trp-P-1
Trp-P-2
Glu-P-1
Glu-P-2

AaC

H

NH

MelQx, and 4.7.8-TriMelQx were kindly pro-
vided by Dr. K. Wakabayashi. National Cancer
Center Research Institute, Japan. lso-1Q. H.
NH, PhIP. Trp-P-1. Trp-P-2. Glu-P-1, Glu-P-2,
and AaC were purchased from Toronto Re-
search Chemicals (Downsview. Ont., Canada).
The compounds were dissolved in methanol at
250 ng/ul as stock solution, and a mixture
solution containing 10 ng/ul of each compound
in methanol was prepared from the stock and
used as the working solution. Stock solutions of
I M Na,HPO,. | M citric acid, and 1 M NaCl
were obtained by dissolving the appropriate salts
in water, and the buffer solutions were freshly
prepared before use. The pH of the buffer was
adjusted by adding H,PO,.

2.2. Instrumentation

The analysis was performed using a BioFocus
3000 automated capillary electrophoresis system
(Bio-Rad, Hercules, CA, USA) with a multi-
wavelength UV detector. The uncoated silica
tubing was 51 cm in length and the effective
length was 46.4 cm. Constant applied voltage
was 18 kV (current 38 pA). UV absorbance was
monitored at 190, 220, 240, and 263 nm. The
injection was by the pressure mode, 1 p.s.i. s (1
psi = 6894.76 Pa) of a standard mixture solution
(10 ng/ul). The capillary temperature was 25°C
and the autosampler temperature was 15°C.

3. Results and discussion
3.1. OAD scheme

The assignment of factors and their levels for
the first experiment is given in Table 2 according
to an OA,, (2'°) matrix. The interaction be-
tween factors was also indicated as an indepen-
dent factor in the table. Interaction is believed to
occur between factors when the state or value of
one factor influences the state or value of the
other factor. After implementing sixteen pre-
designed experimental trials and obtaining the
corresponding electropherograms, for each trial
the resolution between each adjacent pair of
peaks was calculated according to

R=2(t,—t)/(w, +w)) (1)

The sums of all resolutions were calculated
and are also listed in Table 2 as responses. The
sums of responses at each level were computed
as K, in Table 2. Taking factor B as an example,
K, is the sum of responses at level 1 (trials 1, 2,
3, 4.9, 10, 11, and 12) and X, is the sum of
responses at level 2 (trials 5, 6, 7, 8, 13, 14, 15,
and 16). The sum of squares for each effect was
obtained by using

Q.= (K, +K,)/a ()

where Q , is the sums of squares of factor A, a is
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Table 2

Assignment of the factors and their levels of the first experiment by using an OA

effects of selected variables on the responses

J. Chromatogr. A 709 (1995) 351-359

(2"%) matrix along with the results of the

A B AxB AxC  ExF D CxF AxXE E AxF F BxF R°
pH Na(Cl B x ( B =k Temp. kV CxE
1 25(1) 0 (D S0y (1) (N (h (n (1) 2001 (1) 2001) (1) 6.06
2 25(0h) o) (b s0¢1) (1) (n (2) (2) (2) 30(2)  (2) 15(2)  (2) 10.91
3025 o (b 2y () (2) (hH (n (n 2001 (2) 15(2) () 8.05
4 251 o () 02y (2) (2) (2) (2) (2) 30(2) (1) 20(1) (D) 8.20
50 25(h) 302 (D s0¢0) (1) (2) (1 (1 (2) 302) (1) 2001y (2) 14.12
6 2.5(1) 302 (2 s0¢1) (1) (2) {2) (2) (1 20(1)  (2) 15(2) (1) 8.28
7 25(1) 30Q) (D 02y (2) (1 (n (N (2) 02) () 15(2) (1) 12.19
8§ 2.5(1) 30 () 0(2) () (1) (2) (2) ) 20(1) (1) 20(1)  (2) 13.36
9  35(2)  0(l)y (2 S0(1) (2) (1) () (2) (1 302) (1) 15(2) (2) 3.84
10 35(2) o) (D s0¢1)  (2) (1) () (1) (2) 2001)  (2) 20(1) (1) 5.13
11 3.5(2) 0 () 0(2) (1) (2) (n (2) (n 30(2)  (2) 2001) (D) 0.66
12 3.5(2) o)y (2 02y (2) (2) (1) (2) 20(1) (1) 15(2) (2) 2.67
13 35(2) 3042y (1) SO (2) (2) (n (2) (2) 20(1) (1) 15(2) (1) 3.65
14 3.5(2) 30(2) (1) 50(1)  (2) (2) (2) (1) (1) 302)  (2) 20(1)  (2) 0.32
15 3.5(2) 302y (b 0(2) (1) (1 (1) (2) (2 20(1)  (2) 200 (2) 7.35
16 3.5(2) 302y (1) 02y () (1) (2) (1 (N 302) (1) 152) (1) 2.09
K1 8117 4552 4663 S231 5204 6093 SS92 5063 4266 5455 53.99 55.2 46.26  106.88
5 2571 6136 6025 5457 3474 4595 S096 5625 6422 5233 5289 51.08 60.62
AT 5546 15.84 1262 226 2.60 1498 490 5.62 2156 2.22 1.10 3.52 14.36

