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Selection of stationary phases for the liquid chromatographic
analysis of basic compounds using chemometric methods

R.J.M. Vervoort, M.W.J. Derksen, F.A. Maris*
AKZO Nobel, N.V. Organon, P.O. Box 20, 5340 BH Oss, Netherlands

(First received January 24th, 1994; revised manuscript received May 2nd, 1994)

Abstract

The analysis of basic compounds by means of reversed-phase liquid chromatography is often hampered by poor
peak shapes. In this paper chemometrical methods are used to select and reduce the number of test compounds and
to detect differences in applicability of stationary phases designed for the analysis of basic drugs.

In the first part principal component analysis was applied to reduce the number of test compounds necessary to
characterize a stationary phase. From a data set of the asymmetry values of 32 test compounds analyzed on six
different LC columns, five representative compounds were selected. Subsequently, these five compounds were used
for evaluation of commercially available columns.

For the column judgement the asymmetry of the test compounds, the efficiency and the short-term repro-
ducibility of the capacity factor and the plate number, were taken into account. Graphical presentation using bar
charts, multi-criteria decision making based on.the Pareto optimality and bi-plots were used to distinguish between
columns. First of all eight columns were compared at individual pH values of 3.0, 7.0 and 11.0. Finally, all results
were combined and revealed that for our test compounds very good results were obtained at a pH of 11 using a
column containing zirkonium oxide particles coated with polybutadiene (3MZ-18). At low pH values good results
were obtained with a Supelcosil LC-ABZ and a Zorbax Rx-C,; column.

Overall it can be concluded that a chemometric approach is successfully applied for the development of a method
for in-house column testing and evaluation dedicated to the Organon type of compounds. Other columns developed
for the analysis of basic solutes can now be efficiently tested with the method described in this paper. Chemometric
methods were useful to efficiently reduce the number of test compounds and for column evaluation. However, the
final selection of a column also depends on the special requirements defined by the expert. The requirements,
which are, for example, for routine quality control clearly different than for purity testing of new chemical entities
in drug development, can be translated to weighing factors for the variables tested. For this the advice of the expert
remains indispensable.

1. Introduction active ingredients in pharmaceutical formula-

tions, to determine impurities, to investigate the

In pharmaceutical analysis reversed-phase lig- stability of a product, etc. For the analysis of

uid chromatography (LC) is the most frequently basic drugs, however, often asymmetric peaks

used technique. It is used as a tool to quantify are obtained due to ionic interactions of com-

- pounds with residual silanol groups of the
* Corresponding author. stationary phase [1,2].

0021-9673/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
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To improve peak shape, optimization of both
the mobile and stationary phase should be con-
sidered. In the literature, many suggestions have
been given to optimize the mobile phase, e.g. by
adding silanol blockers, using ion-pair reagents
and by selecting an optimal pH [1,2]. Also the
number of stationary phases specially designed
for the analysis of basic compounds is exponen-
tially increasing [1,3]. Because many possibilities
are available, it is difficult to select the best
system.

Recently, we reported about the analysis of 32
basic compounds using several columns with
different eluents [1]. Relations between reten-
tion, asymmetry and basicity of the compounds
were studied for a pBondapak C,; column.
Together with data of the peak shape of the 32
test compounds on five other columns, a data set
was obtained which contains a lot of informa-
tion. However, to extract useful information
from such a set is often problematic and the use
of chemometric methods can-be helpful.

Multivariate techniques, like principal com-
ponent, cluster, correspondence factor and dis-
criminant analysis can be used to analyse and
reduce the number of variables of a data set
[4-8]. In the literature, Musumarra et al. [6]
reported results from principal component analy-
sis (PCA) of chromatographic retention data of
drugs for identification purposes. Delaney et al.
[7] used PCA to select a set of test compounds in
LC. Schmitz et al. [8] compared different multi-
variate techniques for the characterization of
stationary phases in LC and to select test com-
pounds.

From a data set of 32 compounds and different
columns, a number of test compounds was se-
lected using PCA. The test compounds were
selected on basis of the asymmetry obtained on
six stationary phases which are recommended for
the analysis of basic compounds. Subsequently,
the test compounds were used for testing of
several other stationary phases. For selecting the
optimal column not only the peak shapes are
important, but also the efficiency and rugged-
ness. In these situations methods of multi-criteria
decision making (MCDM) can be applied for
column judgement [9-12]. Within this approach
it is not necessary to make a priori decisions and

R.J.M. Vervoort et al. | J. Chromatogr. A 678 (1994) 1-15

experiments can be compared easily. Also bar
charts and bi-plots can be helpful tools to char-
acterize stationary phases [13]. For the column
judgement presented in this paper the obtained
asymmetry values, the plate height, and the
repeatability of the capacity factor and plate
height are used.

2. Experimental
2.1. Apparatus

The HPLC experiments were carried out using
an HP1090M liquid chromatograph equipped
with an HP1040M diode-array detector (Hewlett-
Packard, Amstelveen, Netherlands). HPLC
chromatograms were collected on a HP 79994A
HPLC Workstation.

The software packages Unscrambler 5.03,
Camo (Trondheim, Norway) and Microsoft
Excel 4.0 (Redmond, WA, USA) were used to
analyse the data.

2.2. Chemicals

All basic drugs were synthesized by Organon
(Oss, Netherlands).

As organic modifiers methanol (MeOH) and
acetonitrile (ACN) were used. Methanol was
freshly distilled before use. Analytical-grade
acetonitrile was obtained from J.T. Baker (De-
venter, Netherlands).

For the preparation of the buffers disodium
hydrogenphosphate, - sodium dihydrogenphos-
phate and boric acid, supplied by J.T. Baker
were used. To obtain 25 mM buffers, adequate
amounts were dissolved in water of Milli-Q
quality. Sodium hydroxide and concentrated
orthophosphoric acid were obtained from Merck
(Darmstadt, Germany) and were added to the
buffers until the desired pH value was reached.

The amount of basic drugs injected was 2 ug
and was achieved by injecting 2 pl from a 1
mg/ml solution. in methanol.

The stationary phases used in this study were
obtained from the suppliers as pre-packed col-
umns (Table 1).
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Table 1

Overview of the stationary phases used for selection of the test compounds (A) and for the evaluation of the column performance

(B)
Column Abbreviation Manufacturer Dimensions Particle

(length X I.D., mm) size (pm)

A pBondapak C,; BON Waters—Millipore 300 % 3.9 10
NovaPak C,, NOV Waters—Millipore 300 x 3.9 4
Kromasil KR100-5-C KRO Eka Nobel 250 x 4.6 5
Exsil 100 ODS-B EXS Exmere 250X 4.6 5
Suplex pKb-100 PKB Supelco 250x 4.6 5
Zorbax Rx-C,, ZRX Rockland Technologies 250 X 4.6 5

B Zorbax Rx-C,, ZRX Rockland Technologies 250x 4.6 5
Hypersil BDS-C,, BDS Shandon Scientific 150 X 4.6 5
Chromspher B CHB Chrompack 250 x 4.6 5
Supelcosil LC-ABZ ABZ Supelco 150 x 4.6 5
Polyspher RP-18 POL Merck 150 x 4.6 10
Asahipak ODP-50 ASA Asahi Chemical Co. 125x 4.0 5
Aluspher RP-Select B ALU Merck 125 x 4.0 5
3M-Z18 3MZ Cohesive Technologies 150x 4.6 6

2.3. Experimental set-up

The experiments carried out to characterize
the columns were performed in strict order.
Initially, for each column data were collected in
duplicate at the highest pH to be tested. Sub-
sequently, this was done for the lower pH. All
experiments were repeated on a subsequent
day.

Generally, silica-based columns are claimed to
be only stable from pH values of 2 to 8. In order
to avoid to operate the silica-based columns to
close to the operating boundaries, they were
tested at pH values of 3 and 7 using methanol as
modifier. The non-silica-based columns were
tested, using acetonitrile as modifier, at pH
values of 7 and 11, and for the Asahipak ODP-
50 and the 3MZ-18 column also at pH 3.

The modifier—buffer ratio was adjusted to
ensure k' values larger than 1.

2.4. Calculations
The asymmetry factor (A,) was calculated at
10% of the peak height and expressed as the

ratio of the width of the rear and the front side
of the peak. For the calculation of the plate

W4T ANI

height (HETP) the second moment of the peak
was used [14].

For the stability of the column the repeatabili-
ty of the plate height (RH) and the capacity
factor (Rk’) were determined. This was done by
repeating the analyses on the next day. The
difference between two days divided by the
highest value (in most cases the first day) times
100% is reported.

3. Results and discussion
3.1. Selection of test compounds

Until now, the applicability of stationary
phases for the analysis of basic compounds was
tested using 32 compounds [1]. However, analys-
ing 32 compounds each time is rather time
consuming. The use of a representative set of
test compounds, extracted from the 32 com-
pounds, will result in a reduction of experimental
work. This extraction, using the asymmetry data
obtained for the test compounds on six different
columns, was achieved using PCA. The infor-
mation obtained with the reduced number of test
compounds should be comparable with the in-
formation obtained with 32 compounds.

€~
LIV ENEATNINT
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The data matrix used is shown in Table 2. For
the missing values the particular column aver-
ages were used. The data were collected using
methanol-10 mM phosphate buffer pH 7.4 as
eluent [1]. The asymmetry factors for the BON
column were calculated at a capacity factor 5.0.
On the other columns the asymmetry values
were taken at capacity factors varying from 2 to
8 with an average value of about 5.

In Fig. 1 the results of the PCA analysis of the
six variables (LC columns) and the 32 objects
(test compounds) are shown. Before performing
PCA the data were autoscaled. With the first two
principal components (PCs) 79% of the variance
was described, while using the first three PCs

Table 2

86% of the variance could be described. In Fig.
1A and B the score and the loading plot of the
first and second PC, respectively, are given. In
the loading plot can be seen that for the six
different columns almost the same value is ob-
tained for the first PC. A better distinction
between the columns is obtained by plotting the
second against the third PC (Fig. 1D). From this
plot can be seen that the BON column and the
NOV column behave very similar, which is not
unexpected as they are produced by the same
manufacturer. Also with the KRO column com-
parable results are obtained. In Fig. 1C the score
plot is given for the second and the third PC.
Looking at the score plots, the compounds

Asymmetry factors for 32 compounds (objects) and 6 LC colums (variables)

Objects BON NOV ZRX KRO PKB EXS
1 3.600 5.740 2.760 2.630 1.300 2.020
2 5.600 10.440 4.820 4.190 3.860 2.400
3 1.700 1.570 1.570 1.300 1.280 1.470
4 2.300 Missing Missing 1.440 1.330 Missing
5 1.100 1.050 1.240 1.200 1.430 1.930
6 4.600 6.920 Missing Missing 1.730 7.490
7 1.900 2.390 1.640 1.840 1.870 2.340
8 2.300 3.220 3.300 2.380 1.400 2.140
9 1.100 1.210 1.490 1.170 1.170 1.460

10 1.000 1.150 1.220 1.120 1.170 1.060

11 1.100 1.190 Missing 1.170 1.190 0.990

12 0.900 1.070 1.210 1.190 1.230 1.080

13 2.800 3.070 2.200 2.320 1.480 2.950

14 2.200 2.350 1.500 2.160 1.290 1.690

15 1.100 1.240 1.230 Missing 1.210 1.230

16 2.600 5.410 1.960 4.080 2.070 3.100

17 2.300 1.890 1.540 1.700 1.500 2.500

18 5.200 5.510 2.770 5.320 1.850 6.570

19 9.100 14.440 2.940 6.110 2.170 6.430

20 3.600 5.810 1.920 Missing Missing 4.240

21 3.600 1.590 1.550 1.370 1.380 2.520

22 2.400 2.350 1.910 1.080 Missing 3.280

23 2.300 1.560 1.630 1.340 1.460 2.600

24 1.900 - 1.230 1.510 1.190 1.250 1.540

25 2.300 2.130 1.790 Missing Missing 2.830

26 4.800 8.020 2.290 4.190 Missing 8.290

27 1.700 1.370 1.530 1.290 1.720 2.240

28 2.900 3.420 1.990 3.310 1.190 2.130

29 2.400 1.950 1.880 1.700 2.550 3.500

30 5.700 6.990 3.110 4.890 3.550 6.510

31 4.000 6.050 2.470 3.020 2.350 4.740

32 3.770 4.190 4.160 4.510 1.560 2.990
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Fig. 2. Structures of the compounds selected with PCA.

positioned to the left in Fig. 1A and in the
middle of Fig. 1C always gave symmetrical
peaks. Compound 10 was selected as a “neutral”
test compound, giving symmetrical peaks on all
six columns tested. This compound is used to
calculate the efficiency of the columns. The first
PC seems to correspond with a general
asymmetry effect; with increasing value for the
PC the average asymmetry for the compounds is
increasing. Other test compounds were selected
from Fig. 1A and C on basis of their position
somewhere on the edge of the cluster in order to
obtain maximum discrimination. Compounds 2,
19, 26 and 29 were selected. Looking at Fig. 1C,

compounds 30 and 32 would also have been good -

Table 3

choices. The selection of the test compounds on
basis of PCA fitted very well with the com-
pounds which would have been selected by the
analytical expert based on the polarity, the pK,
values and the peak shapes of the compounds
[1}. However, other factors involved can easily
be overlooked by the expert or can be difficult to
interpret. In Fig. 2 the structures of the selected
compounds are shown.

The correlation matrix of the variables (col-
umns) is given in Table 3. In this table again the
high correlation between the BON and the NOV
column can be noticed. For the other columns
probably different mechanisms play a role which
influence the (a)symmetry. These different elu-

Correlation matrix of the variables (columns) calculated from Table 2

BON NOV ZRX KRO PKB EXS
BON 1.000 0.935 0.678 0.877 0.636 0.771
NOV ) 1.000 0.696 0.871 0.674 0.704
ZRX 1.000 0.720 0.658 0.387
KRO 1.0600 0.608 0.755
PKB 1.000 0.524
EXS 1.000
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tion mechanisms can be a result of the different
ways residual silanols are shielded. For instance,
with the ZRX stationary phase highly pure silica
was used, whereas residual silanols of the PKB
stationary phase are shielded electrostatically.

3.2. Testing of HPLC columns specially
designed for the analysis of basic compounds

In a previous paper [1] eight HPLC columns
were compared in a more qualitative way. From
these results it was concluded that the PKB
column was the most promising column. Later
on an improved version of this column appeared
on the market, viz. ABZ. Also with the ZRX
column reasonable results were obtained. There-
fore, these two columns and six other LC col-
umns were further tested using the five com-
pounds selected in the first part of this study.

The silica-based columns used in the second
part of this study (Table 1B), differed in the
manner the residual silanols are shielded. As
mentioned before, very pure silica was used in
the preparation of the ZRX column. Residual
silanols in the ABZ column are shielded by
electrostatic repulsion. The stationary phase
used for the CHB column are polymer-coated
silica particles whereas for the BDS column silica
with a homogeneous surface is used which is
end-capped after bonding the C,; phase.

For the 3MZ and the ALU stationary phase,

polybutadiene was coated on particles of zirk-
onium oxide and aluminium oxide, respectively.
The ASA column consisted of . macroporous
particles of polyvinylalcohol-based polymer, in
which reversed-phase chains were introduced by
binding stearic ester chains through an ester
bond. The POL column consisted of particles of
polystyrene—divinylbenzene polymer with Ciq
chains.

Besides the asymmetry factor an important
parameter for the comparison of columns is the
efficiency. For example for purity analysis of
unknown compounds, i.e. new chemical entities
in drug development, a high separation efficiency
is necessary in an acceptable time. Low ef-
ficiency and high asymmetry will lead to poor
purity analyses. High asymmetry will also
hamper a correct integration. To make it more
complicated, columns with low efficiency will
mask the factors which contribute to the tailing.
For mutual optimization MCDM is therefore
necessary.

The primary goal of the column selection is to
select the best column which can be broadly
applied. Therefore the average asymmetry of the
test compounds was used and not the single
values. For the calculation of the efficiency of
the column the results of test compound 10 were
used. In order to compare the efficiency of the
columns and to compensate for differences in the
column length the plate height was calculated.

Table 4
Chromatographic data obtained at pH 7
Column  Asymmetry (A,) Capacity factor (k') Average

2 10 19 26 29 2 10 19 26 29 A, k' HETP RH Rk’

(em) (%) (%)

ZRX 38 11 68 59 31 34 49 7.6 52 40 41 5.0 17.3 1.7 10.3
BDS 71 09 83 74 25 35 61 2.3 29 26 52 3.5 19.9 2.5 3.3
CHB 4.7 1.1 7.5 6.5 3.9 5.0 2.6 24.4 16.4 8.6 4.7 11.4 31.4 1.0 1.9
ABZ 5.8 0.9 2.1 2.2 1.3 5.2 7.8 4.1 6.4 5.7 2.5 5.8 20.7 4.1 3.9
ASA 6.1 1.7 4.6 4.5 5.0 2.0 5.1 2.8 2.0 2.9 4.4 2.9 64.3 11.4 2.0
ALU 1.3 0.6 1.6 1.7 1.4 12.9 5.0 5.5 6.2 6.5 1.3 7.2 74.8 14.1 6.1
POL 3.3 1.1 1.8 1.3 1.2 0.5 5.6 1.2 32 8.0 1.8 3.7 298.3 69.3 9.0

BMZ 1.6 1.0 1.7 1.4 1.2. 4.5 2.6

3.2 3.1 3.1 1.4 3.3 25.2 8.9 3.9
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Another factor which is important for a good
column performance is the reproducibility of
analyses. In this study the capacity factors and
the plate heights were measured on two sub-
sequent days. In this way the short-term repro-
ducibility or repeatability is measured. Testing
the ruggedness of a column requires more exten-
sive testing which should be done after the initial
selection described in this report. The relative
difference between two days is reported for
compound 10. The obtained data must be seen
as qualitative data in comparison with the more
precise data obtained for the asymmetry and the
plate height. The repeatability of the capacity
factor is an indication of the stability of the
stationary phase, while the repeatability of the
plate height is an indication of the stability of the
packing material in combination with the station-
ary phase.

3.3. Testing of columns at pH 7

The results are shown in Table 4. The first
question was whether k' values should be treated
as a factor. In ref. [1] a correlation was found for
k' and A,. Because the k’ values vary from
column to column, for a honest comparison of
the asymmetry factors the k’ values should be
included. However, in this case there was hardly
any correlation between k' and A, as can be
seen from the correlation matrix presented in
Table 5. Because in the column evaluation only
the asymmetry plays a role, the k' values were
excluded. |

In order to interpret the results, bar charts
were made (see Fig. 3). For four of the columns
recommended for basic solutes an average

Table 5
Correlation matrix at pH 7 calculated from Table 4

A, k' Rk’  HETP RH
A, .00 0.14 -034  —040  —0.46
k' 1.00 -021 —021 -029
Rk’ 1.00 0.46 0.48
HETP 1.00 0.99
RH 1.00

asymmetry for the test compounds of more than
4 was observed. Lowest asymmetry factors were
obtained for the 3MZ, the ALU and the POL
column. From these three columns only the 3MZ
column showed a reasonable low plate height.
Poor efficiency was observed for the POL col-
umn. However, the repeatability of the 3MZ
column is moderate in comparison with for
example the CHB column. A qualitative inter-
pretation of the bar charts is given in Table 6. In
this table the repeatability of the capacity factor
and of the plate height are combined. It can be
concluded that the best results are obtained with
the 3MZ column, although there are still doubts
about the ruggedness of the column.

MCDM using the Pareto optimal (PO) points
[15] is another method to interpret the results. A
PO plot is the best possible combination of two
criteria. Applying four factors, in principle 6
plots of 2 criteria can be made. The most
important one is the asymmetry vs. plate height.
As the asymmetry is the starting point for the
optimization it was decided to add the PO plots
for asymmetry vs. repeatability of the plate
height, and asymmetry vs. the repeatability of
the capacity factor. When three or more criteria
are involved a stacked PO plot can be made. A
stacked PO plot is a stack of scatter plots of the
individual criteria. The individual plots are
placed on top of each other. Points which are
exactly vertical to each other (over the different
plots) belong to the same stationary phase [15].

Table 6
Qualitative interpretation of the results of Fig. 3

Column Asymmetry Efficiency Repeatability
ZRX - + 0

BDS - + +

CHB - + +

ABZ 0 + +

ASA - 0 0

ALU + 0 0

POL + - -

3MZ + + 0

+ = Good; 0 = moderate; — = poor.
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Fig. 4. Stacked PO plot of the asymmetry vs. HETP, precision of the HETP and precision of the capacity factor, obtained at pH
7. The PO points are indicated between brackets (PO) in the pldt.

The stacked PO plot is shown in Fig. 4 in which the 3MZ. Comparing the efficiency, the 3MZ is
the PO points are indicated. Very good clearly better. With respect to this aspect the
asymmetry values are obtained for the ALU and ZRX and the ABZ are even better. However,
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Fig. 5. Bi-plot obtained at pH 7. The data used for the bi-plot are the average values given in Table 4.

the increased asymmetry is likely to be more
substantial than the gain in efficiency. Therefore,
the 3MZ is to be preferred.

Still it is interesting to see whether other
chemometrical methods can improve the column

evaluation. In Fig. 5 a bi-plot is given based on
the information presented in Table 4. As pre-
treatment the data were autoscaled. The first two
PCs explain 83% of the variance. As can be seen
the demands on “asymmetry”” and ‘‘repeatability

Table 7
Chromatographic data obtained at pH 3, 7 and 11
Column pH 3 pH 7 pH 11

Al HETP RH Rk’ Al HETP RH Rk’ Al HETP RH Rk’

(»M) (%) (%) (M) (%) (%) (M) (%) (%)

ZRX 33 17.5 5.4 4.7 4.1 17.3 1.7 10.3
BDS 8.8 20.5 4.4 0.0 5.2 19.9 2.5 33
CHB 5.1 32.6 0.5 4.1 4.7 31.4 1.0 1.9
ABZ 1.8 21.0 5.7 4.0 2.5 20.7 4.1 3.9
ASA 32 62.0 271 6.3 4.4 64.3 11.4 2.0 2.2 64.0 14.9 3.6
ALU 1.3 74.8 14.1 6.1 0.7 73.8 10.6 25.6
POL 1.8 298.3 69.3 9.0 1.4 323.6 89.3 6.2
3MZ 1.6 26.5 13.8 6.8 1.4 25.2 8.9 3.9 1.0 24.7 4.9 7.7

*Average values of compounds 2, 10, 19, 26 and 29.
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Table 8
Pareto optimal (PO) points at pH 3; 7 and 11

Column PO points at pH 3 PO points at pH 7 PO points at pH 11 PO points all pH values
Column A-HETP A-RH ARk A HETP A RH ARk’ A-HETP A-RH A Rk A HETP A-RH A Rk’
ZRX ** * *x * - - _ * *
BDS * - _ - *
CHB * * * — - — *
ABZ *% * * *k * — —_ — ¥ *
ASA * *
ALU — —_ —_ * ok * * * % * * *%x * *
POL - - - .
3IMZ *k * * *¥ * * T * E T * E
— = Not tested. **PO points are considered to be more important than *PO points.
A <@
19 55
402 maleate 19
3801
4 29
32 236
2 29 Z zee-
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2 4 -1 8 %] 2 4 ) a
Time (min ) Time (min )
2sey g Fig. 7. LC-UV chromatogram of compounds 19, 26 and 29.
A 2-ul volume from a 1 mg/ml solution was injected onto a
2001 19 3MZ-18 150 X 4.6 mm 1.D. column. The flow-rate was set to
1.0 ml/min and the eluent used was acetonitrile-25 mM
1ol borate pH 11.0 (45:55, v/v). Detection was done by UV at
5 reteate '+ 4eS 210 nm. The arrow in the chromatogram indicates the dead
€ 26 time.
1802
597 ' of the capacity factor” are contradictory to each
N L other, while there is a high correlation between
°s 2 4 g 18 12 14 16

8
Time (min )

Fig. 6. LC-UYV chromatograms of compounds 19, 26 and 29.
Detection was done at UV 210 nm. The arrow in the
chromatograms indicates the dead time. (A) A 2-ul volume
from a 1 mg/ml solution was injected onto a Supelcosil
LC-ABZ 150 X 4.6 mm 1.D. column. The flow-rate was set to
1.0 ml/min and the eluent used was methanol-25 mM
NaH,PO, pH 3.0 (40:60, v/v). (B) A 2-ul volume from a 1
mg/ml solution was injected onto a Zorbax Rx-C18 250 x 4.6
mm 1.D. column. The flow-rate was set to 1.0 ml/min and
the eluent used was methanol-25 mM NaH,PO, pH 3.0
(45:55, v/v).