* Factor D was a dummy.
" Responsc = R — 15.00.
‘A=K, - K.|.

the number of levels. and K. K, are the sums of
responses at level 1 and level 2, respectively.

Factor D is a dummy and was used for error
estimation. During calculation, the sum of
squares of the errors along with those of in-
significant factors and interactions were com-
bined and treated as the estimation of pooled
error results so that the analysis of variance
(ANOVA) could be conducted for data analysis.

The ANOVA results are shown in Table 3. It
shows that within the selected range, buffer pH
(A) was the most important factor (large sum ot
squares), and pH 2.5 was better than pH 3.5.
The concentration of organic modifier (metha-
nol) was the next important factor, and a buffer
with the organic modifier (B) was better than
one without it.

Although factors such as the concentration of
supporting electrolyte (C). the capillary tem-

perature (E), and applied voltage (F) were not
as important as A or B, the effects of interac-
tions between factor A and E, E and F plus B
and C. B and F plus C and E are within the
same order of magnitude as those of factor B or
the interaction between A and B. In order to
limit the trial number to a reasonable size, it was
not necessary to distinguish the differences
amongst these mixed effects. By some simple
calculations, the optimum combination of these
factors at certain levels could still be computed
and the results of two single interactions between
factors A and B along with A and E are shown
in Tables 4 and 5.

The electrophoretic buffer is of key impor-
tance in CE because its composition basically
determines the migration behavior of the ana-
lytes. The adjustment of pH changes electro-
osmotic flow (EOF). as well as the solute charge
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Table 3
An ANOVA table for the first experiment

Source of variance Sum of square Freedom Mean square F-value Significance"
A (pH) 192.38 l 192.38 125.4 p<0.001
B (MeOH) 15.68 1 15.69 10.2 p>0.01
AXB 11.59 1 11.59 7.6 p>0.01
EXF&BXC 14.03 1 14.03 9.2 p=>0.01
AXE 29.05 1 29.05 19.0 P <0.005
BXF&CXE 12.89 l 12.89 8.4 p>0.025
C (NaCl) 0.32

AxC 042

CXF&BXE 1.97

E (temp.) 0.31 9" 1.53'

AXF 0.08

F (voltage) 0.77

Errors 9.94

“ The critical F-value is 22.86 at 99.9¢ confidence. 13.61 at 99.5% confidence. 10.56 at 99.0% confidence. and 7.21 at 97.5%

confidence.

" The insignificant factors (C. F and F) and interactions (4 x (. A x F. C x F & B x E) were pooled with the errors (D, dummy)

for F-test calculation.

Table 4
The optimum combination of levels for buffer pH and
capillary temperature of the first experiment (A E,)

£, 3
A, 35.75 45.42°
A 18.80 6.91

“ This value was the best response.

and solute mobility. In CZE. both the electro-
phoretic mobility and electroosmotic mobility
contribute to the migration velocity. To prevent
clution of solutes before separation, a reduction
of EOF may be necessary in certain cases. In the
case of weak acids or bases. their degree of
ionization depends on the pH of the solution.
Table 5

The optimum combination of levels for buffer pH and
concentration of methanol of the first experiment (A B.)

B, B.
A, 33.22 47.95"
A. 12.30 13.41

° This value was the best response.

which gives rise to differences in electrophoretic
and electroosmotic mobilities. HCAs are a group
of weak bases, hence they are converted to
protonated species at low pH. That i1s why pH
2.5 provided a better separation.

The existence of the organic modifier, metha-
nol, reduced the EOF significantly and improved
the separation of HCAs to some extent. In
addition. methanol improved the solubility of
HCAs in the buffer, interacted strongly with the
capillary wall, and therefore reduced the chance
of interaction between solutes and the wall [36].

The results of both Table 2 and 3 show that
factors such as concentration of buffer (C),
applied voltage (F), and capillary temperature
(E) are of less importance compared to pH (A)
and concentration of organic modifier (B) in the
selected experimental ranges, although all of
them affected the resolution. At the same time,
there were some strong interactions among these
factors and therefore some of the effects were
combined with each other.

Anions and cations present in the electrolyte
system may affect the current and hence the
clectroosmotic flow, the heat generated, the
interaction of analytes with the wall of the
capillary. and the mobilities of the ions. The
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ionic strength has significant effects on solute
mobilities and separation efficicncy. It has been
found that addition of NaCl reduced EOF by
decreasing the thickness of the double-layer [37].
In the present study. the existence of NaCl had
no significant cffect on the separation of HCAs
within the selected variable ranges. The sum of
resolutions of a buffer with 50 mM NaCl was
even smaller than that of one without NaCl. It is
likely that the effect was masked by relatively
high concentrations of other electrolytes, such as
Na,HPO,. in the system. But the addition of
NaCl resulted in a competition between Na " and
amines for cation-exchange sites on the silica
surface and therefore reduced the adsorption of
HCAs on the wall. The adverse effect of NaCl
was that the increase of the ionic strength caused
heat accumulation within the capillary tubing
and therefore restricted further increment of the
applied voltage.

The capillary temperature affects the resolu-
tion in two ways. First, the nature of the buffer
medium will be affected by changes in tempera-
turc. As the temperature increases, the viscosity
decreases and both the EOF and electrophoretic
mobility increase. The mobility of most ions
increases about 2% /°C [38]. Second. if the
temperature gradients are steep enough, density
gradients in the electrophoresis buffer can be
induced. which in turn cause natural convection.
A convection will remix separated sample zones
and reduces separation performance severely.
The results show that there is no significant
difference between 20 and 30°C. However, the
combinations of 20°C with other factors at cer-
tain levels were better than those of 30°C with
the same factors.

The efficiency of separation is directly propor-
tional to the capillary length. provided the field
strength is kept constant. In other words, for a
certain length of tubing. a high field strength. i.c.
a high voltage. results in better resolution. In
practice. the voltage is limited by the design of
the instrument and the heat produced within the
capillary.

In this work. voltage was not the most critical
parameter in the resolution of the HCA mixture,
according to the OAD. Rather. after pH and

J. Chromatogr. A 709 (1995) 351-359

concentration of organic modifier, it was the
third most important factor. However, it is
acknowledged that this study considered only
one specific category of compounds, and this
observation may not be applicable to other
compound classes.

3.2. ORM scheme

Based on the results of the first experiment,
the optimum combination of minor conditions
was selected. In the second set of experiments,
cmphasis was placed on the use of the three-
dimensional ORM to optimize the important
factors. namely pH and the concentration of
methanol, along with another factor, the con-
centration of Na,HPO,, which had not been
taken into consideration in the first experiment.

Since the principle and optimization strategy
of ORM have been discussed in detail previously
[33-35]. only a brief description of the main
steps of the method is given here. The ORM
scheme consisted of a number of steps. First, the
criteria for the optimum conditions were set. The
criteria used were: (1) the resolution between all
adjacent pair of peaks should be greater than
unity and (2) the maximum analysis time should
not exceed 20 min. Secondly, a set of trial
experiments were chosen within the desired
cxperimental ranges for the three variables, pH
from 2.0 to 3.0, MeOH concentration from 15 to
35% . and concentration of Na,HPO, from 20 to
60 mM. as shown in Table 6.

After implementing the eleven trials, the res-
olution between each adjacent pair of peaks for
cuach trial was calculated (Eq. 1). The results are
shown in Table 7. Subsequently, the R-values of
cach pair of peaks were fitted to the third-order
polynomial equation

R=a,+~a X, +a,X,+ta.X,+a,X X,
ta X, X;ta X X+ a, X\ + a X3+ a()Xi
ta X XX (3)

where «, are coefficients and the X, are the
proportion of each variable between the maxi-
mum and minimum values expressed in per-

centages. With the aid of a modified version of
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Table 6
Conditions of the eleven trials in the ORM scheme