“plate height” and ‘“repeatability of the plate
height”. For the optimal columns these chro-
matographic factors must be as low as possible,
preferably in the opposite direction of the arrows
in Fig. 5. The best columns are clustered to-
gether in the upper right quadrant of the figure.
Also from this graph, taking the ‘“‘asymmetry”
and “plate height” as the most important factors,
it can be concluded that the 3MZ is the most
optimal column, although the differences with
three other columns are small. An advantage of
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Fig. 8. Stacked PO plot of the asymmetry vs. HETP, precision of the HETP and precision of the capacity factor, obtained at pH
values 3, 7 and 11. Only the PO points are indicated by giving the column abbreviation together with the pH used.

the bi-plot is that all information can be seen in
one graph, while this is not the case for the bar
charts and the MCDM plots. However, one has
to realize that with the bi-plot information is
lost, that the interpretation is sometimes difficult
and that all factors are treated as being of the
same importance.

3.4. Testing of columns at pH 3, 7 and 11

An overview of the results at pH values of 3, 7

and 11 is given in Table 7. Again from the
original data the correlation between the capaci-
ty factors and the asymmetries was so low that
the capacity factor was excluded as a factor.
From the correlation matrices at pH 3 and 11
again surprisingly high correlations of 0.82 and
1.00, respectively, were found between the plate
height and the repeatability of the plate height,
as was also observed in the previous section at a
pH of 7 (see Table 5).

Because at pH of 3 and 11 less columns were
used than at the pH of 7, the interpretation is
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Fig. 9. Bi-plot of the data obtained at all pH values. The data used for the bi-plot are the values given in Table 7.

easier. The PO points were determined and are
given in Table 8. At a pH of 3 the 3MZ column
again shows the lowest tailing, although the
difference with the ABZ column is very small.
Even more, with the ABZ column a smaller
plate height and a better repeatability is ob-
tained. With the ZRX column a further (small)
improvement in efficiency is obtained while the
other factors are worse. In Fig. 6 chromatograms
of compounds 19, 26 and 29 on the ABZ (Fig.
6A) and ZRX column (Fig. 6B) at pH 3 are
shown. With the ABZ column the results at pH 3
are better than at pH 7.

At pH 11, both the ALU and 3MZ columns
show good characteristics. However, with the
ALU column fronting peaks were observed at
this pH (Table 7). Also the plate height is in
favour of the 3MZ column. Clearly, at pH 11 the
3MZ column is a good choice for analyzing basic
solutes. This is confirmed by the repeatability
data. In Fig. 7 a chromatogram of compounds
19, 26 and 29 on the 3MZ column at pH 11 is
shown.

The ultimate goal of course is to select the best
column operating at its optimal pH, although in
practice there can be reasons to select on
forehand a certain pH. In Table 8 the PO points

at all pH values are given. The results are also
presented graphically in Fig. 8. On basis of this
MCDM plot the user can decide which column
to use by weighing the importance of the differ-
ent chromatographic factors. Overall the 3MZ
column scems to give the best results of the
columns tested. Looking at the individual data
for this column (Table 7), operating at pH 11 is
preferred at which very symmetrical peaks and
acceptable plate heights are obtained. A bi-plot
of the overall results is given in Fig. 9. For this
the results of Table 7 are used and the data are
autoscaled. The first two PCs explain 88% of the
variance. A cluster of optimal columns is encir-
cled. The 3MZ column shows better asymmetry

_ values while the ZRX and ABZ columns show a
better repeatability of the capacity factor. This
latter factor, however, is only a qualitative factor
while the asymmetry values are quite accurately
determined. With respect to the efficiency and
the repeatability of the efficiency the columns
are equally good. It is interesting to see that at
the different pH values for some columns, e.g.
the 3MZ, ZRX and ABZ column, only small
differences while for other columns, e.g. the
ALU and BDS column, large differences were
observed.
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4. Conclusions

The selection of a set of test compounds out of
a larger set with PCA was carried out. Using a
test set of only five compounds, information
about the applicability of stationary phases de-
veloped for the analysis of basic compounds was
obtained. A complete column test requires only
two LC analyses using two mobile phases for the
analysis of 3 and 2 test compounds. Each analy-
sis consists of a duplicate injection and the
testing is repeated on the next day.

Using bar charts and several chemometrical
techniques such as bi-plots and MCDM, differ-
ences between stationary phases in their ap-
plicability for the analysis of basic solutes were
successfully made. The advantage of the MCDM
plots is that the factors involved can be visually
weighed in order to select a column. The bi-plots
are more difficult to interpret. An interesting
conclusion from the results is that the columns
with a high efficiency generally show a good
repeatability for the plate height.

A column consisting of zirkonium oxide par-
ticles coated with polybutadiene proved to be
suitable at all pH values tested. The best results
with this column were obtained at pH 11. How-
ever, one has to realize that at this moment too
limited information is available on the rugged-
ness of the column. This requires specific testing
on this aspect. Furthermore, the high price of
this column is a limiting factor. At pH 3 a
Supelcosil LC-ABZ and a Zorbax Rx-C,; col-
umn showed also promising results. Polymer-
based columns showed inferior results because of
the high plate heights obtained.
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Abstraét

Analysis, by HPLC, of reducing monosaccharides as their 1-phenyl-3-methyl-5-pyrazolone derivatives is
attractive owing to its sensitivity of detection and the generation of single derivatives of each aldose molecule
[Honda et al., Anal. Biochem. 180 (1989) 351]. The present studies establish conditions for reversed-phase
chromatographic analyses of hydrolysates containing neutral, basic and acidic reducing monosaccharides. In
particular, glucuronic and galacturonic acids, glucosamine and galactosamine are separated completely both from
one another and from the aldoses of glycoproteins commonly found. Analyses of blank hydrolysates provide the
baseline for background amounts of these carbohydrates and analyses of a variety of glycoproteins illustrate the
effectiveness of these separations. Elution times were established for derivatives of all tetroses, pentoses and
hexoses, as well as a variety of deoxy and phosphorylated aldoses.

1. Introduction

The state of glycosylation can have a major
influence on the structure and biological activity
of proteins [1,2]. The carbohydrate moieties
participate in such functions as compartmen-
talization, transport and excretion, cell-cell com-
munication and protein folding. The importance
of proteoglycans is also increasingly apparent [3].
Analytical examination of the sugar content of
peptides and proteins is therefore a fundamental
requirement for research on and production of
glycoproteins.

Typically, sugar compositional analyses are
performed by ion-exchange chromatography of
hydrolyzed sugars at high pH and with direct

0021-9673/94/$07.00
SSDI 0021-9673(94)00416-7

detection using electrochemical detectors (e.g.
[4]) or through post-column reactions [5,6], or
alternately by reversed-phase chromatographic
analyses of variously derivatized sugars, derivat-
ized e.g. with reagents such as dabsyl- and
fluorenylmethoxycarbonyl  hydrazines [7,8],
phenylisothiocyanate [9] or benzoylation re-
agents [10]. The ion-exchange techniques require
more specialized equipment than the pre-column
derivatization methods, while the latter in many
cases yield multiple peaks for each sugar [11,12].
Honda et al. [12] developed 1-phenyl-3-methyl-
5-pyrazolone (PMP) as a pre-column derivatiza-
tion reagent which yields highly absorbent single
derivatives in good yield. The methodology has
found use in other laboratories [13-15], but the

© 1994 Elsevier Science BV. All rights reserved
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generation and separation of PMP derivatives of
the commonly found free-amino sugars and
uronic acids has not yet been described.

We describe here a chromatographic analysis
of the neutral, acidic and basic reducing sugars
which are found in hydrolysates of glycoproteins
and proteoglycans.

2. Experimental
2.1. Materials

Ovalbumin was obtained from Pharmacia
Biotech (Piscataway, NJ, USA), phosvitin and
actin from Sigma (St. Louis, MO, USA) and a
recombinant angiotensin-converting enzyme mu-
tant was a gift of Dr. M.R.W. Ehlers. The
various sugars were from Sigma, except for
galactose (Fisher Scientific, Pittsburgh, PA,
USA) and ribose (Nutritional Biochemical,
Cleveland, OH, USA). PMP was from Aldrich
(Milwaukee, WI, USA) and was recrystallized
from methanol [13] (m.p. 127-128.5°C) before
use.

2.2. Hydprolysis of glycoproteins

The samples (100-1000 pmol) were dried into
50 x6 mm glass test tubes which had been
cleaned by pyrolysis in a muffle furnace at 500°C
for 18 h. Trifluoroacetic acid (200 ul, 2 M) was
added into each tube and the tubes placed in a
hydrolysis vial (PicoTag; Millipore, Milford,
MA, USA), briefly evacuated, sealed and placed
at 110°C for the required time. Hydrolysates
were dried under vacuum in 2-ml conical glass
tubes, ready for derivatization.

2.3. Derivatization with PMP

Dry samples were derivatized {12] with 10 ul
PMP (0.5 M in methanol) and 10 ul 0.3 M
sodium hydroxide at 70°C for 30 min. The
derivatives were neutralized with 3.5 ul of 1 M
HC, dried, redissolved in 50 nl water and excess
reagent extracted twice with 200 pl chloroform.

The aqueous layer was analyzed directly by
HPLC.

2.4. Chromatography

Chromatographic conditions were generally as
follows: column, NovaPak 30 x 0.39 cm (Milli-
pore); temperature, 26°C; solvent A, 0.4% tri-
ethylamine (pH 4.86 with phosphoric acid) +
10% acetonitrile in water; solvent B, acetoni-
trile~water (60:40); gradient, 10-14% B in 9
min, 14-64% B in a further 21 min at 1 ml/min
flow-rate. The eluate was monitored at 254 nm.

3. Results and discussion
3.1. Hydrolysis and derivatization

Hydrolysis of simple carbohydrate chains was
essentially complete after 2 h of hydrolysis at
110°C, with only a slight increase in the yields of
amino sugars at 4 h. The hydrolysis of ATP/ADP
to ribose was slower and required a minimum of
4 h hydrolysis.

Derivatization by the procedure of Honda et
al. [12] proceeded smoothly, when care was
taken to ensure that the aqueous phase had been
fully neutralized prior to extraction with chloro-
form. At high pH the extractions were inefficient
and significant amounts (>50%) of the PMP-
sugars were also extracted. Attempts to use ethyl
acetate [16] as extractant were unsuccessful
owing to excessive losses of the PMP-sugars.

The derivatization of the uronic acids and the
free amino sugars also proceeded well with single
peaks appearing during HPLC analyses of the
reaction mixtures. The peak areas (color yields)
for equal amounts of most PMP-sugars were
within 10% of their average value, with glucuro-
nate deviating the most with a color yield which
was 27% low (Table 1). The derivatives are
stable for a day at room temperature and in
solution, which allowed convenient overnight
HPLC analyses. The most labile derivatives in
the group, that decrease in apparent yield over
periods of days, are those of glucose,
glucosamine, glucuronic acid and galactosamine.
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Table 1
Relative color yields of PMP-sugars, reported as average *
standard deviation

PMP-sugar Relative color yield  Relative color yield
fresh standards decayed standards
(n=15) (n=35)
Mannose 1.10 +0.04 0.98 +0.17
Glucosamine 0.89+0.16 0.41+0.18
Lyxose 1.07=0.03 1.14+0.10
Ribose 0.95+0.03 1.07 £0.11
Galactosamine 1.21+0.17 0.71+0.22
Glucuronate 0.73x0.04 0.57+0.12
Galacturonate  1.03 +0.06 1.12+0.23
Glucose 0.86 =0.07 0.71=0.09
Galactose 0.98+0.05 0.90+0.10
Xylose 1.08+0.10 1.09£0.10
Fucose 0.94 £0.08 0.99£0.10

3.2. Separation of standard PMP-sugars

Initial experiments showed that a large, broad
reagent peak eluted early during chromatog-
raphy and could be moved relative to the PMP-
sugars by changes in slope of the acetonitrile
gradient or by varying the initial acetonitrile
concentration. Higher acetonitrile concentrations
eluted the reagent peak in very close proximity
to the PMP-sugars. The chromatographic system
was therefore designed to provide a large sepa-
ration of reagent and the earliest eluting PMP-
sugar, PMP-mannose. A very flat initial gradient
proved essential to this aim. A second linear
gradient provided separation of most of the
other neutral compounds of interest. A sepa-
ration of the common neutral, acidic and basic
PMP-sugars is presented in Fig. 1. The broad
reagent peak separates very well from all the
PMP-sugars, and good separation was achieved
for derivatives of mannose, glucosamine, lyxose,
ribose, galactosamine, glucuronic acid, galac-
turonic acid, glucose, galactose, xylose and fu-
cose, all of which elute as very sharp peaks.

Since good yields of PMP-glucosamine and
-galactosamine were obtained using both stan-
dard compounds and glycoprotein hydrolysates,
the separation was designed for hydrolysis mix-
tures which would obviously contain free amino
sugars and not N-acetyl amino sugars, and which
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Fig. 1. Chromatography of PMP derivatives of common
reducing monosaccharides. (a) Separation of the remaining
reagent (broad peak) from the PMP derivatives (sharp
peaks). (b) An expanded region of the chromatogram in (a):
the PMP derivatives of the common neutral, basic and acidic

reducing  monosaccharides. Man = Mannose; GlcN =
glucosamine; Lyx = lyxose; Rib = ribose; GalN =
galactosamine;  GIcUA = glucuronic  acid;  GalUA =

galacturonic acid; Glc = glucose; Gal = galactose; Xyl=
xylose; Fuc = fucose.

are more amenable to chromatographic manipu-
lation. Fig. 2 shows the variation of elution times
of the uronic acids and amino sugars as a
function of pH. Values of pH from 4.5 to 5.3
allowed PMP-glucosamine to elute between
PMP-mannose and PMP-lyxose, while PMP-
galactosamine eluted between PMP-ribose and
PMP-glucuronic acid. Higher pH values altered
the relative elution of the charged sugars much
more than that of the others. The neutral sugars
show highest resolution in the tested range at pH
6.9, although the amino sugars then elute in
inconvenient positions. At this pH PMP-arabin-
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Fig. 2. Chromatographic elution times of PMP-sugars at different pH values of the eluent.

ose separates from PMP-xylose, eluting slightly
later.

3.3. Separation of less common PMP-aldoses

The other hexoses, pentoses, tetroses,
glyceraldehyde and some deoxy and phos-
phorylated sugars were derivatized and chro-
matographed as above. Many separated from the
common sugars and their elution positions are
indicated in Fig. 3. The deoxy sugars eluted later
than their parent compounds, as expected for
their higher hydrophobicity, while the phospho
sugars eluted earlier, in accord with their higher
hydrophilicity.

The elution order of the various enantiomor-

phic pairs of aldotetroses, -pentoses and -hexoses
appears to depend on the orientation of the
- hydroxyl groups in positions 2 and 3. A cis-
orientation correlates with early elution and a
trans-orientation with late elution. This causes
the slowest eluting of the 2,3-cis enantiomorphs
of tetroses, pentoses and hexoses —PMP-ery-
throse— to elute before the earliest of the trans
enantiomorphs, PMP-idose.

In addition hydrolysates of heparin and alginic

acid were analyzed to examine the potential of
the method for proteoglycans. In the former case
a large variety of fragments were seen, pre-
sumably sulfated products, but glucuronic acid
and glucosamine were clearly identified. The
expected products from hydrolysis of alginic acid
are mannuronic and guluronic acids and two
major peaks were found to elute between the
positions of mannose and gulose. Ascorbate
reacted with PMP and yielded two products
which eluted very early, preceding and supenm-
posed on the reagent peak.

3.4. Adventitious contamination by sugars

The background contribution of sugars arising
during the hydrolysis process could become a
problem when sensitive analytical methodologies
such as the PMP method are used to estimate
amounts of sugar in relatively small amounts of
glycoprotein, or when a protein is examined for
a potential short-chain carbohydrate modifica-
tion. This contamination may be serious and is
inherent in the hydrolysis acid, as well as being
introduced from the environment. Table 2 re-
cords the amounts of the neutral aldoses found
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Fig. 3. Chromatography of PMP-sugars. Fifteen well resolved compounds are shown, with the elution positions of other
derivatives indicated. Gul = Gulose; Glc-6-p = glucose-6-phosphate; Rha = rhamnose; All = Allose; Tal = Tallose; GlcNAc=
N-acetylglucosamine; Ery = erythrose; GalNAc = N-acetylgalactosamine; Ido = idose; Alt = Altrose; Ara= arabinose; Tre =
threose; d = deoxy; Glyca = glyceraldehyde; Dig = digitoxose; other abbreviations as in Fig. 1.

in hydrolysis blanks done singly over a period of
time. Glucose and xylose are particularly prob-
lematic and contents of unknown samples should
therefore be interpreted with caution when
<100 pmol of protein is analyzed. Reaction
blanks, without hydrolysates, give very clean

Table 2
Analysis of sugars in hydrolysis blanks

Sugar Average amount Range
+S.D. (pmol), (pmol)
n=27

Mannose 13.6 £ 12.5 0-53.2

Glucose 740+ 46.4 12.8-200.8

Galactose 9.5+53 3.1-21.8

Xylose 43.7+34.7 0-136.1

Fucose 4048 0-17.1

Blanks were made by adding 200 ul 2 M trifluoroacetic acid
into clean test tubes inside hydrolysis vials and hydrolyzing
together with batches of samples. Derivatization with PMP
was done as described under Experimental and the deriva-
tives were analyzed by reversed-phase HPLC

chromatograms with values of <2 pmol on
average for everything except for glucose, for
which it is <4 pmol.

The amounts of amino sugars and uronic acids
in the hydrolysis blanks were as negligible as in
the reaction blanks.

3.5. Applications to glycoproteins

A variety of glycoproteins were analyzed by
the chromatographic methodology outlined
above. The results are summarized in Table 3.
Identification and quantitation correlated well
with the literature values for ovalbumin and
phosvitin. Actin preparations contain a mole of
either ATP or ADP which yield ribose on acid
hydrolysis. The analysis of a recombinant mutant
of angiotensin converting enzyme demonstrates
the ease with which the variety of carbohydrate
residues in such a heavily glycosylated protein
can be determined.

The accurate analysis of amounts of less than
100 pmol glycoprotein becomes difficult owing to
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Table 3

Analysis of the sugar residues of glycoproteins by chromatography of PMP derivatives

Sugar ACE*® Phosvitin Ovalbumin Actin
mutant

Mannose 14.8 3.45 (3[18]) 5.57 (4-6[19], 6 [20]) 0.15
Glucosamine 233 5.23 (518} 3.79 (2-5[19], 3 [20)) 0.00
Galactosamine 6.5 0.10 0.03 0.04
Glucose 1.5 0.65 0.30 0.99
Galactose 28.2 3.46 (3[18)) 0.36 (0-1[19]) 0.10
Xylose 0.5 0.36 0.16 0.16
Fucose 59 0.12 0.13 0.03
Glucuronic acid 0.0 0.03 0.04 0.04
Galacturonic acid 0.0 0.01 0.03 0.01
Ribose 0.4 0.17 0.07 0.44 (1)
Amount

hydrolyzed 95.2 543 1116 486

{(pmol)

Proteins were hydrolyzed with 2 M trifluoroacetic acid for 4 h at 110°C. Values are reported as molar ratios recovered. Literature

values are in parentheses.
* Angiotensin converting enzyme.

the prevalent background of especially glucose,
seen both in blank samples and also as an
additional background in protein preparations.
This has also been noted in analyses done by
anion-exchange chromatography with electro-
chemical detection [4].

4. Conclusions

The determination of the monosaccharide con-
tent of glycoproteins provides basic information,
much as amino acid analyses provide a charac-
teristic property of a protein. We have estab-
lished a robust reversed-phase HPLC separation
of stable derivatives of reducing sugars which
allows convenient analysis of carbohydrate
compositions using conventional HPLC equip-
ment. It has already proved useful in studying
the glycosylation state of angiotensin-converting
enzyme [14]. Analysis of qualiiatively unknown
samples may occasionally provide derivatives
other than the common ones. A recent example
is the discovery of gulose in an algal glycoprotein
{17]. The use of the high-resolution separation,
which is very robust in the pH range from 4.9 to
5.3, allows such derivatives to be recognized with

ease. The use of a second eluent system, with a
different pH (such as 6.9) will clearly differen-
tiate sugars such as gulose or arabinose from the
common sugars.
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Abstract

Affinity partitioning of yeast alcohol dehydrogenase (YADH), lactate dehydrogenase from rabbit muscle
(MLDH) and lactate and malate dehydrogenases from pig heart (HLDH and HMDH, respectively) were studied
in aqueous two-phase systems containing metal ions (Cu’", Ni*", Zn*" and Cd?") chelated by iminodiacetate—
poly(ethylene glycol) (IDA-PEG). The partitioning behaviour of the enzymes in the presence of Cu(II)-IDA~-
PEG was studied as a function of the concentration of NaCl, the pH of the medium and the concentration of added
selected agents. It was demonstrated that the partition effect (A log K )} of dehydrogenases in the presence of
Cu(I)-IDA-PEG and the affinity of enzymes for immobilized Cu®” ions increases in the order MLDH >
YADH > HMDH = HLDH. It was shown that the determined variations in the enzyme affinities for Cu(II)-IDA~-
PEG might be related to the differences in the content of histidine residues accessible to the solvent.

1. Introduction

Immobilized metal ion affinity chromatog-
raphy (IMAC) of proteins was introduced by
Porath et al. [1]. The basic principle of this
method is the coordination between transition
metal ions chelated by iminodiacetic acid (IDA)
and electron-donor groups on the protein sur-
face. Surface-exposed histidine, cysteine and
tryptophan residues have attracted attention as
the primary sites responsible for protein interac-

* Corresponding author.

* Presented at the 8th International Conference on Partition-
ing in Aqueous Two-Phase Systems, Leipzig, August 22—
27, 1993.

0021-9673/94/%07.00
SSDI 0021-9673(94)00420-E

tions with immobilized metal ions [1-4]. More
recent studies have demonstrated that of the
amino acids, the available histidyl residues in
terms of their topography on the macromolecule
surface seem to be the critical factor dictating the
selective retention on metal-affinity columns [4-
10].

Immobilized metal ion affinity partitioning has
been developed recently to enhance the selective
partitioning of proteins in aqueous two-phase
systems [11]. The method is based on the inter-
actions between accessible amino acid residues
on the protein surface and transition metal ions
charged on IDA-poly(ethylene glycol) (PEG).
The partitioning behaviour of native [12-16],
genetically engineered proteins carrying high-

© 1994 Elsevier Science BV. All rights reserved
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affinity His—X,—His sites engineered into their
surface [16-19], erythrocytes [20] and iso-
enzymes of lactate dehydrogenase [21] has been
studied in aqueous PEG-salt and PEG-dextran
two-phase systems. Interactions between Cu(1I)—
IDA-PEG and surface-exposed histidines in
aqueous two-phase systems have also been ex-
plored theoretically [13].

Recently [22,23], affinity partitioning has been
used to study the interaction of many NAD(H)-
dependent dehydrogenases with immobilized
Cu(II) complexes of dye ligands. It was found
that the Cu”" ions had a discriminating ability to
affect the specificity of dye—enzyme complex
formation between the yeast and horse liver
ADH on the one hand, and LDH from rabbit
muscle on the other. In this respect, it was of
interest to evaluate the binding properties of
these enzymes towards Cu’* and other metal
ions charged on chelating ligands such as IDA,
excluding the dye ligand effect.

2. Experimental
2.1. Materials

Yeast alcohol dehydrogenase (EC 1.1.1.1,
specific activity ca. 400 U/mg) was obtained
from Boehringer (Mannheim, Germany). Lac-
tate dehydrogenase from rabbit muscle (EC
1.1.1.27, specific activity ca. 650 U/mg) was
purchased from Serva (Heidelberg, Germany).
Lactate dehydrogenase from pig heart (EC
1.1.1.27, specific activity ca. 300 U/mg) and
malate dehydrogenase from pig heart (EC
1.1.1.37, specific activity ca. 1100 U/mg) were
kindly provided by T. Bodneva, Institute of
Biotechnology. Substrates and substances for
Good’s buffers —MES (morpholinoethanesul-
fonic acid), HEPES (N - 2 - hydroxyethylpiper-
azine - N’ - 2 - ethanesulfonic acid) and TAPS
[N- tris(hydroxymethyl)methyl - 3 - aminopro-
panesulfonic acid]|— were obtained from Serva
or Sigma (St. Louis, MO, USA). Poly(ethylene
glycol) PEG 6000 was obtained from Serva or
Fluka (Basle, Switzerland) and dextran 60 000

from the Factory of Clinical Preparations (Kras-
nojarsk, Russian Federation). Iminodiacetic acid
(IDA) and epichlorohydrin were obtained from
Fluka. All other chemicals were commercially
available and of analytical-reagent or puriss
grade.

2.2. Synthesis of IDA-PEG derivatives

IDA-PEG was synthesized in two steps by
reaction of iminodiacetic acid with a monosubsti-
tuted derivative of epichlorohydrin-activated
PEG. Epichlorohydrin-activated PEG was pre-
pared according to the usual method for the
synthesis of glycidyl ethers as described by Ul-
brich et al. [24]. Briefly, 100 g of PEG 6000 (M,
6000-7500) were dissolved in 500 ml of absolute
benzene, then 5 mi of boron trifluoride ethyl
etherate and 1.32 ml of epichlorohydrin (0.5
mol/mol PEG) were added dropwise and the
reaction mixture was stored at room temperature
for 48 h. Thereafter the mixture was gently
stirred and 1.2 ml of a 45% solution of NaOH
was slowly added dropwise and the solution was
again stored at room temperature for 2 h. The
reaction mixture was decanted, treated with 500
ml of diethyl ether and the precipitate was
filtered off and dried. The product was dissolved
in 200-300 ml of absolute benzene, precipitated
repeatedly with 500 ml of diethyl ether and
dried.

A 50-g amount of the product obtained was
dissolved in 250 ml of 2 M Na,CO, solution
containing 25 g of iminodiacetic acid and the
mixture was stirred at 65°C for 24 h. After the
mixture had been cooled, the product was ex-
tracted with 750-1000 ml of chloroform. The
chloroform phases were pooled, dried over an-
hydrous Na,SO, and the solvent was removed by
rotary evaporation. After two crystallizations in
absolute ethanol, the IDA-PEG derivative was
obtained (the yield was 25-30% of total PEG).

The Cu(Il) complex of IDA-PEG was ob-
tained by dissolving 25 g of IDA-PEG in 25 ml
of 50 mM sodium acetate buffer (pH 4.0) con-
taining 12.5 g of Cu,SO,. The solution was
stirred at room temperature for 1 h and then
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extracted twice with 100-150 ml of chloroform.
The combined chloroform phases were dried and
the solvent was evaporated. The yield of Cu(II)-
IDA-PEG was 15-20 g. Other metal ion (Ni’",
Zn*" and Cd**) IDA-PEG complexes were
obtained in a similar manner using a 10 molar
excess of appropriate metal salts over IDA-
PEG.

The metal ion concentration in the metal
chelate—PEG derivatives was measured by
atomic absorption spectrometry.

2.3. Enzyme assays

The enzyme activities were determined spec-
trophotometrically at. 340 nm and 30°C. Alcohol
dehydrogenase and both lactate dehydrogenases
were determined as described previously [22,23].
The activity of malate dehydrogenase was mea-
sured as described [25].

2.4. Two-phase systems

Two-phase systems (4 g) were prepared by
weighing from stock solutions of polymers in
water, viz., 20-50% (w/w) PEG and 20-30%
(w/w) dextran. The final concentrations of PEG
and dextran in the aqueous two-phase systems
were 6.5% (w/w) PEG 6000-10% (w/w) dextran
60 000. All necessary ingredients, buffer, water,
enzyme samples and selected agents, were mixed
with polymer solutions to give the desired final
concentrations as indicated in the tables. IMA
partitioning experiments were performed by re-
placing part of PEG with IDA-PEG or metal
ion complexes with IDA-PEG. The amount of
IDA-PEG derivative is given as a percentage of
the total mass of PEG present in the system or
expressed as metal ion concentration (mM/kg)
per kg of two-phase system.

2.5. Partitioning of enzymes

After 17-24 units of YADH, 4-12 units of
MLDH, 30-43 units of HLDH or 20-47 units of

HMDH has been introduced into the two-phase
systems, the mixture obtained was shaken gently
for about 15 s, kept for 5 min and then cen-
trifuged for about 2 min at 2000 g to complete
the phase separation. Samples of known volume
were withdrawn from each phase and the en-
zyme activity was determined. The partition
coefficient of the enzyme, K, was defined as the
ratio of the enzyme concentration in the upper
and lower phases. The affinities of enzymes for
metal ions were expressed in terms of A log K,
defined as the difference between the logarithmic
partition coefficients of enzymes in the presence
(K) and in the absence (K,) of metal-IDA-PEG
(A log K =log K —log K,). The change in the
enzyme partition coefficients when selected
agents were introduced into the two-phase sys-
tems was expressed as a percentage of the initial
value of A log K in the presence of metal-IDA-
PEG and the absence of the agent.

All partitioning experiments were carried out
in duplicate at room temperature and the value
of A log K is given as the mean of two separate
determinations.

3. Results
3.1. Synthesis of IDA-PEG derivatives

The commonly used method for coupling IDA
to PEG includes a three-step synthesis starting
from monomethoxy-PEG [14]. The intermediate
aminomonomethoxy-PEG derivative was treated
with bromoacetic acid, yielding IDA-PEG. In
an attempt to obtain a water-soluble chelating
polymer carrying iminodiacetate groups coupled
to the polymer in a similar manner to the
synthesis of the well known Porath’s adsorbent
on Sepharose (2], another route to IDA-PEG
synthesis was chosen. PEG was activated with a
stoichiometric amount of epichlorohydrin to ob-
tain the monosubstituted derivative, which was
subsequently treated with the IDA according to
Porath and Olin [2].

The metal ion contents combined with IDA-
PEG are given in Table 1.
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Table 1
Contents of metal ions combined with IDA-PEG

Metal ion Metal ion content
(mol/mol PEG)*

Cu®* 0.43-0.58

Ni** 0.19-0.32

Zn** 0.09-0.13

cd** 0.20-0.30

* The metal ion content in IDA-PEG is expressed as moles
of the respective metal ion per mole of PEG.

3.2. Partitioning of dehydrogenases as a
function of salt concentration and metal ions

In the two-phase system containing 6.5%
(w/w) PEG and 10% (w/w) dextran, in the
absence of the IDA-PEG derivative all the
dehydrogenases studied were partitioned in
favour of the dextran-rich bottom phase. The
partitioning behaviour of any enzyme introduced
into a system containing an increasing concen-
tration of metal ions, e.g., Cu®* ions chelated by
IDA-PEG, was greatly changed. This may be
exemplified by the YADH partitioning data. As
can be seen from Table 2 and Fig. 1, the
presence of Cu’* ions in two-phase system
dramatically enhances the extraction of enzyme
into the metal-IDA-PEG-containing upper
phase. Less extraction of YADH occurs in the
presence of Ni** ions and PEG-IDA with no
metal ion seems to have a negligible effect on the
partitioning of the enzyme even when 5% of a
portion of PEG was replaced with PEG-IDA.

Table 2
Effect of liganded PEG on the partitioning of yeast ADH

Liganded PEG Alog K
IDA-PEG 0.41
Ni(II)-IDA-PEG 0.72
Cu(II)-IDA-PEG 2.30

Two-phase system (4 g) contained 6.5% (w/w) PEG 6000,
10% (w/w) dextran 60000, 17-24 units of enzyme, 5%
liganded PEG and 10 mM MES buffer (pH 6.5). The amount
of liganded PEG is expressed as a percentage of the total
mass of PEG present in the system.

24

20 ' 30 40 50
Liganded PEG, %

Fig. 1. Partitioning of yeast ADH in PEG—dextran systems
containing increasing amounts of liganded PEG. Two-phase
system (4 g) contained 6.5% (w/w) PEG 6000, 10% (w/w)
dextran 60000, 17-24 units of enzyme and 10 mM MES
buffer (pH 6.5). The amount of liganded PEG is given as a
percentage of the total mass of PEG in the system. @ =
Cu(I)-IDA-PEG; A = Ni(II)-IDA~PEG; O = IDA-PEG.

Addition of NaCl and an increase in its con-
centration in the two-phase systems to 0.6-1.0 M
had different effects on the partitioning of the
dehydrogenases studied. As can be seen from
Table 3 and Fig. 2, NaCl greatly affects the
partitioning of MDH and LDH from pig heart.
An increase in NaCl concentration in the system
to 0.6 M in the presence of Cu(Il)-IDA-PEG
caused an increase in the A log K value of
HMDH from 0.89 (in the absence of NaCl) to
1.32 (at 0.3 M NaCl). However, with HLDH an
increase in NaCl concentration to 0.6 M gave a
decrease in A log K of the enzyme from 1.30 (in
the absence of salt) to 0.41-0.56 (with 0.2-0.4 M
NaCl), suppressing its binding to Cu(II)-IDA-
PEG. This means that in addition to the coordi-
nation, another type of bonding, probably
electrostatic, is involved in the interaction of
HLDH with Cu(II)-IDA-PEG. Only the part of
the A log K value equal to 0.41-0.56 may be
attributed to the contribution of coordination
bonds. On the basis of this effect of NaCl, all
further experiments on HMDH partitioning were
carried out in the presence of 0.25 M NaCl, and
with HLDH NaCl was omitted. Introduction of
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Table 3

Effect of NaCl concentration on the partitioning of MDH
and LDH from pig heart in the presence of Cu(II)-IDA-
PEG

NaCl Alog K
M)
HMDH HLDH

- 0.89 1.30
0.1 1.15 0.50
0.2 1.15 0.41
0.3 1.32 0.50
0.4 1.05 0.56
0.5 1.09 0.54
0.6 1.08 0.44

Two-phase systems (4 g) were composed of PEG and dextran
as in Table 2, 10 mM HEPES buffer (pH 7.0), 22-34 units of
enzyme and increasing concentration of NaCl. The Cu(I)-
IDA-PEG concentration in the system is expressed as the
concentration of Cu®* ions per kg of two-phase system and
was equal to 0.21 and 0.42 mM/kg for HMDH and HLDH,

respectively.

NaCl at concentrations up to 1.0 M into the
systems containing MLDH in the presence of
Cu(I)-IDA-PEG had no appreciable effect on
the partitioning of the enzyme, whereas with
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Fig. 2. Effect of NaCl concentration on the partitioning of
MDH and LDH from pig heart in the presence of Cu(Il)-
IDA-PEG. Two-phase systems (4 g) were composed of PEG
and dextran as in Fig. 1, 10 mM HEPES buffer (pH 7.0),
22-34 units of enzyme and increasing concentrations of
NaCl. The Cu(II)-IDA~PEG concentration in the system is
expressed as the concentration of Cu®* ions in mM per kg of
two-phase system and was equal to 0.21 and 0.42 mM/kg for
HMDH and HLDH, respectively. © = HMDH; O = HLDH.

YADH there was a slow increase in A log K as
the NaCl concentration was increased from 0.2
to 0.6 M (see Figs. 5 and 6).

Partitioning of dehydrogenases in the presence
of PEG-IDA conjugates combined with various
metal ions in summarized in Table 4. According
to the results in Table 4, it is evident that Cu®*
ions, as would be expected, exhibited the
strongest effect on the partitioning of the dehy-
drogenases studied. Of the other metal ions,
only Ni’" ions had an appreciable effect on the
affinity partitioning efficiency (A log K) of
YADH and MLDH. The extraction power into
the upper phase of dehydrogenases in the pres-
ence of Cu(II)-IDA-PEG differed significantly
and revealed differences in the surface properties
of the enzymes. For example, a high binding of
YADH to Cu(Il)-IDA-PEG (A log K =2.62)
might be expected, based on the predominant
contribution of the Cu®*" ion coordination bonds
previously found [22] in the interaction of this
enzyme with Cu(Il) complexes of many dye
ligands. The possibility of coordination of the
Cu’" ions with the histidine residue located at
the coenzyme-binding site of YADH was pro-
posed. With LDH from rabbit muscle we ob-
served [23] a smaller contribution of Cu’" ions
to the dye—enzyme complex formation. How-
ever, as can be seen from Table 4, LDH from
rabbit muscle displayed a much stronger binding
to Cu(Il)-IDA-PEG (A log K=3.72) than
YADH. This obviously indicated that MLDH
possesses surface-exposed amino acid residues
available for the interaction with Cu®” ions. A
much weaker interaction with Cu(II)-IDA-PEG
was found for HMDL (A log K=1.45). In
contrast to LDH from rabbit muscle, the enzyme
from pig heart interacts with Cu®” ions weakly
(A log K =1.33). The partitioning behaviour of
both LDH towards Cu(Il) and Ni(II)-IDA-
PEG determined in this work agrees very well
with the partitioning results of these enzymes
obtained recently by Otto and Birkenmeier [21].
Despite the differences in the composition of the
aqueous two-phase systems used, the tendency
of LDH partitioning in both instances was found
to be the same: LDH from rabbit muscle dis-
played a much stronger binding to Cu(II) and
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Table 4
Effect of metal ion chelated by IDA-PEG on the partitioning of different NAD *-dependent dehydrogenases

Metal Concentration Alog K
ion— of metal ion
IDA-PEG (mM/kg) YADH MLDH HLDH HMDH

(pH 6.5) (pH 7.0) (pH 7.0) (pH 7.0 with

0.25 M Na(Cl)
- - K, =0.0043 K, =0.0089 K,=0.0124 K, =0.0898
+(.0011 +0.0004 +0.0005 +0.0090

Cu®* 0.42 2.62+0.04 3.72+0.12 1.33+0.08 1.45+0.028
Ni** 0.25 1.10=0.10 0.70 +0.03 0.32+0.01 0.114 = 0.035
Zn** 0.12 nd”® n.d 0.086 = 0.026 0.03
ca* 0.25 n.d. n.d. 0.22 +0.078 0.10

System composition as in Table 2; 10 mM buffers: HEPES (pH 7.0) and MES (pH 6.5).

*n.d. = Not determined.

Ni(II)-IDA-PEG than the enzyme from pig
heart. The observed orders of magnitude of the
A log K values of the LDH obtained in this work
and that reported by Otto and Birkenmeier [21]
are similar: 3.72 and 0.41-0.56 (with 0.2-0.4 M
NaCl) in the presence of Cu(1l)-IDA-PEG for
MLDH and HLDH, respectively, in this work
and 4.5 and 0.4 determined by Otto and Birken-
meir {21]. In general, the partitioning behaviour
of both types of LDH parallels also the chro-
matographic behaviour of the LDH isoenzymes
from hog on an Ni(Il)-nitrilotriacetic acid
(NTA) column as determined by Hochuli et al.
[26]. They observed the retention of the muscle-

Table 5

type isoenzyme on the Ni(II)-NTA column and
a lack of retention by the heart-type enzyme.

3.3. Effect of pH on affinity partitioning of
dehydrogenases

The affinities of all the dehydrogenases
studied, except the LDH from pig heart, for
Cu(II)-IDA-PEG, and also the MLDH affinity
for Ni(II)-IDA-PEG, were found to be sensi-
tive to pH. In the presence of Cu(1I)-IDA-PEG
the A log K values of YADH increase monotoni-
cally with increase in pH from 5.0 to 8.0, as
indicated in Table S and Fig. 3. The alteration of

Effect of pH on the partitioning of dehydrogenases in the presence of metal-IDA-PEG

pH Alog K

YADH (Cu**) MLDH (Cu?*; Ni*")

pH Alog K

HMDH (Cu*") HLDH (Cu*")

5.0 1.68 1.60 n.d? 6.0 1.04 1.37
5.5 2.04 2.00 1.24 7.0 1.45 1.33
6.5 2.20 2.79 1.86 8.0 1.74 1.46
7.0 n.d. 3.03 2.30 9.0 1.25 n.d.
7.5 2.30 n.d. n.d.
8.0 2.38 2.99 2.09

Two-phase systems (4 g) were composed of PEG and dextran as in Table 2. Concentrations of metal ions: Cu’", 0.2234 mM/kg
for YADH and MLDH and 0.42 mM/kg for HMDH and HLDH; Ni**, 7.03 mM/kg for MLDH. Two-phase systems contained 10
mM buffers for YADH, MLDH and HLDH and 10 mM buffers with 0.25 M NaCl for HMDH: MES (pH 5.0-6.5), HEPES (pH
7.0) and TAPS (pH 8.0-9.0)

*n.d. = Not determined.
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Fig. 3. Effect of pH on the partitioning of yeast ADH in the
presence of Cu(1I)-IDA-PEG and LDH from rabbit muscle
in the presence of Cu(II) and NI(II)-IDA~PEG. Two-phase
systems (4 g) were composed of PEG and dextran as in Fig.
1. Concentrations of metal ions: Cu®", 0.2234 mM/kg; Ni**,
7.03 mM/kg. 10 mM buffers: MES (pH 5.5-6.5), HEPES
(pH 7.0) and TAPS (pH 8.0-9.0). O=MLDH (CU>™);
0 = YADH (Cu®*); A=MLDH (Ni*").

the partition coefficients of MLDH, A log K, in
the presence of immobilized Cu®* or Ni*" ions is
highly sensitive to pH, increasing in the pH
range 5.0-7.0 and beginning to decrease above
pH 7.0 (Table 5, Fig. 3). The dependence of the
affinities of MDH and LDH from pig heart for
Cu(II)~-IDA-PEG on the pH of the medium
differs greatly (Table 5, Fig. 4). With HMDH an

O.n 1] T
5 6 1 8 9
pH
Fig. 4. Effect of pH on the partitioning of LDH and MDH
from pig heart in the presence of Cu(II)-IDA-PEG. System

composition as in Fig. 3. Concentration of Cu®* ions, 0.42
mM/kg. A=HMDH; O =HLDH.
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increase in pH in the systems from 6.0 to 8.0
caused an increase in A log K, followed by a
decrease at higher pH. In contrast, the affinity
partitioning effect (A log K) of HLDH is virtual-
ly insensitive to pH variations in the range 6.0
8.0 (Fig. 4).

3.4. Partitioning of dehydrogenases in the
presence of selected agents

The interaction of dehydrogenases with che-
lated Cu®" ions was studied when selected agents
such as nucleotide ligands, chelating agents or
amino acids were present in the two-phase sys-
tems. As can be seen from Table 6 and Figs. 5
and 6, the introduction into the two-phase sys-
tems of the chelating agent EDTA at concen-
trations up to 1 mM was sufficient to abolish the
binding of all the dehydrogenases to Cu(ll)-
IDA-PEG, the A log K values decreasing to
zero. Imidazole also had a strong ability, but
discriminating among the enzymes studied, to
reduce their interaction with immobilized Cu®”
ions. Table 6 shows that the addition of 1 mM
imidazole to the two-phase systems decreased A
log K to zero with MLDH and HMDH, but was
less effective with YADH and HLDH. In the
latter two cases, a further increase in imidazole
concentration to 5 mM caused a 92% decrease in
A log K of HLDH, whereas the A log K of
YADH was decreased only to 48%. Table 6
shows that among the amino acids, tryptophan
was the most effective for the dissociation of the
HMDH-Cu(II)-IDA complex. A 1 mM con-
centration of tryptophan could reduce the value
of A log K by 88%. Low concentrations of
arginine (1 mM) resulted in decreases in A log K
by 96, 74 and 53% for HMDH, HLDH and
MLDH, respectively. The observed A log K-
decreasing capacity of ammonium ion was the
same as that of arginine for LMDH and lower
for HMDH.

As can be seen from Table 6, cysteine at
increasing concentrations in the two-phase sys-
tems diminished the binding of HLDH and
HMDH to Cu(1I)-IDA-PEG but to a smaller
extent than imidazole. Nucleotide ligands such as
adenine and NAD were able, as was shown
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Table 6

Dependence of the affinity partitioning effect (A log K) of dehydrogenases on the concentration of selected agents

Agent Concentration Residual A log K (%)
(mM)
YADH MLDH HLDH HMDH
(pH 6.5) (pH 7.0) (pH 7.0) (pH 8.0 with
0.25 M NaCl)
EDTA 1 0 0 (at 0.5 mM) 0 0
Imidazole 1 71 0 33 0
S 48 0 8 0
NAD 1 49 n.d? n.d. n.d.
5 34 n.d. n.d. n.d.
NADH 1 n.d. 82 80 100°
5 n.d. 71 55 100°
Nicotinamide 1 85 n.d. n.d. n.d.
5 72 n.d. n.d. n.d.
Adenine 1 86 n.d. n.d. n.d.
5 75 n.d. n.d. n.d.
Tryptophan 1 99 n.d. 61 12
5 95 n.d. 23 0
Ammonium ion 1 n.d. 41 n.d. 59
5 n.d. 19 n.d. 0
Arginine 1 n.d. 47 26 4
S n.d. 14 -12 =5
Cysteine 1 n.d. n.d. 34 27
: 5 n.d. n.d. 21 16

System composition as in Table 2; 10 mM buffers: HEPES (pH 7.0), MES (pH 6.5) and TAPS (pH 8.0). Concentration of Cu*
ions in the systems: 0.2234 mM/kg for YADH and MLDH, 0.21 mM/kg for HMDH and 0.42 mM/kg for HLDH.

*n.d. = Not determined.
® Two-phase system without NaCl.
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Fig. 5. Partitioning of yeast ADH in the systems containing
increasing concentrations of selected agents in the presence
of Cu(Il)-IDA-PEG. System composition as in Fig. 1.
Concentration of Cu®* ions, 0.2234 mM/kg; 10 mM MES
buffer (pH 6.5). O =NaCl; O = tryptophan; 0 = adenine;
B = nicotinamide; A =imidazole; A = NAD; & =EDTA.
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Fig. 6. Partitioning of LDH from rabbit muscle in systems
containing increasing concentrations of agents in the presence
of Cu(II)-IDA-PEG. System composition as in Fig. 1.
Concentration of Cu®* ions, 0.2234 mM/ kg; 10 mM HEPES
buffer (pH 7.0). O =NaCl; ® =NADH; []=ammonium
ions; B = arginine; A =imidazole; A = EDTA.



H. Pesliakas et al. | J. Chromatogr. A 678 (1994) 25-34 33

previously [27], to elute the enzyme retained on
the adsorbent with the immobilized dye—Cu(II)
complex. Therefore, they might act as displacing
agents causing also the dissociation of the
formed Cu(II)-IDA-PEG-enzyme complexes.
However, in contrast to the high eluting capacity
of adenine observed earlier [27] and its relatively
high A log K-decreasing capacity, observed pre-
viously [22,23] by studying the partitioning of
dehydrogenases in the presence of dye—Cu(II)
complexes, in this study we found a much
smaller effect of adenine on the A log K values.
~Table 6 and Fig. 5 show that even a 5 mM
concentration of adenine caused a decrease in A
log K of YADH in the presence of Cu(II)-IDA-
PEG of only 25%. However, unexpectedly, we
found a relatively high capability of NAD to
reduce YADH binding to Cu®* ions. A 5 mM
concentration of NAD decreased A log K of
YADH by 66% and gave a larger decrease in A
log K when the same concentration of imidazole
was presence in the two-phase system. This
indicates that the coenzyme-binding site of
YADH might be involved in the interaction with
Cu(II)-IDA-PEG. Addition of NADH and an
increase in its concentration to 5 mM had an
appreciable effect, decreasing A log K of HLDH
to 55%, whereas A log K of MLDH was de-
creased to 71% and no change in A log K was
observed with HMDH. Nicotinamide, as can be
seen from Table 6, affected the YADH partition-
ing with respect to the Cu(I1I)-IDA-PEG in a
similar manner to adenine.

4. Discussion

As a continuation of our attempts to explore
the role of metal ions on the specific recognition
of ligands, e.g., biomimetic dyes by various
NAD "-dependent dehydrogenases, in this study
the binding properties of four enzymes towards
metal ions chelated by IDA-PEG were evalu-
ated in an aqueous two-phase system composed
of PEG and dextran.

The determined variations in the partition
coefficients (A log K) of dehydrogenases
(YADH, MLDH, HLDH and HMDH) studied

in the presence of metal ions, primarily Cu’",
immobilized on IDA-PEG clearly indicated
(Table 4) the presence of and differences in the
accessibility of metal-binding sites on the surface
of the enzymes. Further, it was found that the
interactions of many dehydrogenases with
Cu(I)-IDA-PEG show a pronounced depen-
dence on the pH of the medium. The determined
increase in the A log K values of enzymes with
increase in pH (Table 5) may be related, as has
been indicated previously [18], to deprotonation
of the imidazole group. Therefore, the differ-
ences in the partitioning behaviour of the dehy-
drogenases studied in the presence of Cu(II)-
IDA-PEG could be due to the possible in-
volvement in the interaction with metal ions of
histidyl residues of enzymes exposed to the
solvent. The dependence of metal affinity on
histidine content, with the existence of a linear
proportionality between the increase in partition
coefficients and the protein surface histidine
content, was clearly shown recently [16,18] by
studying the partitioning of native and genetic-
ally engineered histidine-containing proteins in a
PEG-dextran two-phase system containing
Cu(1)-IDA-PEG. Despite the lack of complete
information concerning the location and number
of surface-exposed histidine residues in the dehy-
drogenases studied, some discussion is possible.

It is well known that the dehydrogenases
studied differ in the number of histidine residues
available for chemical modification by diethyl
pyrocarbonate. As the latter reacts with all
accessible histidines in proteins, the maximum
number of histidine residues modified in dehy-
drogenases can be regarded, to a first approxi-
mation, as a relative measure defining the parti-
tioning efficiency (A log K) of an enzyme in the
presence of Cu(II)-IDA-PEG. The numbers of
histidine residues per subunit of enzymes studied
were found to be ten for YADH [28], eleven for
MLDH [21], seven for HLDH [26] and thirteen
per molecule of HMDH [29]. According to the
literature, the maximum numbers of histidine
residues modified per enzyme subunit were three
(pH 6.0) for LDH from rabbit muscle [30], 2.5
(pH 7.0) for yeast ADH [31] and one (pH 6.0)
for LDH from pig heart [32]. The number of
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essential histidine residues for these three en-
zymes was established as one per enzyme subunit
[31]. For MDH from pig heart, one essential
histidine residue chemically alkylated with iodo-
acetamide per active site was found [29].