Trial® pH MeOH (%) Na,HPO, (mM)
1 2.0 15 20
2 2.0 35 20
3 2.0 15 60
4 3.0 15 20
5 2.0 35 60
6 3.0 35 20
7 3.0 15 60
8 3.0 35 ol)
9 2.0 25 20

10 2.0 15 40

11 2.5 15 20

* Trials performed with 20 mM citric acid. 50 mM NaCl, 18
kV voltage, and capillary temperature at 25°C.

the BasiC program given in Ref. [39], the co-
efficients for each pair of peaks were deter-
mined. The R-values at other experimental con-
ditions besides the eleven trial experiments were
calculated using the above equation. These R-
values were used to construct resolution plots.
As there were twelve adjacent pair of peaks.
twelve individual resolution plots were obtained.
By overlapping all the resolution plots and
retaining the minimum resolution values, the
conditions which could provide resolution equal

Table 7

to or greater than unity for the twelve pair of
peaks in the mixture could be determined.

Fig. 1 is the final overlapped resolution plot
for all twelve pairs of peaks, where the region
marked with “*” represents experimental con-
ditions which provide resolution greater than
unity for all peak pairs within the desired analy-
sis time of 20 min. It indicates that the increase
in concentration of the electrolyte, Na,HPO,,
did not result in improvement in separation. The
optimum region was found to lie in the pH range
from 2.0 to 2.1, and concentration of methanol
from 25% to 100%. The maximum response was
1.1936 at the point A =0, B=80%, and C=0
(marked as “1” in Fig. 1), which corresponds to
pH 2.0, methanol concentration of 31%, and 20
mM of Na,HPO,.

To confirm the validity of the ORM scheme,
experimental conditions corresponding to points
1 and 2 in Fig. 1 were chosen from the regions
represented by the symbols “*”” and *“ -, respec-
tively. High resolution (R>1.0) was expected
for the condition represented by point 1 whereas
poor resolution (R=0.5) was expected for the
condition represented by point 2. Typical elec-
tropherograms corresponding to these two con-
ditions are shown in Figs. 2 and 3. Just as
expected, not all peaks in Fig. 3 are well sepa-
rated. In the case of Fig. 2, all the peaks are

Resolution (R) between adjacent peaks calculated by using migration times obtained for the trials listed in Table 6

R Trial
1 2 3 4 5 6 7 8 9 10 11
1 2.55 4.95 3.65 3.33 10.3 7.29 5.64 2.02 4.20 3.47 6.93
2 16.0 3.60 3.60 17.5 4.32 I.16 251 4.84 11.3 14.6 5.49
3 3.95 8.03 0 6.20 1.64 0 3.15 3.99 5.91 5.78 0
4 2.10 1.33 0 4.56 4.95 0 294 2.02 5.84 4.25 4.73
5 0 2.83 224 1.44 2.4 224 0 (.39 1.99 0.97 1.27
6 2.08 8.49 0 1.90 0 0 1.18 0.67 1.47 0.91 2.36
7 0 0.79 0 1.21 0 1.72 6.26 1.88 4.51 1.47 222
& 1.20 0.93 .93 2.34 1.07 2.19 0 1.11 1.26 0 1.06
9 1.50 3.35 2.73 1.94 2.73 0 1.52 1.21 0 1.57 1.03
10 1.59 1.94 2.66 1.24 2.66 1.8 2.34 1.57 3.47 1.47 6.70
i1 0 2.82 1.25 1.10 0 2.82 2.78 1.04 1.15 0.73 0
12 1.06 0.52 1.36 1.74 2.16 2.57 0.71 0.78 2.77 2.27 9.01
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MEOH 4 & » = + = = + o = o« 4w .. -+ - < 100%
MBOE % + = = =+ « « o « « + e u e e e 95
MOOH 4 + = + =+ « ~ « « + + 0 v e e e e, 90
MEOH & + =+ = « « = » + & « w o ow ... .+ . 85
MEOH 1 + + = « « =+ « o v o e e oo -+« . gD
MBOK » + - * + = + « o « o+ a0 e 75
MOOH o + = =+ « « o o o o e e e e e 70
MBOH & 4+ + = =+ = =+ o «+ « + 0 e e 65
MOOH & 4 + =+ » « « « + o« e 4w o c .« . g0
MeOH * + « = + + « « « o« o e ... A T 1
MEOH * 4 + =+ « « « « o o e e e e .. . 8p
MeOH + + + = + « =~ « « o« .« . . c e - o . . . . g8
MeOH + 4 - + + « + + . . Coe e o w4
MEOH + + - - + -« « . . . . . . . . . . . . . . 38
MEOH + + - =« - - .+« . . . . L . . .. ... oag
MeCH = + = = =+ « « « + .+ o+ e ..o C .. as
MEOH = = = =+ + « « « « « « . . R
M@OH = = = « = + o + w0 e e e ce o . - 18
MOOH + + « =+ o o 4 o 0 e e e Co . . 2 10
MEOH * =+ + =~ + « o o« 4 4 . oo e - e L s 8
M@OH * * + + = + + o+ e w e e . + + 0
0 PH 100%