Taking these considerations into account, one
can observe that the dehydrogenase affinity to
Cu(II)-IDA-PEG (Table 4) increases according
to the number of histidine residues accessible for
chemical modification with diethyl pyrocarbo-
nate in the following order: MLDH > YADH >
HMDH = HLDH. Therefore, one of the pos-
sible ways to explore the location of the histidine
residues that are involved at the interaction of
the studied dehydrogenases with Cu®" ions
would be to carry out investigations with chemi-
cally modified enzymes. However, despite this,
the data presented here demonstrated that im-
mobilized metal ion affinity partitioning in aque-
ous two-phase systems can be used as a sensitive
probe for metal-binding sites on the surface of
NAD™ dehydrogenases.
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Abstract

Poly(ADP-ribose) polymerase responds to DNA strand breaks in nuclei by producing ADP-ribose polymers
covalently attached to proteins. Here we report two fast protein liquid chromatographic applications to aid
investigations on poly(ADP-ribosyl)ation. The first rapidly purifies poly(ADP-ribose) polymerase from crude calf
thymus extract. The purification protocol, involving successive fractionations over four columns, reduces the time
for polymerase purification from four days to 14 h resulting in a >50% increase in enzyme-specific activity. The
second application employs a complex salt gradient to reproducibly separate ADP-ribose polymers into individual

size classes.

1. Introduction

Poly(ADP-ribosyl)ation is required for repair
of DNA breaks in higher eukaryotes [1-3].
Poly(ADP-ribose) polymerase (EC 2.4.2.30) is
dependent on DNA strand breaks for activation
[4], and activation in turn leads to modification
of polymerase molecules with long polymers of
ADP-ribose (automodification). Through non-
covalent interactions with histones [5-7], these
polymers disrupt DNA-histone complexes mak-
ing the DNA accessible to DNA processing
enzymes [8,9]. Degradation of ADP-ribose
polymers by poly(ADP-ribose) glycohydrolase
restores the integrity of the DNA-histone com-
plex. Polymer size and structure play an im-
portant role in this histone shuttle mechanism,
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influencing both polymer affinity for chromatinic
proteins [6] and polymer degradation kinetics
[10,11]. We therefore found it necessary to
prepare ADP-ribose polymers of distinct sizes to
further elucidate the histone shuttle of chro-
matin.

We have established two fast protein liquid
chromatographic (FPLC; Pharmacia) applica-
tions to aid our investigations. (1) Because
purification of poly(ADP-ribose) polymerase
requires successive fractionation of a calf thymus
crude extract over four different chromatography
resins [12-14], conventional chromatography
techniques take at least four days before the
pure enzyme is obtained. Strategic programming
and continuous flow from column to column
using FPLC reduced purification time to 14 h
thereby yielding more active enzyme faster. (2)
Separation of ADP-ribose polymers into indi-

© 1994 Elsevier Science B.V. All rights reserved
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vidual size classes has recently been achieved
using HPLC [15]. We have found that high-
resolution separation of polymers by FPLC using
a MonoQ column is highly reproducible and can
process large quantities of polymers with re-
coveries of 98 = 7%.

2. Materials and methods
2.1. Poly(ADP-ribose) polymerase purification

Preparation of calf thymus crude extract

Frozen calf thymus (50 g) was homogenized in
250 ml of 50 mM Tris, 0.3 M NaCl, 10%
glycerol, 10 mM B-mercaptoethanol (8-ME), 50
mM Na,S,0,, pH 8.0. After centrifugation at
12 000 g for 15 min at 4°C, the supernatant was
precipitated with 30% (NH,),SO,, centrifuged,

and reprecipitated with 70% (NH,),SO,. The
resulting pellet was resuspended in 10 ml basis
buffer (100 mM Tris—HCI, 17% glycerol, 25 mM
K,S,05 12 mM B-ME, 0.5 mM EDTA) and
loaded into a 50-ml Superloop (Pharmacia).

Columns and FPLC configuration
DNA-cellulose (Pharmacia) was nicked [16]
and packed in an HR 10/30 column (Phar-
macia). 3-Aminobenzamide was cross-linked to
AffiGel 10 (Bio-Rad) and packed in an HR
10/30 column. A 0.2-ml volume of hydroxy-
apatite (HTP Bio-Gel; Bio-Rad) was prepared
fresh for each purification and packed in a 10-ml
EconoColumn (Bio-Rad). FPLC (with LCC-500
Plus controller; Pharmacia) connections to col-
umns, valves and buffers are schematically
shown in Fig. 1. The system was run at 4°C; the
flow-rate was maintained at 0.4 ml/min. For

Fig. 1. Schematic diagram of FPLC system for purification of poly(ADP-ribose) polymerase. Purification of poly(ADP-ribose)
polymerase from calf thymus crude extract requires successive fractionation over Sephadex G-25, DNA-cellulose, 3-amino-
benzamide—AffiGel and hydroxyapatite columns. Using the basic FPLC system with strategic programming of the valves (1-6),
the time needed for polymerase purification was reduced from four days to 14 h. 3-meBz = 3-Methoxybenzamide.
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further details, a copy of the run program is
available on request.

Enzyme activity assay

The specific activity of poly(ADP-ribose)
polymerase was calculated from the amount of
NAD *-derived ADP-ribose incorporated into
acid-precipitable material. A 10-ul volume of the
solution to be assayed was added to 50 mM Tris
(pH 8.0), 1 mM dithiothreitol, 10 mM MgCl,, 2
pg nicked calf thymus DNA [16], 2 ug H1
(Boehringer Mannheim) and 10 uM [*H|NAD "
(45 Ci/mol; New England Nuclear) in a final
volume of 100 wl. After incubation at 25°C for
10 min, samples were precipitated with 20%
trichloroacetic acid, applied to glass fiber filters,
washed with 5% trichloroacetic acid, and
counted for radioactivity.

2.2. Separation of ADP-ribose polymers

Polymer synthesis and purification

Protein-attached polymers of [*’P]JADP-ri-
bose were synthesized in a 9-ml reaction mix
containing 3 mg of crude poly(ADP-ribose)
polymerase (430 pmol/min mg), 50 mM Tris
(pH 8.0), 1 mM dithiothreitol, 10 mM MgCl,,
100 pg nicked calf thymus DNA [16], 225 ug
H1, 9.6% ethanol and 1 mM [**P][NAD” (10
Ci/mol; New England Nuclear). After 30 min at
25°C, protein-attached polymers were precipi-
tated with 20% trichloroacetic acid, dissolved in
98% formic acid, and reprecipitated with tri-
chloroacetic acid.

Each pellet was resuspended in 1 ml of 1 M
KOH/50 mM EDTA and incubated at 37°C for
2 h to detach [*P]poly(ADP-ribose) from pro-
tein. Conditions were adjusted to pH 8 and 50
mM MgCl, whereupon DNA was digested with
1000 U of DNase I (Sigma) for 2 h at 37°C.
Proteins were subsequently digested with 200 U
of proteinase K (Boehringer Mannheim) at 37°C
overnight. After extraction with an equal volume
of phenol-CHCl,—isoamyl alcohol (49:49:2),
[*’P]poly(ADP-ribose) was precipitated with
ethanol and dried in a Speed-Vac concentrator.
The polymers of [’PJADP-ribose were dis-
solved in water and stored at —20°C.

Columns and FPLC configuration

A 1-ml MonoQ column (Pharmacia) was used
at a flow-rate of 0.4 ml/min; 0.4-ml fractions
were collected. Gradient buffer A contained 20
mM Tris, pH 8.3, and buffer B consisted of 1 M
KClI in buffer A. The system was run at 4°C.

High-resolution size analysis of polymers
Fractions from FPLC separation were counted
for **P content. Aliquots containing 100 dpm
from each peak fraction were dried, dissolved in
10 ml of loading buffer and separated on a
polyacrylamide gel as previously described [17].

3. Results and discussion

Strategic design and programming of FPLC
and reproducible high resolution from FPLC
columns have allowed us to not only rapidly
purify the nuclear enzyme poly(ADP-ribose)
polymerase but also to resolve its polymeric
ADP-ribose products. The significant attributes
of each application are discussed below.

3.1. Poly(ADP-ribose) polymerase purification

Purification of poly(ADP-ribose) polymerase
requires successive fractionation of a crude ex-
tract over four chromatography resins, three of
which are affinity resins. Previous purification
protocols required many technical manipulations
in a cold room over a period of four days. Using
FPLC, we have completely automated the col-
umn chromatography fractionations such that the
technician need only perform a preparative am-
monium sulfate precipitation and load the crude
extract onto the FPLC. The new procedure
yields pure poly(ADP-ribose) polymerase in
only 14 h.

The FPLC setup is schematically shown in Fig.
1. Notable variations from usual setups include
the use of a valve (valve 2) for selection of
elution buffers, a valve before the UV monitor
(valve 4) to select which eluent to monitor, and
the use of PSV-100 valves to direct flow to/from
columns. The FPLC system itself resides in a
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cold room and is connected serially to the
computer driver in a nearby office. Once the
crude extract is loaded onto the FPLC system,
all FPLC manipulations and monitoring of re-
sults are done at the computer station.

After preparation of the crude extract (see
Materials and methods), the sample containing
200-300 mg of protein is loaded into the Super-
loop and the FPLC program initiated. Protein is
desalted and automatically loaded onto nicked
DNA-—cellulose. Poly(ADP-ribose) polymerase
binds with high affinity to DNA nicks [18] and is
subsequently eluted with a 0.2-1 M KCl linear
gradient in basis buffer. The polymerase elutes
in a sharp peak at about 0.8 M KCI and is
shunted directly to a 3-aminobenzamide AffiGel
column. After four column washes, the enzyme
is competitively eluted from the AffiGel resin
with basis buffer containing 0.3 M KCl/1 mM
3-methoxybenzamide and is concentrated and
washed on a 0.2-ml pad of hydroxyapatite.
Elution of poly(ADP-ribose) polymerase from
hydroxyapatite is performed manually with two
250-p1 aliquots of basis buffer containing 0.5 M
potassium phosphate, pH 7.2.

A comparison of purification parameters from
the conventional procedure versus FPLC is given
in Table 1. While the overall yields are compar-
able, a 53% increase in enzyme-specific activity
was obtained using FPLC mainly due to the
decreased processing time. Like the conventional
preparation, FPLC-purified poly(ADP-ribose)
polymerase contains no detectable DNA
topoisomerase activity and is electrophoretically
pure (Fig. 2).

Table 1
Purification of poly(ADP-ribose) polymerase from calf
thymus using conventional chromatography versus FPLC

Conventional FPLC
chromatography
Protein recovery (%) 52 5.8
Specific activity (nmol/min mg) 378 578
Purification (x-fold) 1026 1399
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Fig. 2. Gel analysis of purified poly(ADP-ribose) polymer-
ase. A 1-ug amount of protein prepared by conventional
chromatography techniques or FPLC was separated on a
10% sodium dodecyl sulphate—polyacrylamide gel [20] and
stained with Coommassie Blue. Markers with molecular
masses (kDa = kilodalton) as indicated were loaded in the
first and last lanes.

3.2. Separation of ADP-ribose polymers

Poly(ADP-ribose) polymerase synthesizes
polymers of NAD *-derived ADP-ribose, the
sizes of which respond to the protein environ-
ment at the time of synthesis [19]. It has been
difficult to further analyze the specific role of
discrete polymer sizes since homogeneous poly-
mer size classes could not be isolated. We have
overcome this obstacle using FPLC.

After synthesis and detachment from protein
(see Materials and methods), 50-100 nmol of
[*’P]JADP-ribose in the form of polymers were
injected in 0.5 ml of buffer A onto a 1-ml
MonoQ column. The polymers were eluted with
a KClI gradient (caption to Fig. 3) and fractions
collected. A typical elution profile is shown in
Fig. 3. As polymer size increases, the elution
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Fig. 3. Separation of ADP-ribose polymers by FPLC. Polymers of ADP-ribose in a total volume of 0.5 ml were injected onto a
1-ml MonoQ column. Absorbance (solid line) was monitored continuously during elution with a KCl gradient (broken line). The
gradient program used was: 0% buffer B at 0 ml, 0% B at 2 ml, 25% B at 16 ml, 40% B at 36 ml, 53% B at 70 ml, 60% B at 80
ml, and 100% B at 81 ml (see also Materials and methods).
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Fig. 4. Poly(ADP-ribose) size analysis following FPLC separation. A heterogeneous population of [*P]JADP-ribose polymers
(MARKER) was separated on a 1-ml MonoQ column and fractions collected (see Materials and methods). Aliquots containing
100 dpm of [**P]poly(ADP-ribose) were analyzed on high-resolution polyacrylamide gels and subjected to autoradiography [17].
The lengths of the polymers in terms of ADP-ribose residues are indicated to the left and right of the autoradiograph.
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gradient becomes more shallow to maximize
resolution. Aliquots from peak fractions were
analyzed by autoradiography of high-resolution
polymer gels [17]. Fig. 4 shows that the MonoQ
resin easily resolved polymers ranging from 2-24
ADP-ribose units and resolved polymers rang-
ing from 26—-50 ADP-ribose residues by units of
2—-4. In addition, polymers eluting in 1 M KCl
did not migrate upon electrophoretic analysis
(not shown) and therefore may represent branch-
ed polymers [6,15]. Overall recovery of radioac-
tivity from the MonoQ was always >90%.

Recently, Kiehlbauch et al. [15] have reported
the separation of polymers on a Progel-TSK
DEAE NPR HPLC column. While separation of
polymers using HPLC was comparable to FPLC,
they cited potential problems with reproducibil-
ity dependent on the HPLC system used. Sup-
plied as a standard system, FPLC eliminates such
variabilities. Also unlike HPLC, FPLC lends
itself to the scale-up of analytical chromatog-
raphy separations for preparative purposes. The
MonoQ column used for this study has an ionic
capacity of 0.27-0.37 mmol which is equivalent
to 75-100 mg of ADP-ribose. Separation can be
easily scaled up to a 20-ml column which could
separate up to 2 g of ADP-ribose polymers. This
becomes an important aspect for polymer prepa-
ration when one considers that, in a heteroge-
neous polymer population, a single size class of
polymers represents only one of at least 50 size
classes, and the longer the polymer, the less
frequent its occurrence [17]. For these reasons,
we recommend FPLC for the large-scale prepa-
ration of homogeneous ADP-ribose polymer
populations as well as for poly(ADP-ribose)
polymerase purification.
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Abstract

Chromatographic separation on reversed-phase materials was carried out for mercaptoundecahydrododecaborate
(BnHHSHZ") and derivatives with organic residues attached to the sulfur. Solvent and ion-pair systems are

described that allow the separation of compounds with gr
reagents with methanol could be used to separate compoun
gradient system was developed in which B,,H,,SH*"

porphyrins could be separated.

eatly different structures. Gradient systems of ion-pair
ds with greatly different degrees of hydrophobicity. A
_substituted porphyrins and other polar and non-polar

1. Introduction

The preparation of boron-containing com-
pounds for use in boron neutron capture therapy
has received increased interest in recent years
[1]. For compounds to be of use in BNCT, they
must possess a certain degree of water solubility.
This is often achieved through the introduction
of solubilizing moieties [2]. Recently, the sulf-
hydryl-substituted derivative mercaptoundeca-
hydrododecaborate (B,H,;SH*") (BSH) of the
ionic boron hydride cage B,,H?; has been found
to lend itself to substitution chemistry on the
sulfur [3]. Although compounds can be prepared
readily, analytical separation by chromatography
is not trivial, owing to the ionic nature of the
boron hydride cage. One of the main problems
in this connection is to achieve fast and re-
producible reaction control. Simple chromato-

* Corresponding author.
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graphic methods such as thin-layer chromatog-
raphy suffer from bad resolution; further, BSH
derivatives are difficult to detect. In contrast,
high performance liquid chromatography
(HPLC) with ion-pairing reagents allows analysis
with good resolution and short analysis times.
UV absorption monitoring allows sensitive detec-
tion for boron cage derivatives. In addition,
HPLC offers easy and practicable purity assays
for compounds used in clinical studies (e.g.,
BSH).

Heteroborane anions have been separated by
reversed-phase (RP) ion-pair HPLC on C,;-
bonded columns with n-alkylamines as ion-pair
reagents [4]. More recently, chromatography of
inorganic B,,H;, derivatives on hydroxy-
ethylmethacrylate gels has been described [5].
For preparative chromatography of halogenated
boron hydride cages, ion-exchange chromatog-
raphy has been used [6]. For BSH and its
oxidation products, RP-HPLC in the presence of

© 1994 Elsevier Science BV. All rights reserved
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tetrabutylammonium as ion-pair reagent has
been used [7].

We report here that analytical separations of
organic derivatives of BSH can be carried out
using HPLC in the presence of ion-pair reagents.
We have investigated systematically the chro-
matographic behaviour of many different sulfur-
substituted derivatives of B,,H,,;SH*", in order
to establish the separation conditions for re-
action control and purity assay with maximum
resolution and minimum elution times.

2. Experimental

RP chromatography was carried out on a
Merck-Hitachi system consisting of an L-6200
pump, a L-4200 UV-Vis detector and a D-2500
chromatointegrator. A Merck LiChrospher RP-
18 (5 pm) column (125 X 4 mm 1.D.) was used,
with a precolumn containing the same material
(4 X4 mm I.D.). The injection loop held 20 wl.
The flow-rate was 1 ml/min, unless indicated
otherwise. Changes in the flow-rate of the gra-
dient systems lead to shorter run times without
loss of resolution. Retention times are given as

Table 1
Isocratic and gradient solvent systems used

k' values. UV detection was carried out at 220
nm [BSH derivatives and BSH possess an ab-
sorption maximum at 220 nm (e = 2400)] or 400
nm (porphyrin derivatives). Methanol and tetra-
butylammonium hydrogensulfate (TBAS) used
for the mobile phase were of analytical-reagent
grade. Water was desalted and doubly distilled.
Triethylammonium formate (TEAF) was pre-
pared from triethylamine [purified with alumin-
ium oxide (basic, super 1, ICN)] and formic
acid, both of analytical-reagent grade. The sol-
vent systems listed in Table 1 were used. The pH
was adjusted to 6.5 with sodium hydroxide.

The boron compounds used are shown in Fig.
1.

BSH derivatives (Fig. 1a and b) were normally
prepared by the following procedure [3]. The
tetramethylammonium salt of BSH was con-
verted into the sodium thiolate by titration with
an equimolar amount of NaOH in water and
recovered by lyophilization. This salt (1 g, 2.9
mmol) was suspending in 250 ml of acetonitrile.
A solution of 15 mmol of alkyl bromide in 40 ml
of acetonitrile was added through a dropping
funnel at room temperature over 10 min. After
24 h the solvent was removed under vacuum.

Isocratic systems

Solvent Methanol (%) Water (%) TBAS (mM) TEAF (mM)
A 57 43 20 -
B 30 70 - 30
Gradient systems
Gradient Time interval Methanol Water TEAF Flow-rate
(min) (%) (%) (mM) (ml/min)
1 0 —» 1.1 20 80 30 1
11— 5.1 20— 60 80— 40 30—>15 1
5.1—10.1 60— 100 40— 0 15— 0 2
10.1—-15.0 100 0 0 2
2 0 — 51 20— 64 80— 36 30— 13.5 2
5.1—30.1 64— 100 36— 0 13.5—-0 1
30.1—40.0 100 0 0 3
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H BSH
Cyanomethyl S-1
Cyanoethyl S-2
Allyl S-3
Benzylmethimazole S-4
@s < g
N

CH,
Methimazole S-5

H

N
s=< ]\

CH,
Acetyl S-6
Pentenoyl S-7
Benzoyl S-8
BiaH1iS"-Ry
R Designation
Cyanomethyl D-1
Cyanoethyl D-2
Allyl D-3
Buteny! D-4
Pentenyl D-5
(1,3-Dioxolanyl)-2-propyl D-6
Cyanopropyl D-7
3,3-Diethyloxypropyl D-8
p-Cyanobenzyl D-9

Fig. 1.

Fig. 1. (Continued on p. 44)
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Porphyrins

R1 (propionic acid) |R2 M Des.
OH H (deuteroporphyrin IX) 2H P-1
OMe H 2H P-2
B1oH 128 H 2H P-3
OMe t-butyl-acrylate Zn P-4
OMe acrylate 2H P-5
OMe B ;H|2-S-acrylate 2H P-6
OMe t-butyl-pentenoate Zn P-7
OMe pentenoate 2H P-8
OMe CH=CH-(CH;),-SBj>H;2- |2H P-9

Fig. 1. Compounds studied.

The residue was suspended in acetonitrile and
filtered to remove NaBr. On addition of diethyl
ether, the product precipitated.

Boronated porphyrin derivatives (Fig. 1c¢)
were normally prepared by the following pro-
cedure. The porphyrin (1 mmol) with free acid
side-chains was dissolved in dichloromethane (50
ml). Oxalyl chloride (10 ml) was added and the
mixture was refluxed for 45 min. The solvent was
evaporated under vacuum. The residue was
dissolved in acetonitrile (50 ml) and mixed with
dry pyridine (1 ml) and dry tetramethylam-
monium BSH (1 g, 3.1 mmol, dried at 125°C for
2 h). The mixture was stirred overnight. The
solvent was then removed, the residue was
dissolved in acetonitrile—water and the counter
ion was exchanged against sodium with an ion
exchanger (Amberlite IR-120, Na® form). The
solvent was evaporated, the residue was dis-
solved in a small amount of acetonitrile, filtered
off and the solvent removed. The porphyrin was
purified by two-step reversed-phase column
chromatography with ion-pair reagent (metha-
nol-water between 20:80 and 65:35, triethylam-
monium formate between 10 and 25 mM) in a
flash column (details of preparation and purifica-
tion will be reported elsewhere). The ion-pair
reagent was removed by repeated lyophilization.

Subsequently, the counter ion was exchanged
against sodium. The product was dissolved in
acetonitrile, filtered and the solvent was evapo-
rated. Reaction control was carried out using the
HPLC gradient system 2, taking 10 pl from the
reaction mixture dissolved in 100 wl of solvent.
Purity assays were carried out by dissolving 1 mg
of the pure compound in 250 ul of solvent. A
volume of 50 ul of this solution was injected.

For the investigation in Table 2, BSH itself, a
sulfonium salt with k' smaller than that of BSH
(D-9) and one with k' larger than that of BSH
(D-8) were chosen. The solutions of compounds
used in Table 2 were prepared from the pure
compounds.

Loading experiments were carried out with
porphyrin P-3 with five different concentrations
(55, 27.5, 14, 10.5 and 7 pg per 500 pl solvent).
The retention times at all concentrations varied
by only about *5 s.

3. Results and discussion

A systematic search for optimum separation
conditions was carried out. The ratio of metha-
nol to water and the concentrations of the ion-
pair reagents TBAS and TEAF were varied and
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Table 2

45

Separation of selected compounds by buffers with various concentrations of methanol and TBAS at pH 7.0

TBAS MeOH k' for compound Separation of
(mM) (%) ternary mixture
BSH D-8 D-9
20 60 4.03 5.88 3.37 Yes
55 7.41 13.17 6.11 Yes
50 15.24 32.33 12.16 Yes
10 60 2.84 4.54 2.30 Yes
55 4.46 8.35 3.55 Yes
5 60 2.02 3.31 1.87 No
55 2.80 5.96 2.65 No

the change in k' for a set of different compounds
was recorded. ‘

The values for k' for the three compounds
BSH, D-9 and D-8 were greatly influenced by
the methanol concentration. Fig. 2 shows that an
increase in methanol concentration from 50% to
60% leads to a considerable decrease in the

14

10

K

55
% methanol
Fig. 2. Dependence of k' values on TBAS concentration
(methanol-to-water ratio 55:45) and methanol-to-water
ratio (TBAS concentration =20 mM). ©=k'(BSH); V =
k'(D-8); T = k'(D-9)].

retention times of all compounds. The retention
times were also influenced by the concentration
of the ion-pair reagent. For TBAS, a nearly
linear increase in k' was found between 5 and 20
mM concentrations (Fig. 2). Fig. 3 shows the
interdependence of k' values for BSH on metha-
nol and TBAS concentrations. The effects of
methanol and TBAS concentrations appear to be
additive. No reversal of elution times was found
for any of the compounds investigated for any of
the concentration combinations of methanol and
TBAS. With low concentrations of TBAS, the
difference between the k' values decreased.
Table 2 summarizes these data. Fig. 4 shows a
chromatogram of the reaction mixture of com-
pound D-3.

Also for TEAF there .is a strong correlation
between methanol . concentration and . elution
time. Again, an increase in methanol concen-
tration- reduced -the elution times. However,
there was a much weaker dependence of the

50 53 =
" % methanol

Fig. 3. Dependence of k' value of B,,H,,SH’>" on methanol
and TBAS concentrations.
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.86
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Jwt

[ I B I I R A L
i o
min
Fig. 4. Chromatogram of the reaction mixture of bisallyl-
BSH (D-3). Peaks [retention times (min)]: 1.10 = aceto-
nitrile; 1.47 and 1.86 = by-products; 2.75 = BSH; 5.06 = D-3.

elution time on TEAF concentration between 20
and 60 mM (Fig. 5). For TEAF, much lower k'’
values were found for all compounds investi-
gated, compared with TBAS as ion-pair reagent.
Exceptions are the cyanomethyl and cyanoethyl
substituents, where both sulfonium salts showed
longer retention times with TEAF than with
TBAS.

For a greater number of compounds with
similar chemical structures but different carbon
side-chain lengths, increased chain length gener-
ally led to an increase in k', as shown in Table 3.
Despite the fact that sulfonium salts have one
more carbon chain than the corresponding
thioethers, their k' values did not differ greatly
from those of the thioethers (compare, e.g., D-1
with S-1, D-2 with S-2 and D-3 with S-3). This
might be because sulfonium salts require only
one counter ion for ion-pair formation.

5

4

3

40 45 50 55 60
16

14
v/

1.2

K1 ‘/’x//"}

038 I e |
cr—“"’:"/":’f

20 30 40 50 60
mM TEAF

0.6

Fig. 5. Dependence on k' on methanol-to-water ratio
(TEAF concentration =20 mM) and TEAF concentration
(methanol-to-water ratio = 60:40). © =k’(BSH); V = k'(D-
8); I =k'(D-9).

Most of the BSH derivatives could be purified
by recrystallization. Only some of the com-
pounds were difficult to purify without chro-
matographic methods (e.g. S-4 and porphyrins).
These compound mixtures contained compo-
nents that varied greatly in the degree of hydro-
phobicity. In these cases isocratic elution led to’
unacceptably long elution times. Therefore, two
gradient systems were developed for these sepa-
ration problems. TEAF was used as ion-pair
reagent because it can be removed by lyophiliza-
tion. Thus, later use of this solvent in prepara-
tive chromatography is possible.

Gradient 1 is capable of resolving the highly
polar S-5 (k' =2.56) from the S-benzylated de-
rivative S-4 (k'=11.71) and toluene (k'=
20.86). In this system, BSH has a k' value of
1.03, close to the void volume. Gradient 2 allows
the separation of porphyrins. With the high
water concentrations necessary when using
TEAF, some poorly water-soluble salts, such as
the tetramethylammonoum salts of boronated
porphyrins, may present problems. In such
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Table 3

Retention times of different compounds in (A) MeOH-water (57:43), 10 mM in TBAS (pH 6.5) and (B) MeOH-water (30:70),

30 mM in TEAF (pH 6.5)

Substituent Number of Designation k'
substituents
Solvent A Solvent B

H 1 BSH 2.51 0.80
Cyanomethyl 1 S-1 2.83 2.25
Cyanomethyl 2 D-1 2.05 3.20
Cyanoethyl 1 S-2 3.12 1.42
Cyanoethyl 2 D-2 2.12 3.44
Cyanopropyl 2 D-7 231 n.d?
Allyl 1 S-3 12.44 n.d.
Allyl 2 D-3 10.80 n.d.
Pentenyl 2 D-5 34.19 n.d.
Butenyl 2 D-4 19.46 n.d.
(1,3-Dioxolanyl)-2-propyl 2 D-6 4.07 n.d.
Acetyl 1 S-6 3.12 1.24
Pentenoyl 1 S-7 7.92 n.d.
Benzoyl 1 S-8 9.92 7.34

“n.d. = Not determined.

cases, exchanging the counter ion to Na® and
thereby enhancing the water solubility proved to
be helpful. As can be seen in Table 4, porphyrins
with greatly different substituents could be sepa-
rated successfully. Fig. 6 shows the analytical
separation of porphyrin P-6 from its monoboro-
nated derivatives in the reaction mixture. Load-
ing experiments for porphyrin P-3 showed no
dependence of k' on sample concentration. The

boronated porphyrins P-3 and P-6 must be con-
sidered very hydrophilic, based on their short
retention times.

HPLC in the presence of ion-pair reagents is
capable of separating ionic borates with greatly
different degrees of hydrophobicity. The best
separations for most of the BSH derivatives are
achieved with methanol-water mixtures around
57:43 and tetrabutylammonium concentrations

Table 4
Separation of 3,8-substituted porphyrins using gradient system 2
Designation R at 3- and 8-positions M R at k'
propionic
acid
P-1 H 2H OH 35.96
P-2 H 2H OMe 57.66
P-2 H Zn OMe 50.37
P-3 H 2H SB,,H}, 28.84
P-4 CH = CHCOOBu' Zn OMe 62.35
P-5 CH = CHCOOH 2H OMe 32.23
P-6 CH = CHCOSB ,H?] 2H OMe 25.62
P-7 CH = CH(CH,),COOBu* Zn OMe 57.66/59.68*
P-8 CH = CH(CH,),COOH 2H OMe 42.40/43.76*
P-9 CH = CH(CH,),SB ,H?; 2H OMe 35.96/39.01°

“ cis—trans Isomers.
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flow 2 1 3  mi/min
T L]

% methanol
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Fig. 6. Chromatogram of the reaction mixture of porphyrin
P-6. Peaks [retention times (min)]: 13.65 and 14.12 = mono
boronated porphyrins; 16.26 = P-6.

around 10 mM. The elution times depend very
critically on the methanol-to-water ratio, as
reported previously for C, phases and lauryl-
amine as ion-pair reagent [4]. For the TBAS
system described here, a decrease in methanol
concentration of 2-3% led to a doubling of the
retention time. For TEAF, an increase of the
methanol concentration from 30 to 40% led to
about 50% shorter retention times. Whereas
laurylamine was required for the C, phase at
concentrations around 2 mM [4], on the C,,
phase used here higher concentrations of 10 mM
TBAS were found to be necessary for adequate
separation.

The separation of ionic borates has been
achieved previously by ion-exchange chromatog-
raphy [6]. Recovery of the compounds was
achieved by eluting slices of the extruding gel. In
contrast, HPLC can be carried out also under
analytical conditions, and with greatly enhanced
speed.
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Abstract

Quantitative measurements of tocopherols and tocotrienols required isolation of four tocopherols from a mixture
of soybean oil and wheat germ and four tocotrienols from a mixture of wheat bran and rubber latex. Semi-
preparative HPLC was accomplished using a 250 mm X 10 mm [.D. column packed with 10-pm silica gel in hexane
containing 2-15% tetrahydrofuran. Identification of isolated and purified tocopherols and tocotrienols was
confirmed from mass spectra, and concentrations of identified vitamers were determined by absorption coefficients.
Recovery of tocopherols and tocotrienols ranged from 54 to 83%. Isomer purities were found to be above 99% by

capillary GC and HPLC.

1. Introduction

There are four known naturally occurring
tocopherols termed «-, 8-, y- and 8-tocopherol,
as well as four closely related compounds termed
tocotrienols, which have three double bonds in
the isoprenoid side chain (Fig. 1). Tocopherols
are widely distributed in animals, cereals, fruits,
vegetable oil, nuts and vegetables. Tocotrienols
are mostly absent in nuts, fruits and vegetables.
Small amounts of tocotrienols are found in
~ carrots, sweetcorn and cereal bran and germ oils.
These endogenous antioxidants each have a
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* Approved for publication by the direction of the Louisiana
Agricultural Experiment Station as manuscript number 93-
21-7182.

0021-9673/94/$07.00
SSDI 0021-9673(94)00429-D

different specific activity, necessitating a separate
determination.

Thin-layer chromatography (TLC) has been
used widely to prepare tocopherol and toco-
trienol standards, which were not available com-
mercially. Natural sources were soybean oil for
a-, y- and 8-tocopherol, whole ground barley for
a- and B-tocotrienol, corn for a-tocotrienol, and
barley germ oil for y-tocotrienol [1-5]. The
primary disadvantage of the TLC procedure is its
inability to distinguish between y-tocopherol and
B-tocotrienol in a one-dimensional system. Also,
since tocopherols are antioxidants and are
known to be light-sensitive, the TLC system has
the disadvantage of leaving them vulnerable to
oxidation during the time they are on the plate
[1]. In 1979, Thompson and Hatina [6] used a
preparative column to isolate «- and +y-toco-

© 1994 Elsevier Science B.V. All rights reserved
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Position of methyl group Tocopherols Tocotrienols

5,7,8-Trimethy! a-T a-T3
5,8-Dimethyl B-T 8-T3
7,8-Dimethyl ¥-T v-T3
8-Monomethyl &-T 5-T3

Fig. 1. Structures of tocopherols and tocotrienols.

trienol as standards from wheat flour and rubber
latex. More recently, Bruns et al. [7,8] applied
technical-scale preparative liquid chromatog-
raphy using a silica column to isolate tocopherols
from vegetable oil. Saito and Yamauchi [15]
isolated a-and B-tocopherol from wheat germ oil
by recycle, semi-preparative supercritical fluid
chromatography. For this isolation, special
equipment is needed, such as a CO, pump,
pre-heating coil and air-circulating oven, normal-
ly unavailable in typical laboratories.

Pure standard grade tocopherols (e, vy, 8) are
available commercially, but tocotrienol standards
are not. Recently released standards for y- and
8-tocopherol (ICN Biochemicals, Division, CA,
USA) are expensive and/or of lower purity.
Research in our laboratory on rice bran composi-
tion and oxidative stability required analysis of
endogenous tocopherols and tocotrienols. The
purpose of the present study was to develop a
procedure for isolation of highly purified
tocopherols and tocotrienols as analytical stan-
dards from natural sources using semi-prepara-
tive liquid chromatography.

2. Experimental
2.1. Chemicals and materials

All solvents were HPLC grade from Mallinck-
rodt (Paris, KY, U.S.A). L-Ascorbic acid was
from Sigma (St. Louis, MO, USA). Rubber
latex was obtained from Malaysia, and soybean
oil, wheat bran and wheat germ were purchased
from a local grocery.

2.2. Extraction of crude oil

Rubber latex was used as a source for a-, y-
and 8-tocotrienols, soybean oil for a-, y- and
8-tocopherol, wheat bran for B-tocotrienol, and
wheat germ for B-tocopherol. To facilitate isola-
tion, a mixture of soybean oil and wheat germ oil
was used for tocopherols, as was a mixture of
rubber latex lipid and wheat bran oil for toco-
trienols.

For extraction of crude wheat germ and bran
oil, 20 g of wheat germ or 40 g of wheat bran
were placed in a 500-ml Erlenmeyer flask with
200 ml ethanol and 5 g ascorbic acid. The mouth
of the flask was covered with a beaker and
placed in a 60°C water bath for 10 min. Then 1.2
ml of 80% KOH were quickly added and mixed
by vortexing. The sample was saponified for 10
min at 80°C. During saponification, the sample
was agitated using a wrist-type shaker. After
saponification, the flask was placed in an ice
bath, and 30 ml water and 50 ml hexane were
added. The mixture was vortexed, transferred to
centrifuge bottles, and centrifuged at 120 g for 1
min. The upper layer was transferred to a 500-ml
separatory funnel. Extraction of the sample with
50 ml hexane was repeated twice. The pooled
hexane layer was washed three times with 30 ml
water to remove residual KOH, filtered through
Na,SO,, and then evaporated to dryness on a
rotary evaporator. The crude oil sample was
diluted with 10 ml methanol and the mixture was
allowed to stand overnight at — 20°C. The mix-
ture was centrifuged, 12 000 g at —20°C for 30
min, and the supernatant filtered through a 0.45-
pm filter. The filtrate was diluted with 20 ml
water and extracted with 20 ml hexane twice.
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Solvent was evaporated to dryness under a
stream of nitrogen and sample diluted with a
known amount of hexane and placed under
nitrogen at —20°C.

For extraction of latex oil, the method of
Whittle et al. [9] was employed with modifica-
tion. Samples of latex (50 ml) were added to 500
ml chloroform with stirring and then homogen-
ized in a Tissumizer (Tekmar, Cincinnati, OH,
USA) for 5 min. To this mixture 250 ml metha-
nol were added and stirred until the rubber
coagulated. The coagulated rubber was filtered,
then dried on a rotary evaporator under reduced
pressure.

Saponification and crystallization [9] of latex
oil (4 g) and commercial soybean oil (4 g) were
as described previously.

2.3. Apparatus

Semi-preparative HPLC

The semi-preparative HPLC system that was
used consisted of Waters (Milford, MA, USA)
M-45 and 510 pumps, a Waters 680 automated
gradient controller, a Waters 470 scanning fluo-
rescence detector with 18 nm spectral bandwidth
for excitation and emission, a Hewlett-Packard
(San Fernando, CA, USA) UV-Vis diode-array
detector (series 1050) and a Waters 715 Ultra
WISP injector equipped with a 2000-u1 loop and
200-ul syringe. Chromatograms were recorded
and peaks determined using a Baseline 810
Chromatography workstation (Waters). Concen-
trated extracts were injected into a 25 cm X 10
mm diameter column of 10-um Alltech Econosil
silica (Deerfield, IL, USA). The column was
used with 5 cm X 4.6 mm 1.D. guard column
packed with 40-pm Supelco pellicular silica
(Bellefonte, PA, USA). The mobile phase con-
sisted of a gradient of 0-15% tetrahydrofuran
(THF) in hexane at a flow-rate of 8-9 ml/min,
and the eluate was monitored from the fluores-
cence detector at 290 nm excitation and 330 nm
emission. Eluates considered as a-, 8-, y- and
8-tocopherols and tocotrienols in each experi-
ment were collected into 250-ml amber bottles
with PTFE cap using a Gilson Model 202 frac-
tion collector (Beltline-Middleton, WI, USA).

Collection bottles were placed in a 50°C water
bath and solvent evaporated in the dark using
ultra-high-purity nitrogen. The pooled specimens
of a-, B-, v- and §-tocopherols and tocotrienols
were rechromatographed until the specimens
were pure chromatographically and spectro-
photometrically. The pooled specimens were
also concentrated. To check purity of each
isomer, the absorption ratio of 295 nm to 245 nm
wavelength with 4 nm bandwidth and 390 nm
reference wavelength were compared using a
diode array detector. The concentrations of
fractionated vitamin E vitamers were determined
using a Gilford UV-Vis spectrophotometer
(Oberlin, OH, USA).

For semi-preparative HPLC, solvent A was
40% (v/v) THF in hexane, and solvent B was
100% hexane. The solvents were filtered through
Millipore 0.45-um membranes prior to use. THF
was distilled [10] to remove peroxides that might
form during storage prior to mobile phase in-
corporation.

Analytical HPLC

The analytical HPLC system was similar to the
semi-preparative system with modifications as
follow. Samples (0.5-5 ul) were injected using a
200-u1 loop and 25-u1 syringes into a 25 cm X 4.6
mm diameter column of 5-pm Sulpelcosil LC-Si
(Supelco). The column was preceded by a 5
cm X 4.6 mm I[.D. guard column packed with
40-um pellicular silica. The mobile phase con-
sisted of 2.4% ethyl acetate in isooctane at a
flow-rate of 2.0 ml/min, and the eluate was
monitored from the fluorescence detector. Iso-
lated and purified tocopherols and tocotrienols
were used as standards.

Gas chromatography (GC) and mass
spectrometry (MS)

Purities of isomers were determined using a J
& W Scientific (Folsom, CA, USA) 95%
dimethyl-/5% diphenylpolysiloxane capillary col-
umn (0.25-um stationary phase thickness, 30
m X 0.25 mm 1.D.) on a Hewlett-Packard 5890
gas chromatograph equipped with a split/split-
less capillary inlet system and a flame ionization
detector. Column oven temperature was pro-
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grammed to increase from an initial temperature
of 40°C to a final temperature of 280°C. Oven
temperature was maintained at the initial tem-
perature for 3 min after injection and then
increased at 20°C/min to a temperature of 280°C
for 40 min. Other operation parameters were as
follows: injector temperature, 300°C; detector
temperature, 350°C; helium carrier gas flow, 30
cm/s; split ratio, 1/50. A Maxima 820 Chroma-
tography workstation was used to determine
peak areas (Waters).

Mass spectra of tocopherols and tocotrienols
were obtained by a Hewlett-Packard 5890 series
IT gas chromatograph/5971A mass spectrometer
with splitless (holding time, 0.75 min) injection.
GC column and temperature program were as
described previously. Additional conditions were
as follows: ionization voltage, 70 eV; electron
multiplier voltage, 1800; scan range, 40-450 u;
interface temperature, 280°C; injector tempera-
ture, 250°C.

3. Results and discussion

3.1. Sample preparation

Saponification of oils concentrated vitamin E
vitamers and removed interfering glycerides and

Table 1
Mass balance of sample preparation

other hydrolyzable materials. At the same time,
saponification liberated tocopherols and tocot-
rienols from esters that may have been present.
Chow et al. [11] reported that rubber latex lipid
contains about 68% esterified tocotrienol. The
unsaponifiable matter contains higher aliphatic
alcohols (waxes), sterols, pigments, and hydro-
carbons. In wheat germ and soybean oil, the
major components of the unsaponifiable matter
are sterols [12]. Some sterols may be removed by
precipitation at low temperature and filtration
[6,11,13,14]. During sample preparation it is
important to reduce mass of sample as much as
possible to increase sample loading, reduce anal-
ysis time, and improve column stability. Table 1
shows changes in mass balance of sample during
separation steps. With saponification and crys-
tallization, over 95% of sample mass could be
reduced from commercial soybean oil and ex-
tracted oils.

3.2. Isolation of tocopherols and tocotrienols

Fig. 2 shows a chromatogram of vitamin E
vitamers from soybean and wheat germ oil.
Before sample injection, the column was flushed
with a gradient system (Table 2) for 25 min. The
mixture had a concentration of 479 mg/ml in
2.5% THEF in hexane, and 60 u! (about 28.8 mg)

Sample Mass (g)
Soybean Wheat Wheat bran Latex
oil germ
Sample before 2 20 40 20
extraction
Sample after - 0.0471* 0.0395° 0.2194°
extraction
Sample after 0.0165 - - 0.07635
saponification
Sample after 0.00907 0.0164 0.0146 0.05008
crystallization®

“ Extracted with saponification.
® Extracted without saponification.
¢ Crystallized at —20°C for 12 h and centrifuged at —20°C.
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Fig. 2. Chromatogram of a mixture of a soybean oil and
wheat germ oil; solid peaks represent fraction cuts. Chro-
matographic conditions are described in text and in Table 2.

were injected. Injection of over 35 mg of the
mixture decreased vitamers’ resolution. A flow-
rate between 8 and 9.99 ml/min, which was the
maximum flow-rate of our controller, had no
influence on resolution. Peaks of a-, 8-, y- and
8-tocopherol in Fig. 2 represent amounts of 0.68,
0.29, 2.02 and 0.84 mg per injection, respective-
ly. a-Tocotrienol eluted between a-tocopherol
and B-tocopherol, and B-tocotrienol eluted be-
tween vy-tocopherol and 8-tocopherol. After 17
min, more polar compounds such as sterols
eluted. Tocotrienols and most late eluates came
from wheat germ oil. An injection of soybean oil
alone produced level base line after §-tocopherol

Table 2
Mobile phase gradient program for mixture of soybean oil
and wheat germ oil

Time Solvent A Solvent B Curve®
(min) (%)* (%)
Initial 30 70 *
0.5 6 94 5
2.0 10 90 5
9 10 90 6
13.7 35 65 6
14.5 35 65 6
20 30 70 6

Flow-rate 8 ml/min.

* Hexane-THF (60:40).

® Hexane (100%).

¢ Pre-programmed gradient curve in Waters 680 automated
gradient controller. * = No curve.

eluted. Sterols could not be removed completely
with precipitation at low temperature. To re-
move sterols completely, crystallization and di-
gitonin precipitation were used [9].

The column required cleaning between injec-
tions to obtain constant retention time and pure
fractions. Hexane with 14% THF (Table 2, from
13.7 to 14.5 min) was used to remove late-eluting
compounds and stabilize retention time. A high-
er concentration of THF could be applied to
accelerate elution of late compounds, but analy-
sis time would be similar because the column
would require reequilibration to the 12% THF
mobile phase. Solvent A was prepared with 40%
THF in hexane rather than pure 100% THF to
improve control of the gradient system.

Fig. 3 shows the chromatogram of a mixture of
a latex oil and wheat bran oil (gradient in Table
3). The mixture of latex oil and wheat bran oil
with concentration of 485 mg/ml in hexane
containing 2.5% THF was prepared, and 180 ul
(about 87.3 mg) were injected. Injection of over
95 mg decreased resolution of tocopherols and
tocotrienols. The eluate between a-tocotrienol
and B-tocotrienol was B-tocopherol. The peak
between y-tocotrienol and §-tocotrienol was pre-
sumably 8-tocopherol. But §-tocopherol was not
detected in wheat bran oil and latex lipid using
an analytical column. Peaks of «-, 8-, y- and
d-tocotrienol in Fig. 3 represent amounts of 0.78,
0.55, 3.37 and 0.77 mg per injection, respective-
ly. The sample matrix of wheat germ oil and
wheat bran oil was complex, so isolation of 8-
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Fig. 3. Chromatogram of a mixture of a wheat bran oil and
latex lipid; solid peaks represent fraction cuts. Chromato-
graphic conditions are described in text and in Table 3.
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Table 3

Mobile phase gradient program for latex lipid and wheat bran oil

Time Flow Solvent A Solvent B Curve®
(min) (ml/min) (%) (%)°
Initial 8 30 70 *
0.7 8 8 92 6
1.1 8 5 95 5
5 8 5 95 6
13 8 7 93 5
14.5 8 8 92 4
16.5 8 10 90 9
20 8 15 85 8
22 9 35 65 10
25 9 35 65 6
27 8 30 70 8

* Hexane—-THF (60:40).
® Hexane (100%).

¢ Pre-programmed gradient curve in Waters 680 automated gradient controlier. * = No curve.

tocopherol or B-tocotrienol from wheat germ oil
took over 20 min.

3.3. Fraction purification

Purities of first fraction were over 88% and
those of second fraction over 97% by analytical
HPLC. Isocratic mobile phase systems were used
during purification steps. The concentrations of
THF in hexane as a modifier solvent ranged from
7% for a-tocopherol to 18% for &-tocotrienol.
To reduce the purification time in the last steps,
the amounts of THF in hexane were increased.

3.4. Purity checks and concentration
determination

To characterize fraction purity to a greater
extent, the ratio of UV absorptions (295/245 nm)
was determined using a UV diode array detector
(Fig. 4). Saito and Yamauchi [15] used the ratio
of 230 to 295 nm to check purities of a- and
B-tocopherol fraction. Absorption at 230 nm
represents tocopherols, fatty acids, and their
esters, and the absorption at 295 represents only
tocopherols. Presumably, our samples were free
from fatty acids and triglycerides, so we used 245
nm to check for sterols in isomer fractions.
Eluates from the fluorescence detector were

0.5 - 3
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’\ —— 245 nm
/ \ —~ ratio
/ .
g I 1%
2 17T 3
g THRN o
2 | \ 1!
\
/ \
. ~
0.0 4 L . 0
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Fig. 4. Chromatograms at wavelengths 295 nm, 245 nm and
the ratio of the two for (A) 8-tocopherol and (B) 8-toco-
trienol.
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Table 4

Aunalytical data for isolated and purified tocopherols and tocotrienols fractions from 6 g of a mixture of soybean oil and wheat

germ oil and 8 g of a mixture of wheat bran oil and latex lipid

Sample a-T B-T y-T 8-T a-T3 B-T3 v-T3 8-T3
Purity (%)* 99 9 99 99 99 99 99 99
Recovery (%) 79 75 83 78 76 72 81 54
Yield (mg) 112.2 45.22 350.4 136.5 54.16 33.96 250.5 38.2

* By gas chromatography.

passed through the UV detector with HPLC
conditions similar to the purification procedure,
except injection quantity was reduced to 5-20
ul. As shown in Fig. 4A, the 8-tocopherol peak
produced a constant signal ratio (295 nm/245
nm) throughout the peak’s elution. However, the
8-tocotrienol peak evidenced a change in the
signal ratio (295 nm/245 nm). Impurities in the
8-tocotrienol fraction eluted at a similar time, so
purification with the column could not be ob-
tained. The impurities were not identified.
Fractionated §-tocotrienol were scanned at
UV-Vis wavelengths from 200 to 350 nm. The
chromatogram had high absorption values in the
wavelength range around 260 nm (minimum
wavelengths of §-tocotrienol). The fraction of
8-tocotrienol after three HPLC passes still con-
tained impurities, which were then chromato-
graphed two additional times using TLC with

silica gel G (250 pwm) and 20% diisopropyl ether
in light petroleum (b.p. 35-60°C) [9]. After TLC
fractionation the purity was satisfactory as is
shown in Table 4.