Fig. [. Overlapped resolution diagram for the twelve pairs ot
HCA peaks. The minimum values of resolution among all the
fifteen individual resolution diagrams are plotted in this
overlapped diagram. The highest value of resolution (R=
1.1936) was obtained at point 1. which corresponds to x, =
0% . x,=80%, and x, = 0% . Point 2 represents a typical set
of conditions which give poor resolution. Notation: () R=
05 (=) 0.5<R<07.(+) 0.7<R=1.0. (*) 1.O0<R.

baseline separated and the analysis time is within
a reasonable range ( <20 min).

4. Conclusions

In this paper, the combination of the ortho-
gonal array design and the overlapping resolu-
tion mapping scheme for the optimization of
separation of a group of heterocyclic amines was
demonstrated. The orthogonal array design
method was used to perform preliminary screen-
ing to identify the important factors affecting
resolution. Subsequently, the overlapping res-
olution mapping scheme was used to determine
the global optimum conditions within the ex-
perimental ranges of the variables under consid-

v T —
8 10 12

MIN

Fig. 2. Optimized electropherogram of the separation of the
thirteen HCAs at point [ (x, =0%, x, = 80%, and x, = 0%)
in ORM scheme. Electrophoretic conditions are given in the
Experimental section. Peak identifications: 1= Iso-1Q, 2=
10. 3=NH. 4=Glu-P-2, 5=H, 6 =Glu-P-1, 7=Trp-P-2,
8=AaC. 9=Trp-P-1. 10=MelQx, 11=DiMelQx, 12=
PhIP. 13 = TriMelQx (see Table 1).

eration. The combination of the two methods
overcomes the disadvantages of each individual
method when used alone, and provides a power-
ful approach which can be utilized for the op-
timization of separation of complex mixtures.

mAU

6.2
9+10

52
42

32.
22.
12
02
.
S

Fig. 3. Electropherogram of the separation of the thirteen
HCAs at point 2 (x, =80%. x,=20%. and x,=0%) in
ORM scheme. Electrophoretic conditions are given in the
Experimental section. Peak identifications are as given in Fig.
2




J. Wi et al. 7 J. Chromatogr. A 709 (1995) 351-359 359

Acknowledgements

The authors are grateful to Bio-Rad Labora-
tories (Singapore) Pte Ltd for the loan of a
BioFocus 3000 automated capiliary electropho-
resis system, and to Ms. Veronica Tok of the
same company for her assistance. J.W. wishes to
thank the National University of Singapore for
the award of a rescarch studentship.

References

[1] J.S. Felton and M.G. Knize. in C.S. Cooper and P.L.
Grover (Editors). Chemical Carcinogenesis and Muta-
genesis, Vol. I, Springer Verlag, Berlin. 1990, p. 471.

[2] G. Eisenbrand and W. Tang. Toxicology. 84 (1993) 1.

[3] K. Wakabayashi, M. Nagao. H. Esumi and T. Sugimura.
Cancer Res.. 52 (Suppl.) (1992) 2092s.

[4] S. Manabe. O. Wada and Y. Kanai, J. Environ. Sci.

Health AL 26 (1991) [446.

H. Ohgaki, S. Takayama and T. Sugimura, in H.

Hayatsu (Editor), Mutagens in Food: Detection and

Prevention. CTC Press, Boca Raton, FL, 1991, p. 219.

(6] R.H. Adamson. U.P. Thorgeirsson. E.G. Snyderwine.

S.S. Thorgeirsson, J. Reeves. DW. Dalgard. S.
Takayama and T. Sugimura. Jpn. J. Cancer Res.. 81
(1990) 10.

[7] Y. Yamazoe. M. Abu-Zcid. K. Yamaguchi and R. Kato,
Jpn. J. Cancer Res.. 79 (1988) 1159.