Each fractionated solution in the last purifica-
tion steps was evaporated to dryness, weighed,
and diluted with known amount of hexane. A
known amount of each tocopherol and tocot-
rienol solution was evaporated to dryness and
diluted with ethanol to determine the concen-
tration of vitamin E vitamers in hexane solution
by published molar absorbance values E 1% in
Table 5. However, absorption maxima and
molar absorbance values found in the literature
differ. Absorption maxima that matched pub-
lished E!” were chosen in accordance with

1cm

UV-Vis spectrum maxima of purified vitamers in
Fig. 5. For B-tocotrienol, two E}” values at 294

nm have been published, so the average value of

Table 5
UV absorption maxima and molar absorbance of tocopherols and tocotrienols in ethanol solution taken from the literature
Compound Aoy (nm)* Ay (0N) EIZ
Tocopherol
- 292 292 [16,20] 75.8 [16,19]
B- 296 296 [16] 89.4 [16]
y- 298 298 [16] 91.4 [16]
8- 298 298 [16] 87.3 [16]
Tocotrienol
- 292 292.5 [17],290[18] 91 {17],77.2[18]
B- 294 294 [16,18], 295.5 [20] 87.3 [16], 85.5[18], 87.5[20]
- 296 296 [19], 298 [20] 90.5 [17], 103 [20]
8- 297 297 [9], 292 [20] 88.1[9], 83.0[20]

Italicized values used to determine the concentration of vitamers.

*Isolated and purified vitamers in Fig. 5.
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Fig. 5. UV-visible spectra of isolated and purified
tocopherols and tocotrienols. i

86.4 was used for calculation of B-tocotrienol
concentration. The concentrations of purified
vitamin E vitamers as determined were used as
standards for HPLC assays.

3.5. GC-MS

Table 6 shows molecular masses and major
peaks (m/z) of purified vitamin E vitamers in
mass spectra. The major mass fragmentations of
B- and +y-tocopherol and B- and vy-tocotrienol
were the same, since these are positional vitam-
ers having the same molecular masses. Also,
they had a similar retention time on GC. How-
ever, using HPLC, differences in absorption
maximum and retention time were noted (Table
5). The peaks of m/z 205, 191 or 177 (M, — 255
or 219) indicates the loss of a side chain (C,(H,,
for tocopherols or C,;H,, for tocotrienol), and
peaks of m/z 165, 151 or 137 (205, 191 or
177 — 40) originated from the cleavage of the
side chain accomplished by the breakdown of

Chromatogr. A 678 (1994) 49-58

Table 6

Molecular masses and major m/z ratios of vitamin E vitam-
€rIs in mass spectrum

Compound M, miz
Tocopherol
a- 430 43,55, 57, 165, 205, 430

B- 416 43,55,57,107, 151,191, 416
- 416 43,55,57,107, 151,191, 416
8- 402 43,55, 69, 137, 163, 177, 402
Tocotrienol
a- 424 41,55, 69, 81, 165, 203, 205, 424
B- 410 41,55,69, 81, 151, 189, 191, 410
y- 410 41,55,69, 81, 151, 189, 191, 410
8- 396 41, 55,69, 81,137,177, 189, 396

chroman structure with hydrogen rearrangement
and loss of a methyl acetylene CH,=C=CH
fragment [21].

Fig. 6 shows chromatograms of purified a-
tocopherol and a-tocotrienol. As can be seen,
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Fig. 6. Gas chromatograms of isolated and purified «a-
tocopherol and a-tocotrienol. Chromatographic conditions
are given in the text.
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the chromatograms have a single peak and clear
baseline. Other chromatograms for B- + y- and
5-tocopherols and tocotrienols had similar
characteristics. Purities of vitamers were over
99% based on the peak area percentage.

3.6. Analytical HPLC analysis of isolated and
purified vitamers

Baseline resolution was obtained for all vitam-
ers in the mixtures of soybean oil and wheat
germ oil, and wheat bran oil and latex. Table 7
shows the concentrations using analytical HPLC.
Concentrations of tocopherols and tocotrienols
were calculated from peak areas and corre-
sponding standard curves ranging from 0.1to 1.5
pg/ml. Table 4 shows recoveries, purities and
yields of isolated and purified vitamers. Purities
of all vitamers were over 99% by GC and
HPLC. Analytical HPLC chromatograms were
clearer than GC ones due to the high selectivity
of fluorescence detection for vitamin E vitamers.
y-Tocopherol and tocotrienol had higher re-
covery than other vitamers because concentra-
tions of these vitamers in source oils were higher
than those of other vitamers. Recovery of 8-
tocotrienol was lower than the other vitamers
because it required additional TLC procedures
to attain purification.

4. Conclusions

Four vitamers of tocopherol and tocotrienol
were isolated from a mixture of natural sources
by semi-preparative HPLC for use in analytical
HPLC. Recovery was higher than by convention-
al TLC. The semi-preparative HPLC column is
useful to obtain small amounts of pure
tocopherols and tocotrienols as an alternative to
conventional methods that tend to be tedious
and time consuming, such as distillation, ex-
traction, crystallization and TLC. Isolation also
was more efficient because all tocopherols and
tocotrienols can be obtained from a mixture of
several natural sources simultaneously and each
fraction collected and rechromatographed to
obtain pure standards.
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Abstract

The application of 9-fluorenylmethoxycarbonyl (FMOC) derivatization prior to coupled-column LC with
fluorescence detection using a reversed-phase C,; column (C-1) coupled to an ion-exchange column (C-2) proved
to be useful for the rapid determination of the very polar pesticide glufosinate in a variety of environmental water
samples at the sub-ppb level. The separation power of the first column is used to provide (i) sensitivity by means of
large-volume injection and (ii) selectivity by an efficient preseparation of the very polar analyte from the less polar
interferences including the excess of unreacted FMOC reagent. Conditions for the important parameters with
respect to separation and senmsitivity, viz., sample injection volume, separation power of the columns and
composition of the buffer and modifier in the mobile phases, were established, resulting in a method with which
glufosinate in water samples, after FMOC derivatization, can be assayed at a level of 0.25 ug/l (signal-to-noise
ratio = 3) in less than 15 min. The overall procedure has a sample throughput of more than 50 per day. Drinking,
ground and surface water samples spiked at levels between 0.5 and 5.0 ng/1 yielded average recoveries between 90
and 105% (n = 5 for each sample type and spiked level) with relative standard deviations between 1 and 5%. The
method is linear over at least three orders of magnitude (r>0.999). The limit of detection can be lowered to 0.1
prg/l by means of a simple preconcentration step with a Rotavapor.

1. Introduction on the occurrence of a number of very polar

pesticides is not yet available. The major reason

A recent report on Water Pollution published for this is the lack of adequate analytical meth-

by the Commission of the European Com- odology to determine efficiently such very polar

munities [1] clearly emphasizes that information compounds at the sub-ug/l level in aqueous
samples.

- One of these “problem” analytes is glufosi-

* Corresponding author. nate, which is used as a non-selective contact

0021-9673/94/%07.00 © 1994 Elsevier Science BV. All rights reserved
SSDI 0021-9673(94)00447-H
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Table 1

Structural formulae and water solubilities of glufosinate and glyphosate

Pesticide Formula Solubility in water
(mg/1 at 20°C)

7 T
Glufosinate CHS_I[‘CHZCHZ_?_C_OH 2:10°

OH NH,

T 7

. 5

Glyphosate OH—P—CH,—N—CH,—C—oH 1’10

OH H

herbicide with increasing popularity in both
Netherlands and Spain. As indicated in Table 1,
glufosinate is a very polar compound and its
structural formula is similar to that of the older
and widely used herbicide glyphosate (first mar-
keted in 1974), for which a variety of analytical
residue methods are available [2-18]. Probably
for reasons of later marketing (since the early
1980s) and its (so far) less widespread applica-
tion, information on analytical methodology for
glufosinate is poor in comparison with glypho-
sate. For example, official handbooks on pes-
ticide residue analysis in foodstuffs [19,20] refer
only to the analytical method supplied by the
manufacturer [21]. A modification of this meth-
od [22] has been included in German official
handbooks [23,24] to determine glufosinate in
drinking water. However, this method is very
laborious, involving enrichment on an anion-
exchange column, a derivatization step and
clean-up on silica gel prior to analysis by GC
with nitrogen—phosphorus detection.

The aim of this study was to develop a method
for the determination of glufosinate in water
samples which is faster and, hence, more suitable
for monitoring purposes. Regarding their chemi-
cal similarity, the published method for glypho-
sate was used as the starting point in method
development. Glyphosate and its major metabo-
lite aminomethylphosphonic acid (AMPA) can
be determined by both GC [3-7] and LC [8-17].

Both techniques require derivatization of the
analytes, necessary for the chromatographic
separation in GC and improve detectability in
LC with fluorescence detection. The possibility
of performing derivatisation in aqueous solu-
tions, which are compatible with both water
samples and reversed-phase chromatographic
separation, usually makes LC the preferred
technique.

Recent work [25-27] has demonstrated that
the combination of direct large-volume injection
and coupled-column RPLC is a suitable tech-
nique for the rapid, sepsitive and selective de-
termination of polar pesticides in environmental
water samples. As has been experimentally de-
termined [25-27] and explained rationally [26],
the applied separation power and dimensions of
the first C,; column made it possible to inject
large sample volumes (sensitivity) and perform
an efficient clean-up (selectivity) between the
polar analyte and the large excess of UV-absorb-
ing early interferences.

This paper reports the development of a
coupled-column method for the rapid determi-
nation of glufosinate, after 9-fluorenylmethoxy-
carbonyl (FMOC) derivatisation, in environmen-
tal water samples using a C,; column for efficient
separation between the analyte and FMOC (and
interferences) coupled to an amino column for

~ the anion-exchange separation of the fiuorescent

glufosinate derivative.
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2. Experimental
2.1. Chemicals

Glufosinate (content >99%) was obtained
from Riedel-de Haén (Seelze, Germany). Ace-
tonitrile and ethyl acetate, both of HPLC-grade,
were purchased from Scharlau Science (Bar-
celona, Spain). Analytical-reagent grade potas-
sium dihydrogenphosphate, disodium tetraborate
. decahydrate, orthophosphoric acid (50% pure),
hydrochloric acid (37%), potassium hydroxide
and 9-fluorenylmethyl chloroformate (FMOC-
Cl) were bought from Merck. HPLC-grade water
was obtained by purifying demineralized water in
a Nanopure II system (Barnstead, Newton, MA,
USA).

A stock standard solution (ca. 500 pg/ml) of
glufosinate and dilutions were prepared with
HPLC-grade water. A 0.025 M borate buffer
solution (pH 9) and a 100 pg/ml FMOC-Cl
solution were prepared in HPLC-grade water
and acetonitrile, respectively.

Acetonitrile—0.05 M phosphate (pH 5.5) in
water (35:65, v/v) and acetonitrile—0.1 M phos-
phate (pH 5.5) in water (35:65, v/v) were used
as the first (M-1) and second (M-2) mobile
phases, respectively. The pH of the aqueous
buffer solutions was adjusted with 2 M KOH and
1 M HCL

2.2. Equipment

The HPLC set-up is illustrated schematically
in Fig. 1. The modular system consisted of a
Model 1050 sampler (Hewlett-Packard, Wald-
bronn, Germany), the manual injector of which,
equipped with a 2.0-ml loop, was used to per-
form large-volume injections (LVI), a Model
1050 gradient pump (P-1, Hewlett-Packard), a
Model C6W six-port switching valve (HV) driven
by a WE-II actuator from Valco (VIGI, Schen-
kon, Switzerland) and time controlled by the
sampler, a Model 2150 pump (P-2) from LKB
(Bromma, Sweden), a Model 1046A ftuores-
cence detector (Hewlett-Packard) set at 263 nm
(excitation) and 317 nm (emission), a 30 X 4.6

Column oven at 30°C

Fig. 1. HPLC set-up for column-switching. AS = sample
injector with a 2-ml loop (L); HV=six-port high-pressure
value; P-1=gradient LC pump; P-2 =isocratic LC pump;
C-1=first separation column; C-2 =second separation col-
umn; M-1 and M-2 = mobile phases on C-1 and C-2, respec-
tively; FD = fluorescence detector; I =integrator system;
W = waste.

mm 1.D. separation column (C-1) packed with
5-um Nucleosil C,; from Scharlau Science and a
250 x 4.6 mm LD. separation column (C-2)
packed with 5-um Adsorbosphere NH, from
Alltech (Carnforth, UK). C-2 was kept at 30°C
in the column heater of the Model 1050 pump
(P-1).

Recording of chromatograms and quantitative
measurements of peak heights were performed
with a Hewlett Packard HPLC Chem Station
(software version G1034A). A Digilab 517 pH
meter and Pipetmans (200 and 1000 ul) were
obtained from Crison Instruments (Barcelona,
Spain) and Gilson, respectively.

2.3. Sample preconcentration

To lower the limit of detection for glufosinate
from 0.25 to 0.1 ug/l, 25 ml of water sample
were transferred into a 250-ml round-bottomed
flask and evaporated to dryness with a Rota-
vapor using a water-bath temperature of 40°C.
The residue was dissolved in 5 ml of HPLC-
grade water.

2.4. Precolumn derivatisation

A 0.5-ml volume of water sample or a water
sample concentrated fivefold by means of
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Rotavapor evaporation was pipetted into a 9-ml
glass tube together with 1.0 ml of borate buffer
and 1.0 ml of FMOC reagent. The tube was
swirled and left at room temperature for 30 min.
After reaction, 5 ml of borate buffer were added
and the tube was swirled again for thorough
mixing.

2.5. LC analysis

The mobile phases (see Fig. 1) were set at a
flow-rate of 1 ml/min. A volume of 2.00 ml of
the solution obtained after derivatization was
injected on to C-1. After clean-up with 2.25 ml
of M-1 (injection volume included), C-1 was
switched on-line with C-2 for 18 s to transfer the
fraction (300 ul) containing the glufosinate de-
rivative to C-2. Two minutes after injection, C-1
was rinsed and conditioned by applying gradient
elution from 35 to 65% acetonitrile in 2 min,
holding at 65% acetonitrile for 2 min, then to
35% acetonitrile in 2 min. Quantification of
glufosinate was done by external calibration with
standard solutions of glufosinate in water which
were processed with the precolumn derivatiza-
tion procedure.

3. Results and discussion

This study was focused on the development of
an efficient method for the determination of
glufosinate in water samples using published
information on the LC determination of glypho-
sate. Two different derivatization procedures for
glyphosate are commonly used: (i) precolumn
derivatization using FMOC reagent [8-12] and
(ii) postcolumn derivatization using o-phthal-
dehyde (OPA) reagent {8,13-18]. FMOC forms
easily and quantitatively derivatives with both
primary and secondary amines in aqueous solu-
tions. However, the excess of the less polar
highly fluorescent reagent must be removed with
an additional liquid-liquid extraction step [9-12]
or with gradient elution after the RPLC sepa-
ration of the analytes [8]. The recommended
method for the determination of glyphosate in
foodstuffs [2,15] and used in the USA as an

Environmental Protection Agency method for
the determination of glyphosate in drinking
water [18] is based on the use of postcolumn
derivatization with OPA. The non-fluorescence
of unreacted OPA allows on-line derivatization
of primary amines with the chromatographic
separation without removing the excess of re-
agent. Therefore, glyphosate (secondary amine)
requires postcolumn hydrolysis prior to the OPA
reaction, which involves more instrumentation
and careful maintenance. Moreover, the unde-
rivatized analytes are separated on an anion-
exchange column, usually with a low separation
power.

In contrast to OPA, FMOC reacts with both
primary and secondary amines and it use does
not require a previous hydrolysis step. Hence
FMOC seems to be attractive for improving both
the simplicity of the chromatographic set-up and
the detectability. As has been shown for FMOC-
glyphosate [8], the approach of precolumn de-
rivatization with FMOC offers the possibility of
separating the analyte and FMOC on a Ci;
column. The applicability of column switching
using a first C,; column to perform an automated
and effective clean-up prior to a selected off-line
standard FMOC derivatization procedure for
glyphosate [11] was investigated. The several
steps in the method development are discussed
below.

3.1. Sample pretreatment

The selected procedure [11} uses, for the
complete precolumn derivatization of glyphosate
and AMPA, 1 ml of aqueous sample, 1 ml of
FMOC solution (1000 pg/ml in acetonitrile) and
1 ml of borate buffer and a reaction time of 20
min at room temperature. Because glufosinate is
a primary amine, it can be expected that in
comparison with glyphosate (secondary amine)
lower FMOC concentrations can be used. Em-
ploying the same procedure, experiments
showed that with a tenfold decrease in the
FMOC concentration the signal of FMOC-
glufosinate remained constant. Expecting some
increase in selectivity towards secondary amines
present in water samples and less interference of
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the unreacted excess of reagent, the lower
FMOC concentration was selected for further
work (for the final procedure, see Experimen-
tal).

3.2. Separation on second column

Glufosinate forms with FMOC a derivative by
reaction of the amine (analyte) and the acid
chloride (FMOC-Cl), yielding an anionic com-
pound. According to the literature [9-12], the
separation of FMOC-glyphosate is preferably
performed on an amino-bonded silica column in
combination with aqueous phosphate solution.
The important factors for the separation, viz.,
percentage of modifier and the ionic strength and
pH of the buffer, have been discussed in detail
[11]. Using this information, a 250 X 4.6 mm L.D.
amino column with a mobile phase of
acetonitrile—0.05 M phosphate in water (35:65,
v/v) were selected as the initial LC conditions.
Investigating the influence of the pH (tested pH
range = 3-7), it appeared that the retention was
maximum at pH 4 (k'=12) and decreased at
lower pH (k' = 4 at pH 3) or higher pH (k' =2 at
pH 7). Further, a decrease in the ionic strength
(tested phosphate concentration = 0.05-0.005 M,
pH =5.5) increased the retention considerably
(k' =3.3 and 20 at 0.05 and 0.005 M phosphate,
respectively). In this case, however, the high
retention leads to excessive band broadening.
Hence a decrease in ionic strength is not advan-
tageous for improving retention. Acetonitrile—
0.05 M phosphate (pH 5.5) in water (35:65, v/v)
was therefore selected as a good compromise
between separation (k' =4) and the peak shape
of FMOC-glufosinate. It 'is well known that a
phosphate solution at the selected pH of 5.5 will
not have any buffer capacity and therefore
fluctuations in retention can be expected. At
such a pH, a citrate buffer is more suitable. In
comparison with phosphate, the application of a
0.05 M citrate (pH 5.5) solution resulted in
considerable band broadening of the analyte at a
similar retention. A mixture of phosphate—cit-
rate buffer did not improve this situation. Ap-
parently, only the presence of phosphate ions
favourably influences the elution profile of

FMOC-glufosinate on the amino-bonded col-
umn. Therefore, a new experiment was per-
formed, increasing the ionic concentration to 0.1
M phosphate, which reduced the peak volume of
FMOC-glufosinate (the retention was not affect-
ed) and provided a 25% increase in peak height.
Owing to possible damage of the pistons and
seals, higher salt concentrations were not investi-
gated and 0.1 M phosphate was finally selected
for mobile phase M-2. Increasing the column
temperature (range 30-50°C) did not improve
the elution profile of the analyte.

3.3. Clean-up procedure on first column

The first step in obtaining an efficient presepa-
ration between FMOC and FMOC-glufosinate
was to employ a small column (4 x4 mm I.D.)
packed with 5-um C,, (Waters—Millipore). In
order to minimize disturbances of the ion-ex-
change separation on the second column (C-2), a
mobile phase of acetonitrile—0.05 M phosphate
(pH 5.5) in water (35:65, v/v) was selected on
C-1. As discussed in earlier work [24-26], the
attainable sensitivity and selectivity and selectivi-
ty of a column-switching procedure will depend
on how much sample can be injected on to the
first column and transferred to the second col-
umn without excessive band broadening of the
analyte. Actually, two processes are crucial: (i)
elution of the analyte during injection, which in
this instance will be determined by the degree of
retention of the analyte on C,g, and (ii) peak
compression prior to transfer, which will depend
on the eluotropic strength of the mobile
phase(s). Applying large-volume injections, elu-
tion on C-1 must be considered as a step gradient’
in which the same volume acts as the first mobile
phase. Consequently, the eluotropic strength
(percentage of acetonitrile) of the sample solu-
tion will be a determining parameter and it
should be kept as low as possible to minimize
band broadening of the analyte during injection.
Experiments clearly indicated that a quantitative
FMOC reaction of glufosinate requires the pres-
ence of at least 40% (v/v) of acetonitrile, which
is in agreement with the selected procedure [11].
Under the selected LC conditions, the maximum
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sample injection volume avoiding excessive band
broadening of the analyte (sensitivity) and also
providing the minimum required separation be-
tween the compound and unreacted FMOC
(selectivity) was about 20 ul. The sample load-
ability could be significantly increased by an
aqueous dilution the sample prior to injection.
For example, a tenfold diluted solution (with
borate buffer) containing 4% of acetonitrile
allowed an injection volume of 500 ul. Establish-
ing the obtainable sensitivity and selectivity with
respect to sample dilution and injection volume,
a threefold dilution with borate buffer appeared
to optimum (15% of acetonitrile). From this
solution about 200 w1 could be injected on to the
C,s precolumn, giving a marginal separation
between the analyte and FMOC. Dilution with
pure water or aqueous 0.05 M phosphate solu-
tions (pH range 1-5) resulted in an insufficient
separation between FMOC and the analyte.

In order to increase the sample loadability
(sensitivity), a 5-um C,; column (30 X 4.6 mm
I.D.) with a greater separation power than the
5-um C,g column (4 X4 mm I.D.) was selected
as C-1. Maintaining the same mobile phase, it
appeared that large-volume injections (up to at
least 1.0 ml) on this column resulted in a very
favourable elution of the FMOC-glufosinate
peak. It appeared that the sample mobile phase
(15% of acetonitrile) results in a sufficient re-
tention and acceptable peak volume of the
analyte, whereas with the mobile phase of the
column (35% of acetonitrile) the analyte elutes
" as an unretained compound well separated from
the later eluting FMOC. This favourable elution
behaviour is illustrated in Fig. 2A, showing the
chromatogram obtained on C-1 of a 1-ml injec-
tion of spiked glufosinate solution (100 wg/l)
diluted threefold with borate buffer after de-
rivatization (for procedure, see Experimental).

" Fig. 2B shows the chromatogram obtained for
a 330-ul injection of an undiluted solution (40%
of acetonitrile) containing the same amount of
sample as the diluted solution (15% of acetoni-
trile) in Fig. 2A. The chromatograms clearly
demonstrate the usefulness of the dilution step to
prevent excessive peak tailing and, consequently,
to improve sensitivity. Moreover, the dilution

-«—FMOC

Fluorescence

FMOC-
glufosinate

V
| | .

FMOC- -«—FMOC
glufosinate —
A
[ I | I I ! ]
0 1 2 3 4 Ymin) s

Fig. 2. Chromatograms recorded on C-1 connected to the
fluorescence detector of a glufosinate standard solution (100
png/l) obtained after FMOC derivatization. (A) 1000 uxl of
the solution after a threefold dilution with borate buffer; (B)
330 ul of the undiluted solution. See text for further
explanation.

step allows the application of a small transfer
volume (300 wl), which is favourable for the
selectivity. '

In order to enhance the sensitivity further, the
injection of larger sample volumes (up to 4 ml)
was investigated. It appeared that volumes larger
than 2 ml did not substantially increase the signal
of the analyte.

Fig. 3 shows the chromatogram of a 10 ppb
glufosinate standard solution obtained with the
proposed procedure, which employs a ‘“clean-
up” volume of 2.3 ml after injection (injection
volume included) and a transfer volume of 300

ul.
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Fig. 3. Column-switching LC with fluorescence detection
(FD) with large-volume (2.0 ml) sample injection of a
surface water sample spiked with glufosinate at a level of 10
pg/1. For LC conditions, see Experimental.

Complete automation of the whole procedure
including precolumn derivatization by means of
the autosampler used seems an interesting fea-
ture. However, the maximum available volume
of the autosampler vials (<1.8 ml) limited the
possibility of making proper dilutions after reac-
tion and to perform large-volume injections (2
ml). Making no concession to sensitivity, the
simple off-line precolumn derivatization proce-
dure was preferred to a completely automated
procedure.

4. Results

The response of FMOC-glufosinate was linear
for standard solutions of glufosinate in water
with concentrations between 0.25 and 100 ug/l
(r =0.9996, n = 5). The described procedure (see

Experimental) was validated by analysing vari-
ous types of water samples spiked with glufosi-
nate. The recoveries at several levels are given in
Table 2. The performance of the procedure is
illustrated in Fig. 4, which shows the LC analysis
of surface water spiked with glufosinate at 1
ng/l. It appeared that for all types of water
samples the resulting chromatograms were very
similar, rendering a sensitive and selective pro-
cedure. Partly owing to good reproducibility of
the chromatographic patterns, the limit of detec-
tion was found to be 0.25 ug/l (signal-to-noise
ratio = 3). The LC analysis of a surface water
sample spiked at this low level is shown in Fig. 5,
in which the chromatogram was obtained by
means of blank subtraction. Three different
water matrices (ground, surface and drinking
water, n =2 for each sample type) spiked at 1
ug/l were analysed on different days. As indi-
cated in Table 2, the corresponding recovery and
reproducibility (n = 6) of these experiments was
97% and 10%, respectively.

The rapid precolumn derivatization procedure
(see Experimental) and the short time of the
subsequent LC analysis result in a sample
throughput of at least 50 per day. The method
appears to be very robust. During the time of
experiments (3 months of daily use), the Cq
column (C-1) maintained its performance and
readjustment of column-switching conditions was

Table 2

Recoveries and relative standard deviations (R.S.D.) for
environmental water samples spiked at different levels with
glufosinate

Spiked level Recovery R.S.D.
(ng/l) (%) (%)
5% 100 2.1
0.5% 95 2.0
0.25" 118 11

1° 97 10
0.1° 78 12

* Surface water (n =35).

® Surface water (n =2), ground water (n=2) and drinking
water (n =2), analysed on different days.

 Ground water (n =5); values obtained after fivefold pre-

 concentration of water sample.
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Fig. 4. Column-switching LC-FD with large-volume (2.0 ml)
injection of a surface water sample containing 1.0 pg/l of
glufosinate. (For LC conditions, see Experimental).

not necessary. The amino column (C-2) suffered
a gradual decrease in efficiency only noticeable
after 2 months of use.

The possibility of lowering the limit of detec-
tion to 0.1 pg/1 by simply concentrating a certain
volume of water sample prior to derivatization
was investigated. A fivefold decrease in sample
volume by means of a Rotovapor (see Ex-
perimental) was sufficient to determine glufosi-
nate in groundwater down to a level of 0.1 ug/l.
Fig. 6 shows a chromatogram for a surface
sample spiked at 0.1 wg/l and concentrated
fivefold. The recovery and repeatability (n =5)
at this level were 78% and 12% (relative stan-
dard deviation), respectively.

5. Conclusions

The combination of precolumn FMOC deri-
vatization and coupled-column LC with fluores-

Fluorescence

Time -> 2.00 4.00 5.’00 8.’00 ;..0:00 12:00 14:00
min
Fig. 5. Column-switching LC-FD of a surface water sample

spiked with glufosinate at the 0.25 pg/1 level. Chromatogram
obtained after blank subtraction. LC conditions as in Fig. 4.

cence detection appears to be a viable approach
for the rapid determination of glufosinate in
environmental water samples down to a level of
0.25 pg/l. The sample throughput of about 50
per day makes the procedure highly suitable for
screening purposes. If necessary, the limit of
detection can be lowered to 0.1 g/l by means of
a simple preconcentration step.
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Fig. 6. Column-switching LC-FD of a fivefold concentrated

surface water sample spiked with glufosinate at the 0.1 pg/l
level. LC conditions as in Fig. 4.
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Abstract

A high-performance liquid chromatographic method using a wavelength-scanning system was developed for the
determination of (25, 35, 5R)-3-methyl-7-ox0-3-(1H-1, 2, 3-triazol-1-ylmethyl)-4-thia-1-azabicyclo[3.2.0]heptane-2-
carboxylic acid 4,4-dioxide (I) and piperacillin (PIPC) in pharmaceutical preparations. 1 and PIPC were
determined using a reversed-phase column with a mixture of 10 mM tetra-n-butylammonium hydroxide and 5 mM
K,SO, (pH 4.1), acetonitrile and methanol (1000:300:25) as the mobile phase. Addition of SO to the mobile
phase was useful for the separation of related substances and improving the peak tailing of I and PIPC. This mobile
phase was also suitable for the determination of PIPC, I and their degradation products in pharmaceutical
preparations. Detection was based on the ultraviolet absorption of I at 220 nm and of PIPC at 270 nm using a
wavelength-scanning system. The calibration graphs were linear over the ranges 0-7.5 g for I and 0-30 ug for
PIPC. The precisions (relative standard deviations of six analyses) of I and PIPC were 0.45% and 0.33%,
respectively.

1. Introduction

The combined use of B-lactam antibiotics with
B-lactamase inhibitor was effective against -
lactamase-producing antibiotic-resistant strains.
Clavulanic acid and sulbactam have been de-
veloped as potent B-lactamase inhibitors [1,2]
and have been commercialized world-wide. A
novel B-lactamase inhibitor, YTR-830H, (2S, 38,

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00320-9

5R)-3-methyl-7-oxo-3-(1H-1,2,3-triazol-1-ylmeth-
yl)-4-thia-1-azabicyclo[3.2.0]heptane-2-carboxylic
acid 4,4-dioxide (I) (Fig. 1), was introduced by
Micetich et al. [3]. Various investigations of I
with B-lactam antibiotics [4—12] showed that the
combined use of I with piperacillin (PIPC) was
most effective against various f-lactamase-
producing bacteria [13].

An analytical method was required for the
combined formulation of I and PIPC. At first I
and PIPC in pharmaceutical preparations were

© 1994 Elsevier Science B.V. All rights reserved
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Fig. 1. Structures of I and piperacilln (PIPC).

separately determined by using individual HPLC
methods. However, a simple and reliable HPLC
method was required for pharmaceutical prepa-
rations, involving routine quality control and
stability assays. I and PIPC have no UV absorp-
tion maxima above 210nm. Degradation of I
[14,15] and PIPC [16] yielded many structurally
related compounds. This paper describes an
HPLC method for the simultaneous determi-
nation of I and PIPC using ion-pairing and
wavelength-scanning techniques. The method
was successfully applied to the separation of
degradation products of I and PIPC in a stability
study of pharmaceutical preparations.

2. Experimental
2.1. Chemicals and reagents

Methanol, acetonitrile and tetra-n-butylam-
monium hydroxide (TBAH) solution (0.5 M) of
HPLC-grade were obtained from Wako (Osaka,
Japan). Tetra-n-butylammonium hydrogensul-
phate (TBAHS) of analytical-reagent grade was
purchased from Aldrich (Steinheim, Germany).
Diammonium hydrogenphosphate, potassium
sulphate and phosphoric acid of analytical-re-
agent grade were purchased from Wako. Water
purified with a Milli-Q water-purification system
(Millipore, Bedford MA, USA) was used in all
procedures. Combined formulations of I and
PIPC, with a mass ratio of 1:4, were prepared by
Taiho Pharmaceutical (Tokyo, Japan).

2.2. Instrumentation

The HPLC system consisted of a Model 600E
multi-solvent delivery system, a Model 468 pro-

grammable multi-wavelength detector and a
WISP Model 712 autosampler (Waters Chroma-
tography Division, Millipore, Milford, MA,
USA) or a Model LC-7A multi-solvent delivery
system, a Model SPD-6AV programmable multi-
wavelength detector (Shimadzu, Kyoto, Japan)
and a WISP model 712 autosampler (Waters
Chromatography Division). A Model C-R4A
integrator (Shimadzu) was used to record chro-
matograms and calculate peak areas. A Waters
Model 990J photodiode-array detector was used
when assessing the homogeneity of the YTR-
830H and PIPC peaks.

2.3. Columns

The analytical columns used were as follows:
column A, Ultron phenyl; column B, Ultron
N-C,¢; column H, Ultron ODS-X; and column I,
Ultron N-C; (all from Shinwa Chemical Indus-
tries, Kyoto, Japan); column C, TSK-Gel ODS
80TM (Tosoh, Tokyo, Japan); column D,
Wakopak 5C,; (Wako); column E, Unisil Q Cy,
(GL Science, Tokyo, Japan); column F, Capcell-
pak C,; (Shiseido, Tokyo, Japan); and column
G, Cosmosil 5C,, (Nacalai Tesque, Osaka,
Japan). All packing materials were made from
silica gels except for the Capcellpak C,;, which is
made from a polymer-coated silica gel. All
materials were packed into a 150 mm X 4.6 mm
I.D. stainless-steel column.

2.4. Sample preparation

Known amounts of I and PIPC were dissolved
in mobile phases or a mixture of acetonitrile and
mobile phase. The concentrations of I and PIPC
were adjusted to about’ 0.5 and 2.0 mg/ml,
respectively.
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2.5. HPLC analysis

A 10-ul aliquot of the sample solution was
injected on to a column. Other chromatographic
conditions are given in the figures and tables.
The influence of the mobile phase pH and
concentrations of ion-pairing reagent, SO~ and
methanol on capacity factors, peak tailing, sepa-
ration factor and the resolution of I and PIPC
were examined as described under Results and
Discussion. Chromatographic parameters such as
tailing and resolution were calculated according
to the Pharmacopoeia of Japan [17]. The con-
centrations of I and PIPC in the sample were
calculated from a calibration graph of concen-
tration vs. peak area.

3. Results and discussion
3.1. Influence of mobile phase pH

The retention of I and PIPC was investigated
with and without addition of TBAHS as an ion-
pairing reagent. The ion-pairing reagent was
useful for the simultaneous determination of I
and PIPC under isocratic conditions. When the
pharmaceutical preparation was stored in heated
conditions, degradation of I and PIPC yielded
many structurally related compounds. Therefore,
we focused just on a main unknown degradation
product. First, 5 mM TBAHS was used as an
ion-pairing reagent. The pH of the mobile phase
was adjusted with phosphoric acid. The relation-
ships between the capacity factors (k') of I, PIPC
and the main unknown degradation product and
the pH of the mobile phase were investigated at
pH 3.8, 5.3 and 7.0. When the pH of the mobile
phase was increased to 7.0, the k' values of I and
PIPC decreased. The separation of degradation
products from I and PIPC was then investigated
under acidic conditions. The chromatograms
obtained with the use of TBAH and TBAHS
were almost identical. However, for the sepa-
ration of degradation products from PIPC,
TBAH was better than TBAHS. In subsequent
investigations 6.5 mM TBAH was used as the
ion-pairing reagent.

The relationships between the capacity factors

Table 1
Influence of the mobile phase pH on the capacity factors of I,
PIPC and the main degradation product

Compound Capacity factor (k')

pH 5.0 pH 4.0 pH 3.1
I 1.36 1.53 1.55
PIPC 4.50 4.89 4.18
Main degradation product 3.33 2.84 2.53
a’ 1.35 1.72 1.65

I and PIPC was stored at room temperature for 8 days.
Chromatographic conditions: column, Ultron N-C,; mobile
phase, mixture of water containing 6.5 mM TABH (pH is
adjusted with phosphoric acid) and acetonitrile (100:45);
column temperature, room temperature; flow-rate, 0.7 mi/
min; detection wavelength, 220 nm. Mean results (n = 3).

* Separation factor of PIPC and main degradation product.

and the pH of the mobile phase at pH 3.1, 4.0
and 5.0 are shown in Table 1. As the pH of the
mobile phase was increased to 5.0, the k' value
of the unknown degradation product increased.
The capacity factor of I remained unchanged,
and that of PIPC was maximum at pH 4.0.
Taking into account the separation of I and PIPC
and the separation of degradation products from
I and PIPC, the optimum pH of mobile phase
was about 4 for the simultaneous determination
of T and PIPC.

3.2. Column selection

Various commercially available reversed-phase
columns were examined for the separation of I
and PIPC by using a mobile phase (pH 4.1,
adjusted with phosphoric acid) containing 6.5
mM TBAH as an ion-pairing reagent. Degra-
dation of pharmaceutical preparations yielded
many structurally related compounds. The sepa-
ration of degradation products from I and PIPC
was investigated using the degraded sample. The
capacity factors and tailing factors of I and PIPC
and the resolution between I and PIPC are
shown in Table 2. All the reversed-phase col-
umns were efficient for the separation of I and
PIPC. However, the peaks were broad with the
use of phenyl and polymer-coated ODS columns.
Columns G and H were better for the separation
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Table 2
Capacity factors (k’), tailing factors (T) and resolution (R,)
of I and PIPC on various columns

Column I PIPC R,
k' T k' T

A 1.40 1.21 5.63 1.62 14.9
B 1.25 1.58 4.12 2.60 15.1
C 2.35 1.72 8.26 2.94 18.1
D 1.63 — 5.29 — —

E 1.75 1.22 5.83 2.04 13.1
F 1.12 1.67 3.28 2.79 9.1
G 1.43 1.88 4.51 3.12 10.6
H 1.19 1.70 3.52 2.73 11.0
I 1.24 1.62 3.79 2.36 12.0

Chromatographic conditions: mobile phase, mixture of 6.5
mM TBAH (pH 4.1, adjusted with phosphoric acid) and
acetonitrile (1000:450 or 1000:400); column temperature,
room temperature; flow-rate, 0.7 ml/min. Column H=
Ultron ODS-X. Mean results (n = 3).

of degradation products from I and PIPC. Tak-
ing into account the analytical time and tailing
factor, column H (Ultron ODS-X, 5 wm particle
size, 16% carbon content) was selected for the
simultaneous determination of I and PIPC.

3.3. Influence of concentration of ion-pairing
reagent

"Table 3 shows the influence on the capacity
factors and tailing factors of I and PIPC and the
resolution between I and PIPC of the concen-

Table 3
Influence of concentration of TBAH on the capacity factors
(k'), tailing factors (7') and resolution (R,)

Concentration I PIPC R,
of TABH
(mM) k' T k' T

3 1.94 1.79 6.35 3.95 13.2
10 1.76 1.60 6.14 3.25 16.3
15 1.72 1.55 6.22 2.95 17.6

Chromatographic conditions: column, Ultron ODS-X; mo-
bile phase, mixture of each concentration of TBAH (pH 4.1,
adjusted with phosphoric acid) and acetonitrile (10:4); col-
umn temperature, room temperature; flow-rate, 0.7 ml/min;
detection wavelength, 220 nm. Mean results (z = 3).

tration of an ion-pairing reagent with a mobile
phase of pH 4.1. At pH 4.1, changes in the
TBAH concentration in the mobile phase had
almost no effect on the retentions of I and PIPC.
However, an increase in the concentration of the
ion-pairing reagent gave an increase in resolution
between I and PIPC and a decrease in the peak
tailing of I and PIPC. In the degraded sample,
the degradation products were not separated
from I at a concentration of 3 mM TBAH and
PIPC at a concentration of 15 mM TBAH.
Therefore 10 mM TBAH was selected.

3.4. Influence of SO ion and methanol

The influence of the SO} ion on the tailing of
I and PIPC at concentrations of 2, 5 and 10 mM
K,SO, in the mobile phase was investigated.
Addition of 2-10 mM SO’” ion to the mobile
phase gave significant improvements to the PIPC
peak tailing and the resolution between I and
PIPC. The tailing factor of PIPC was dependent
on the concentration of SO.~. When the con-
centration of SO™ in the mobile phase was
increased from 2 to 10 mM, the tailing of PIPC
decreased from 2.88 to 2.23 and the retention of
PIPC decreased. This gave a change in resolu-
tion between I and PIPC. In the degraded
sample, the degradation products were not sepa-
rated from I at a concentration of 10 mM SO}~
and from PIPC at a concentration of 2mM SO} .
Therefore, 5 mM SO, was selected. Addition
of methanol to the mobile phase was also effec-
tive for the separation of degradation products
from PIPC.

Based on the above findings, a mixture of 10
mM TBAH and 5 mM K,SO, (pH 4.1), acetoni-
trile and methanol (1000:300:25) was selected for
routine assays of I and PIPC.

3.5. Determinations of I and PIPC in
pharmaceutical preparations

The mass ratio of I and PIPC in pharma-
ceutical preparations was 1:4, whereas their
peak-area ratio was 1:8 at 220 nm under the
HPLC conditions described above. Detection of
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I and PIPC was investigated using the wave-
length-scanning technique for the assay of low
concentrations of I. The repeatabilities of the
assays of I and PIPC detection at 220 nm and
with wavelength-scanning detection (I at 220 nm
and PIPC at 270 nm) are shown in Table 4,
where the wavelength was scanned from 220 to
270 nm 8 min after injection. This result revealed
that the repeatabilities based on wavelength-
scanning detection are better than those based
on detection at 220 nm. Hence wavelength-scan-
ning detection was obviously useful for assays of
I and PIPC in pharmaceutical preparations and
was selected in order to obtain higher re-
peatabilities. A typical chromatogram of stan-
dard I and PIPC is shown in Fig. 2, where
methyl benzoate was used as an internal stan-
dard.

3.6. Linearity and precision

The linearity of the response was good for
both I and PIPC throughout the range of con-
centrations studied (I, 0-7.5 ug per 10 ul; PIPC,
0-30 pg per 10 nl). Regression analysis of mass
(x) versus peak-area ratio of I and PIPC to the
internal standard (y) gave straight lines with
correlation coefficients of 1.000 and 0.9998 (y =
—0.003 +0.1153x, y = —0.019 +0.0585x), re-
spectively. The relative standard deviations
(R.S.D.) for I and PIPC for six or seven repli-
cates assays were 0.45% and 0.33% respectively,
for within-day assay, and 0.78% and 0.52%,
respectively for day-to-day assay.

Table 4

f—220mm— 2700m 3
2

R
‘o
(ol

13,085

Methyl Benzoate

pINTY

r r N f F £ F # hd
min

Fig. 2. Chromatogram of standard in the determination of
pharmaceutical preparations. Chromatographic conditions:
column, Ultron ODS-X; mobile phase, mixture of 10 mM
tetrabutylammonium hydroxide (TBAH) and 5 mM K,SO,
(pH 4.1, adjusted with phosphoric acid), acetonitrile and
methanol (1000:300:25); column temperature, room tem-
perature; flow-rate, 0.7 ml/min; detection, I at 220 nm, PIPC
at 270 nm; sample size, 25 pg.

3.7. Application of the proposed method
The stability of the solution of a sample of the

combined formulation of I and PIPC at 5°C was
investigated by the proposed method. After

Repeatabilities of assays of I and PIPC with detection at 220 nm or with wavelength scanning from 220 to 270 nm

Parameter I PIPC

220 nm 220-270 nm* 220 nm 220-270 nm*
Mean (%)">° 100.4 99.9 100.0 99.8
R.S.D. (%)° 0.50 0.27 0.54 0.15

Chromatographic conditions as in Fig. 2.
* The wavelength was scanned 8 min after injection.

® Percentage to the labelled amounts of I and PIPC in pharmaceutical preparations.

‘n=6.
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Fig. 3. Chromatogram of skin test ampoule. An ampoule was stored at 40°C for 3 months was used. The sample was treated as
described under Experimental. Chromatographic conditions as in Fig. 2, except for detection wavelength, 220 nm.

storage for 36 h at 5°C, the residual contents of I lergenic testing. The homogeneities of the I and

and PIPC were 99.5% and 101.1%, respectively. PIPC peaks were verified by using photodiode-

Fig. 3 shows the chromatogram of I and PIPC array detection. The specific chromatogram of

in a skin test ampoule (40°C, 3 months), in the the degraded sample at 220 and 230 nm is shown

form of a pharmaceutical preparation for al- in Fig. 4. The ratios of the absorbances at 220
] X L

¥ T T T l T T T T T T T T I T T T T l T T T 1
18 15 - (] 25 38
Tine 8 --- 30 ain (0.5 s)

Fig. 4. Specific chromatogram of heat-degraded sample. Sample and chromatographic conditions as in Fig. 3, except for detection
wavelength.
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and at 230 nm for I and PIPC were constant, and
a rectangular chromatogram was obtained.
These results reveal that I and PIPC are well
separated from their degradation products, and
that none of the degradation products interfere
with the assays of I and PIPC.

When a sample of the combined formulation
of T and PIPC was degraded for 3 months at
40°C, the resulting mixtures contained many
degradation products. The chromatogram of the
degraded sample at 220 nm is shown in Fig. 5.
Double the volumes used to obtain the chro-
matogram in Fig. 3 were injected, but I and
PIPC were still well separated from their degra-
dation products. Six replicate analyses of the
sample showed that the content of degradation
products was 16.27*=0.20% (meanz*S.D.),
based on the UV absorbance at 220 nm.

In conclusion, the proposed method using
wavelength scanning was successfully applied to
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routine quality control and stability assays of I
and PIPC. Also, with the slight modification the
method will be applicable to the determination
of degradation products and the determination
of I and PIPC in biological fluids.

Acknowledgement

The authors are indebted to Dr. J. Haginaka,
Mukogawa Women’s University, for helpful
comments on the manuscript.

References

1] P.A. Hunter, K. Coleman, J. Fisher and D. Talor, J.
Antimicrob. Chemother., 6 (1980) 455; and references

cited therein.

105,492

Fig. 5. Chromatogram of heat-degraded sample. Sample and chromatographic conditions as in Fig. 3, except for sample size, 50

1g.



76 T. Tsukamoto, T. Ushio | J. Chromatogr. A 678 (1994) 69-76

2] A.R. English, J.A. Retsema and A.E. Girand, J.E.
Lynch and W.E. Barth, Antimicrob. Agerits
Chemother., 14 (1978) 414.

{3] R.G. Micetich, T.W. Hall, S.N. Maiti, P. Sevak, S.
Yamabe, N. Ishida, K. Ogawa, M. Tanaka, T. Yamasaki
and A. Nakai, in J. Ishigami (Editor), Proceedings of
the 14th International Congress of Chemotherapy,
Kyoto, 1985, University of Tokyo Press, Tokyo, 1985,
pp. 249-250.

[4] S. Aronoff, P. Labrozzi and S. Yamabe, in J. Ishigami

(Editor), Proceedings of the 14th International Congress

of Chemotherapy, Kyoto, 1985, University of Tokyo

Press, Tokyo, 1985, pp. 1268—1269.

S. Aronoff, P. Labrozzi, M. Jacobs and S. Yamabe, in J.

Ishigami (Editor), Proceedings of the 14th International

Congress of Chemotherapy, Kyoto, 1985, University of

Tokyo Press, Tokyo, 1985, pp. 1270-1271.

{6] F. Moosdeen, J.D. Williams and S. Yamabe, in J.
Ishigami (Editor), Proceedings of the 14th International
Congress of Chemotherapy, Kyoto, 1985, University of
Tokyo Press, Tokyo, 1985, pp. 1272-1273.

[7] N. Ishida, A. Hyodo, C. Hanehara, M. Miyake, Y.
Kawaguchi and S. Yamabe, in J. Ishigami (Editor),
Proceedings of the 14th International Congress of
Chemotherapy, Kyoto, 1985, University of Tokyo Press,
Tokyo, 1985, pp. 1274-1275.

[8] M.D. Kitzis, L. Gutmann, S. Yamabe and J.F. Acar, in
J. Ishigami (Editor), Proceedings of the 14th Internation-
al Congress of Chemotherapy, Kyoto, 1985, University
of Tokyo Press, Tokyo, 1985, pp. 1276-1277.

[s

et

[9] M.R. Jacobs, S.C. Aronoff, S. Johenning and S.
Yamabe, in J. Ishigami (Editor), Proceedings of the 14th
International Congress of Chemotherapy, Kyoto, 1985,
University of Tokyo Press, Tokyo, 1985, pp. 1278-1279.

[10] S.C. Aronoff, M.R. Jacobs, S. Johenning and S.
Yamabe, Antimicrob. Agents Chemother., 26 (1984)
580.

[11] P.C. Appelbaum, M.R. Jacobs, S.K. Spangler and S.
"Yamabe, Antimicrob. Agents Chemother., 30 (1986)
789.

[12] L. Gutmann, M.D. Kitzis, S. Yamabe and J.F. Acar,
Antimicrob. Agents Chemother., 29 (1986) 955.

[13] F. Higashitani, A. Hyodo, N. Ishida, M. Inoue and S.
Mitsuhashi, J. Antimicrob. Chemother., 25 (1990) 567.

[14] T. Marunaka, E. Matsushima, Y. Minami, K. Yoshida
and R. Azuma, Chem. Pharm. Bull., 36 (1988) 4478.

[15] E. Matsushima, K. Yoshida, R. Azuma, Y. Minami and
T. Marunaka, Chem. Pharm. Bull., 36 (1988) 4593.

[16] . Saikawa, S. Takano, C. Yoshida, E. Saitoh, T.
Mochida, H. Sakai, H. Takashita, F. Yamamoto and Y.
Sugimoto, Yakugaku Zasshi, 97 (1977) 995.

[17] The Parmacopoeia of Japan, The Society of the
Japanese Pharmacopoeia, Tokyo, 12th ed., 1991, p. 36.



s

ELSEVIER

Journal of Chromatography A, 678 (1994) 77-84

JOURNAL OF
CHROMATOGRAPHY A

Preparative separation of components of the color additive
D&C Red No. 28 (phloxine B) by pH-zone-refining counter-
current chromatography™

Adrian Weisz**, Denis Andrzejewski®, Yoichiro Ito°
“Office of Cosmetics and Colors, US Food and Drug Administration, Washington, DC 20204, USA
°Office of Scientific Analysis and Support, US Food and Drug Administration, Washington, DC 20204, USA
¢Laboratory of Biophysical Chemistry, National Heart, Lung, and Blood Institute, National Institutes of Health,
Bethesda, MD 20892, USA

(Received March 3rd, 1994)

Abstract

A pH-zone-refining counter-current chromatographic method was developed for the preparative (multigram)
separation and purification of components of the commercial color additive D&C Red No. 28 (phloxine B). The
chromatography of 3 and 6 g of color additive yielded 1.07 and 4.06 g, respectively, of pure 2',4’,5,7'-tetrabromo-
4.5,6,7-tetrachlorofluorescein, the principal component of D&C Red No. 28. The importance of the quantity of
retainer acid (trifluoroacetic acid) relative to the amount of salt in the color additive is discussed.