[8] T. Shimada. M. Iwasaki. M. Martin and F.P.

Guengerich. Cancer Res., 49 (1989) 321%.
[9] M.A. Butler., M. Iwasaki. F.P. Guengerich and F.F.
Kadlubar. Proc. Natl. Acad. Sci. USA. 86 (198Y) 7696.

[10] R.J. Turesky. N.P. Lang. M.A. Butler. C.H. Teitel and
F.F. Kadlubar. Carcinogenesis, 12 (1991) 1839.

[11] M. Abu-Zeid. Y. Yamazoc and R. Kato. Carcinogencsis.
13 (1992) 1307.

[12] R. Kato. CRC Crit. Rev. Toxicol.. 16 (1986) 308.

[13] C.D. Davis. H.A.J. Schut. R.H. Adamson. U.P.
Thorgeirsson. S.S. Thorgeirsson and E.G. Snyderwinc.
Carcinogenesis. 14 (1992) 61.

[14] S. Murray. N.J. Gooderham. A.R. Boobis and D.S.
Davies, Carcinogenesis. 9 (1988) 321.

[15] A.M. Lynch. M.G. Knize. A.R. Boobis, N.J. Gooder-
ham. D.S. Davies and S. Murray. Cancer Res.. 32
(1992) 6216.

N

[16] Z. Yamaizumi, H. Kasai. S. Nishimura, C.G. Edmonds
and J.A. McCloskey, Mutat. Res., 173 (1986) 1.

(17) R.J. Turesky. H. Bur, T. Huynh Ba, H.U. Aeschbacher
and H. Milon, Food Chem. Toxicol., 26 (1992) 501.

[18] G.A. Gross. G. Philippossian and H.U. Aeschbacher,
Carcinogenesis. 10 (1989) 1175.

[19] G.A. Gross. Carcinogenesis, 11 (1990) 1597.

[20] G.A. Gross and A. Griter, J. Chromatogr., 592 (1992)
271.

[21] G.A. Gross, A. Griter and S. Heyland, Food Chem.
Toxicol.. 30 (1992) 491.

[22] R.J. Turesky, C.M. Forster. H.U. Aeschbacher, H.P.
Wuerzner, P.L. Skipper. L.J. Trudel and S.R. Tannen-
baum, Carcinogenesis, 10 (1989) 151.

(23] J. Vindevogel and P. Sandra, Anal. Chem., 63 (1991)
1530.

(24] H.B. Wan. W.G. Lan, M.K. Wong and C.Y. Mok, Anal.
Chim. Acta. 289 (1994) 371.

[25] W.G. Lan, K.K. Chee, M.K. Wong, H.K. Lee and Y.M.
Sin. Analyst, 120 (1995) 281.

[26] H.B. Wan, W.G. Lan. M.K. Wong. C.Y. Mok and Y.H.
Poh. J. Chromatogr. A. 677 (1994) 255.

{27] W.G. Lan. M.K. Wong. K.K. Chee and Y.M. Sin,
Analyst, 120 (1995) 273.

(28] W.G. Lan, M.K. Wong, N. Chen and Y.M. Sin,
Analyst, 119 (1994) 1659.

[29] W.G. Lan, M.K. Wong and Y.M. Sin. Analyst, 119
(1994) 1669.

[30] W.G. Lan. M.K. Wong. N. Chen and Y.M. Sin,
Analyst, (1995). in press.

[31] W.G. Lan. M.K. Wong. N. Chen and Y.M. Sin, Talanta,
41 (1994) 1917.

[32] PJ. Oles, J. Assoc. Off. Anal. Chem. Int., 76 (1993)
615.

[33] S.K. Yco, C.P. Ong and S.F.Y. Li. Anal. Chem., 63
(1991) 2222.

[34] C.L. Ng, H.K. Lec and S.F.Y. Li, J. Chromatogr., 598
(1992) 133.

[35] Y.F. Yik and S.F.Y. Li. Chromatographia, 35 (1993)
560.

[36] B.B.VanOrman. G.G. Liversidge and G.L. Mclntire, J.
Microcol. Sep.. 2 (1991) 176.

[37] S. Fujiwara and S. Honda. Anal. Chem., 58 (1986)
I811.

[38] S. Hjerten, Chromatogr. Rev., 9 (1967) 122.

[39] J.C. Berridge, Techniques for the Automated Optimi-
zation of HPLC Scparation. Wiley, New York, 1985,
Appendix IV,