1. Introduction

D&C Red No. 28 (Colour Index No. 45410) is
a xanthene color additive used in drugs and
cosmetics in the USA. It is identified as princi-
pally 1 (the disodium salt of 2',4',5",7'-tetra-
bromo-4,5,6,7-tetrachlorofluorescein), and may
contain =4% of lower-halogenated subsidiary
colors (including 2) and <2% of the ethyl ester
3 [1]. Under the name phloxine B, this dye is
used as a biological stain [2,3]. D&C Red No. 28
is manufactured by bromination of 4,5,6,7-tetra-

* Corresponding author.
* Presented at the 10th International Symposium on Prepara-
tive Chromatography, Arlington, VA, June 14-16, 1993.

0021-9673/94/$07.00
SSDI 0021-9673(94)00441-B

chlorofluorescein (TCF), followed by alkaline
hydrolysis of the reaction product (Fig. 1).
D&C Red No. 28 is subject to batch certifica-
tion by the US Food and Drug Administration
(FDA) {1] before it may be used for coloring
drugs or cosmetics. For FDA’s color additive
certification program, pure 1 and pure lower-
brominated subsidiary colors are needed for use
as reference materials. Pure xanthene dyes are
also desirable for use as biological stains. Their
use would allow comparison of specimens
stained in different laboratories [4-6] and pro-
mote standardization of biological stains [4,7].
Several methods for preparative-scale sepa-
ration and purification of phloxine B were re-
ported [8-10]. One of these uses acid precipi-
tation [8] and does not separate the lower-halo-
genated isomers from 1. The other methods use

© 1994 Elsevier Science B.V. All rights reserved
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TCF 1

Br + Other
Ct CO,CHaCH3 Y Products

Fig. 1. Bromination of 4,5,6,7-tetrachlorofluorescein, followed by alkaline hydrolysis of the reaction product.

gel chromatography [9] and conventional high-
speed counter-current chromatography
(HSCCC) [10], and separate relatively small
quantities (1030 and 50 mg, respectively) of dye
in each trial.

In the present study, a modified HSCCC
technique, pH-zone-refining CCC [11-15], was
used for the separation of multigram quantities
of 1 from D&C Red No. 28. pH-Zone-refining
CCC allows the separation, with high resolution,
of the components of multigram mixtures of
organic acids. The method requires the addition
of an acid, such as trifluoroacetic acid (TFA), to
the sample solution or stationary phase, followed
by isocratic elution with a basic mobile phase.
The acids elute as well-resolved rectangular
peaks, in the order of their pK, values and
hydrophobicities [11-14}. Although UV detec-
tion may not indicate that separations have
occurred, giving one broad rectangular peak,
monitoring of the eluted fractions with a pH
meter results in a series of plateaus that corre-
spond to the separated components. An increase
in sample size results in lengthening each plateau
without changing the overall elution profile [11-
14]. In this work, pH-zone-refining CCC was
used to separate components from 3- and 6-g
portions of commercial D&C Red No. 28.

2. Experimental
2.1. Materials

Two lots of D&C Red No. 28 were selected
from samples of commercial lots submitted to
FDA for batch certification. Ammonium acetate
(NH,OAc), methanol, water and acetonitrile
were chromatography grade. Diethyl ether (an-
hydrous), hydrochloric acid (36.5-38.0% HCl)

and ammonium hydroxide (28-30% NH,) were
ACS-reagent grade. Anhydrous sodium sulfate
(granular) was analytical-reagent grade. TFA
(Sigma, St. Louis, MO, USA), deuterium oxide
(99.9% °H, MSD Isotopes, Montreal, Canada)
and sodium deuteroxide (99.9% °H, ca. 40%
NaO’H in 2HzO; Fluka, Buchs, Switzerland)
were used as received.

2.2. pH-Zone-refining CCC

The separations were performed using a com-
mercial high-speed CCC centrifuge (P.C. Inc.,
Potomac, MD, USA) that holds an Ito multi-
layer-coil separation column and a counterweight
whose centers revolve 10 cm around the centrifu-
gal axis. The multilayer column was constructed
by one of us (Y.I.) from polytetrafluoroethylene
tubing (ca. 165 m X 1.6 mm I.D., with a total
capacity of approximately 325 ml). The B8 value
(a centrifugal parameter) [16] ranged from 0.5 at
the internal terminal to 0.85 at the external
terminal. The column consisted of 16 coiled
layers. (Similar columns are commercially avail-
able from P.C. Inc.; Pharma-Tech Research
Corp., Baltimore, MD, USA, and Shimadzu,
Kyoto, Japan.)

The two-phase solvent system, used for both
separations (experiments I and II) described
below, consisted of diethyl ether—acetonitrile—
0.01 M aqueous NH,OAc (4:1:5). The solvent
system was thoroughly equilibrated in a separat-
ory funnel and the two phases were separated
shortly before use. The basic aqueous eluent was
prepared by addition of concentrated NH,OH to
the lower (mobile) phase. TFA was added either
to the upper organic (stationary) phase (experi-
ment I) or to the sample solution (experiment
IT). The sample preparation is described under
Results and discussion.
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The separation was initiated by using a meter-
ing pump (Beckman Accu-Flo pump; Beckman,
Palo Alto, CA, USA) to-fill the entire column
with the stationary (upper) phase, and then the
suspension of the color additive was loaded into
the column by syringe. The mobile (lower) phase
was pumped into the column at 3 ml/min while
the column was rotated at 800 rpm in the
forward mode. The column effluent was moni-
tored with a UV detector (Uvicord S; LKB,
Stockholm, Sweden) at 206 nm, to which was
attached an LKB 6-channel strip-chart recorder
set at a chart speed of 1 cm/20 min and a
full-scale response of 2 absorbance units. Frac-
tions (6 ml) were collected using a fraction
collector (Ultrorac, LKB). The pH of each
eluted fraction was measured with a pH meter
(Accumet 1001; Fisher Scientific, Pittsburgh, PA,
USA). The separated fractions were analyzed by
analytical reversed-phase high-performance lig-
uid chromatography (RP-HPLC).

2.3. Analytical RP-HPLC

The system used was previously described
[10,17]. It consisted of a Model 8800 ternary
pump, Model 8500 dynamic mixer, Model 8780
autosampler, Model 4270 integrator (all Spectra-
Physics, San Jose, CA, USA) and 'a Model 490
multiwavelength UV-Vis detector set at 254 and
520 nm (Waters Assoc., Milford, MA, USA).
The autosampler was equipped with a Model
7010 injector (Rheodyne, Cotati, CA, USA)
with a 20-ul-sample loop. A Hypersil MOS-1
RPC-8 column (5-pm particle size, 250 X 4.6 mm
1.D., Keystone Scientific, Bellefonte, PA, USA)
was used throughout.

The eluents were- 0.1 M aqueous NH,OAc and
methanol. The column was eluted by using
consecutive linear gradients of 25 to 90% metha-
nol in 25 min, 90 to 100% methanol in 5 min,
and 100% methanol for 5 min. The column was
re-equilibrated with 25% methanol for 15 min.
Other conditions were injection volume, 20 ul;
full scale response, 0.128 absorbance units; and
flow-rate, 1 ml/min.

An aliquot of each selected fraction from the
pH-zone-refining CCC separation was diluted

with approximately 2 ml of methanol-water
(50:50, v/v). The solution was filtered through a
UniPrep 0.45-um glass microfiber syringeless
filter unit (Whatman, Clifton, NJ, USA) prior to
chromatography.

2.4. Isolation of the halogenated fluoresceins
from pH-zone-refining CCC fractions

The halogenated fluoresceins were isolated in
the lactone form, as previously described [17].
Fractions with the same pH values and RP-
HPLC retention times were combined and con-
centrated to ca. 5 ml on a rotary evaporator at
ca. 30 Torr (1 Torr = 133.322 Pa) and 50°C. The
residue was acidified with 20-40 ml of 10% HCI,
and the precipitated lactones were extracted into
ethyl acetate. The organic layer was washed
twice (10 or 20 ml water), dried (anhydrous
Na,SO,), and the solvent was evaporated.

Recoveries of the main component 1 were
calculated from the amounts of 1 in the dyes as
determined during certification analyses by the
FDA (94.5% in the lot used for experiment I
and 89.5% in the lot used for experiment II).

2.5. Mass spectrometry

Positive ion chemical ionization (PICI) mass
spectra were obtained on a Finnigan Mat TSQ-
46 quadrupole mass spectrometer interfaced to
an INCOS 2300 data system. The instrument was
operated at a source temperature of 100°C,
ionization energy of 70 eV, emission current of
0.35 mA, 0.25 Torr methane and preamplifier
setting of 10”® A/V, and was scanned from m/z
100 to 900 in 1.0 s. The fluoresceins (lactone
form) were dissolved in methanol and were
introduced into the mass spectrometer via the
direct chemical ionization probe at a probe
heating rate of 20 mA/s. The protonated molec-
ular ions [m/z (relative intensity)] for 2',4°,5",7'-
tetrabromo-4,5,6,7-tetrachlorofluorescein and
2' 4’5" - tribromo - 4,5,6,7 - tetrachlorofluorescein
(corresponding to A and B, respectively, in
Figs. 2 and 3) were 783/785/787/789/791
(40.65:82.49:100.0:87.99:47.38, MH ") (Fig. 4b)
and 703/705/707/709/711 (15.78:63.43:



80 A. Weisz et al. | J. Chromatogr. A 678 (1994) 77-84

Mb‘
Lee it e (o e b L a1 1254nm
0 5 10 15 20 25 30

Retention Time (min)

Fig. 2. Analytical RP-HPLC of the commercial lot of color
additive D&C Red No. 28 used in experiment I.

100.0:91.05:47.49, MH") (Fig. 5b), which are
similar to values previously reported for this
compound [17].

1 .
2.6. "H Nuclear magnetic resonance

'H NMR spectra were obtained on a Varian
XL 300 Fourier transform NMR spectrometer at
300 MHz. Typical concentrations consisted of 4
mg of separated component, in the lactone form,
dissolved in 0.5 ml of 0.5% NaO’H in *H,0.
2'.4' 5" 7'-Tetrabromo-4,5,6,7-tetrachlorofluores-
cein (Fig. 4c): 7.38 ppm (s, 2H-a). 2',4',5'-Tri-
bromo-4,5,6,7-tetrachlorofluorescein (Fig. 5c):
7.40 ppm (s, H-a), 7.00 ppm (d, H-b), 6.70 ppm
(d, H-c). The NMR spectrum of 2',4',5'-tri-
bromo-4,5,6,7-tetrachlorofluorescein is similar to
that previously reported for this compound [17].

3. Results and discussion

3.1. Experiment I: Separation of components in
3 g of commercial D&C Red No. 28

Analytical RP-HPLC of D&C Red No. 28
gave three main peaks (Fig. 2); 3 g of this
mixture were used for the preparative separation
by pH-zone-refining CCC. The counter-current
chromatogram of the separation is shown in Fig.
3. The two-phase solvent system used consisted

9
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Fig. 3. pH-Zone-refining counter-current chromatogram of
the separation of components in 3 g of the D&C Red No. 28
used to obtain Fig. 2. Hatched areas A and B represent
fractions containing single components corresponding to
peaks A and B, respectively, in Fig. 2.

of diethyl ether—acetonitrile-0.01 M NH,OAc
(4:1:5, v/v/v). The pH of the lower (mobile)
phase was adjusted to 8.1 by addition of am-
monium hydroxide. TFA (600 1) was added to
the upper, stationary phase (500 ml). The sam-
ple mixture was prepared by mixing 3 g of dye in
a solvent consisting of 20 ml of the lower phase
and 10 ml of the upper phase. The solvent front
(first fraction containing mobile phase) emerged
at fraction 8. The resulting chromatogram has a
broad rectangular shape (Fig. 3) characteristic of
pH-zone-refining CCC [11-15]. The two absor-
bance plateaus (solid line) correspond to the two
pH plateaus (dotted line). Each pH plateau
represents elution of a pure compound. A de-
crease in absorbance occurs before the first
plateau (fractions 18-25). These fractions con-
tained the main component, 1, as a suspension,
slightly contaminated with other impurities. The
fractions corresponding to the pH plateaus (frac-
tions 27-200 and 209-225) contained single
components whose RP-HPLC peaks (Figs. 4a
and 5a) corresponded to peaks A and B, respec-
tively, in Fig. 2. The compounds were isolated in
the lactone form (1.07 g and 61 mg, respectively)
and identified by CI-MS (Figs. 4b and 5b) and
'H NMR (Figs. 4c and 5c) as 2',4',5',7'-tetra-
bromo-4,5,6,7-tetrachlorofluorescein and 2',4',5’-
tribromo-4,5,6,7-tetrachlorofluorescein, respec-
tively. The least polar component of the mixture,
which corresponds to peak C in Fig. 2, remained
in the stationary phase in the column in a
relatively purified form, as shown by RP-HPLC
in Fig. 6. It was tentatively identified as the ethyl
ester, 3, on the basis of an analytical RP-HPLC
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retention time similar to that of the compound The ca. 39% recovery of the pure main com-
which was synthesized according to a procedure ponent, 1, in this experiment is considerably less
for preparing the ethyl ester of Rose Bengal [18]. than would be expected on the basis of previous
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Fig. 6. Analytical RP-HPLC of the column content after the
pH-zone-refining CCC separation of D&C Red No. 28 shown
in Fig. 2.

experience with pH-zone-refining CCC [11-15].
This lower yield is apparently due to the elution
of the suspension in fractions 18-25. It is thought
that the elution of the suspension was caused by
an insufficient amount of retainer acid (TFA) in
the column. The retention of the stationary
phase, calculated after the separation, was
61.3% of the total column capacity. This implies
that 38.7% of the stationary phase and the
corresponding amount of TFA (230 ul) were lost
from the column before the separation. The
remaining quantity of TFA in the column
(0.0050 mol) was not enough to acidify the
sodium salt of the dye present in the color
additive (0.0072 equivalents). The part of the
color additive that remained in the sodium salt
form was not retained in the stationary phase
and consequently was eluted as a suspension
with the mobile phase. It appears that the
recovery of pure 1 would have been higher if
enough TFA had been added to ensure that the
retained stationary phase would acidify all the
dye in the sample solution. In the following
experiment the loss of retainer acid from the
column was circumvented by the addition of the
retainer acid to the sample solution. Thus, the
components in 6 g of D&C Red No. 28 were
separated by the addition of TFA to the sample
solution in sufficient quantity to convert all the
dye to the acid form.

3.2. Experiment II: Separation of components
in 6 g of commercial D&C Red No. 28

Analytical RP-HPLC of the D&C Red No. 28
used in this separation gave four peaks (Fig. 7);
6 g of this mixture were used for the preparative
separation by pH-zone-refining CCC. The coun-
ter-current chromatogram of the separation is
shown in Fig. 8. The two-phase solvent system
used consisted of diethyl ether—acetonitrile—0.01
M NH,OAc (4:1:5, v/v/v). The pH of the lower
(mobile) phase was adjusted to 9.2 by addition of
ammonium hydroxide. The sample mixture was
prepared by mixing 6 g of dye in a solvent
consisting of 20 ml of the lower phase and 30 ml
of the upper phase. TFA (1.2 ml) was added to
the sample solution. The solvent front (first
fraction containing mobile phase) emerged at
fraction 7. The retention of the stationary phase,
calculated after the separation, was 54.7% of the
total column capacity. The resulting chromato-
gram has a broad rectangular shape (Fig. 8a)
that includes two pH plateaus (dotted line): a
short and a long one (fractions 45-47 and 55-
215, respectively). In this case, no suspension
was eluted and no decrease occurred in the
absorbance intensity before the elution of the
main component. Fractions 55-215 contained a

1>

C
e b s b b e 1 254nm
0 5 10 15 20 25 30

Retention Time {min)

Fig. 7. Analytical RP-HPLC of the commercial lot of color
additive D&C Red No. 28 used in experiment II.
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Fig. 8. (a) pH-Zone-refining counter-current chromatogram
of the separation of components in 6 g of the D&C Red No.
28 used to obtain Fig. 7, (b) analytical RP-HPLC of the
combined fractions 55-215 and (c) analytical RP-HPLC of
the combined fractions 45-47.

single component whose RP-HPLC peak (Fig.
8b) corresponded to peak A in Fig. 7. The
compound was isolated as the lactone (4.06 g)
and identified by CI-MS and 'H NMR as
2'.4'.5'7'-tetrabromo-4,5,6,7-tetrachlorofluores-
cein. The ca. 80% recovery of pure 1 was
improved in this separation by avoiding elution
of the contaminated suspension through the
presence of sufficient retainer acid (0.016 mol
TFA) to acidify the sodium salt of the dye (0.014
equivalents). The two components corresponding
to peaks B and C in Fig. 7 eluted in a very
concentrated form in fractions 45-47 (Fig. 8c).
On the basis of preliminary studies, it appears
that these two acidic components have very
closely related structures [19].

4. Conclusions

This study and previous work [11,15,20-22]
demonstrate that pH-zone-refining CCC is an
effective method for the separation and purifica-
tion of multigram quantities of acidic compo-
nents of hydroxyxanthene dye mixtures.
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Abstract

Exact velocity profiles in thermal field-flow fractionation (FFF) were numerically computed for twelve solvents
and forty different combinations of the temperature drop AT across the channel and of the cold wall temperature,
T.. An expression with six coefficients relating the » parameter of a third-degree polynomial velocity profile which
approximates the exact profile with AT and T, was derived for each solvent. Under typical experimental conditions,
it provides a nearly two orders of magnitude improvement in the accuracy of the prediction of the retention over
the equation based on the classical parabolic profile. A procedure is suggested for using this » vs. AT and T,
expression for extracting the basic FFF parameter A from retention data.

1. Introduction

Field-flow fractionation (FFF) is a method of
separation of macromolecular or particulate ma-
terials which is performed in a thin, ribbon-like
channel. A flow of carrier liquid transports the
sample components along the channel at various
rates depending on their degree of interaction
with an external field applied perpendicular to
the main axis of the channel [1]. The retention
time of a sample component (which, in the
following, will be called an analyte) depends on
both its concentration distribution and the axial
velocity distribution in the field direction. There-
fore, in order to predict the retention of an
analyte or to characterize an analyte from its
FFF retention data, one needs to know these two
distributions precisely. The concentration distri-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00419-A

bution depends on the forces acting on the
analyte and on its diffusivity. In fact, the shape
of this distribution determines the operating
retention mode [2].

Because the analytes generally have a small
size, it can be correctly assumed in most cases,
that they are transported along the channel by
the flow with the axial flow velocity at the
position of their centre of gravity. Knowing the
axial velocity distribution of the analytes in the
field direction then amounts to knowing the axial
flow profile. Because the channel is essentially
made of two long and wide parallel walls, the
flow profile is frequently assumed to be
parabolic, except for a small perturbation near
the channel edges [3,4]. Such a velocity profile is
obtained for the flow of an isothermal fluid
between two infinite parallel plates. Indeed, if z
is the direction of the flow, x the distance from
one of the plates, w the distance between the

© 1994 Elsevier Science B.V. All rights reserved
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two plates, dP/dz the pressure gradient driving
the flow and 7 the fluid viscosity, the velocity
profile, v(x), is then obtained from the simple
form of the differential Navier—Stokes equation:

d’v dpP
e dz )

which gives, after integration:

v(x) x x\?

wr=e)-6)] @
where (v) is the mean flow velocity. There are,
however, situations encountered in FFF where
these two underlying assumptions (infinite paral-
lel plates geometry and constant viscosity) are
not fulfilled. Such is the case, for instance, in
sedimentation FFF because of the curved geome-
try of the channel, or in flow FFF because of a
transverse flow component through at least one
of the channel walls. Nevertheless, under typical
operating conditions, the correction to ‘be
brought to the flow profile is then negligibly
small [2].

The situation is clearly different in thermal
FFF in which the variations of the fluid viscosity
resulting from the temperature gradient applied
across the channel thickness are sufficiently large
to induce significant distortion of the flow profile
from the parabolic limit. This was recognized in
earlier papers on thermal FFF. Myers et al. [5]
solved Eq. 1 in which 7 is no longer a constant
but is given as a function of x as

1 =1, exp(—Bx/w) (3)

where 8 = B AT/ Tz, 7. is the viscosity at tem-
perature T of the cold wall, AT is the tempera-
ture difference between the two plates and B a
solvent constant in the Andrade equation relat-
ing the viscosity and the absolute temperature T

n=m, exp[B(%—%)] (4)

Comparison of Eqs. 3 and 4 shows that the
following relationship was implicitly assumed for
the temperature profile across the channel thick-
ness:

— Tc
T—1 AT x ()
T w

c

this equation may provide a satisfactory approxi-
mation of the temperature profile near the cold
wall but is not consistent with the fact that AT
represents the temperature drop between the
two plates.

It was later pointed out that, when the viscosi-
ty is not constant, the left-hand term of Eq. 1 is
not correct, even when taking n as a function of
x, but must also include a dn/dx term [6]. The
flow profile was accordingly calculated using Eq.
(4) and a linear relationship between T and x
[7]. However, the calculation is complex and has
to be made numerically for specific values of B,
T. and AT, as some of the integrals involved
have no analytical solution.

Further, the temperature profile across the
channel thickness is actually not linear because
of the temperature dependence of the thermal
conductivity of the liquid. Knowing this depen-
dence, one can calculate the resulting tempera-
ture profile [8]. This further complicates the
calculation of the velocity profile. A treatment
was performed by Gunderson et al. [9] using the
complete Navier—Stokes equation, a third-de-
gree polynomial expression of the fluidity, which
is the reciprocal of the viscosity, as a function of
the temperature and a third-degree polynomial
dependence of the temperature vs. x/w, ob-
tained as a Taylor series about the cold wall in
terms of dx/dT, the coefficient of variation of
the thermal conductivity « with temperature. By
this means, they were able to obtain an ana-
lytical solution of the velocity profile given as a
fifth-degree polynomial expression in terms of
the reduced coordinate x/w. Then the retention
equation, for an exponential concentration pro-
file, was obtained as a particular case of the
general expression for a n-degree polynomial
velocity profile given previously [10].

In spite of the fact that analytical expressions
of the velocity profile and of the retention factor
are obtained, this procedure is sometimes con-
sidered complicated because various successive
calculations must be performed to obtain the
coefficients of the velocity profile expression
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[11]. In addition, the Taylor expansion of the
temperature profile about the cold wall cannot
rigorously provide the correct value of the tem-
perature at the hot wall and is therefore not, in
principle, rigorously consistent with the fact that
the temperature drop between the two plates is
equal to AT. Further, the computation of the
dispersion coefficients for a fifth-degree polyno-
mial velocity profile becomes very complex and
has not yet been attempted, although general
expressions for an n-degree polynomial velocity
profile exist [10].

For this reason, it has been suggested that one
can approximate the true velocity profile by a
third-degree polynomial profile in such a way
that the slope of the relative velocity profile
becomes equal to that of the true profile as one
approaches the cold wall {10,12,13]. This method
is justified by the fact that it has been observed
that all investigated polymeric samples analysed
so far using thermal FFF move in the vicinity of
the cold wall where they form a thin cloud. This
method has been applied in some instances for
predicting or interpreting retention data [12-16].
A third-degree polynomial velocity profile con-
tains a single adjustable coefficient as the three
other possible coefficients of a third-degree poly-
nomial are fixed by the no-slip condition (which
implies a zero velocity at each of the two walls)
and the normalization condition (the mean value
of the relative profile v/(v) across the thickness
must be equal to 1). The main problem is
selecting the appropriate third-degree coefficient
for specific solvent and temperature conditions.
This has mainly been done by graphical interpo-
lation of calculations at various B/T_ and AT/T,
values [17]. The purpose of this work was to
provide a method for calculating the third-degree
coefficient for various solvents and temperature
conditions, which can be easily used for practical
application in both predicting and interpreting
thermal FFF retention data.

2. Theory

The basic Navier—Stokes equation describing.

the flow velocity in the case of a non-constant
viscosity is written as [6,18,19]

d [ dv d’v dn dv dP
& \a) T Tl W T d ©)

By double integration of this equation, the
relative velocity profile, v/{v), is obtained as a
function of the reduced transverse coordinate,
x/w:

v

(v)

x/w x/w

[ 2 gy | 22
J'1 (TWX/de(x/w) -C xfw d_(xég)_) d(x/w)

(7)

where 1 depends on x/w through the tempera-
ture T. The constant C in Eq. 7 is equal to

J-f;—wd(x/w)
C=trgp— (®)
J’d(x/w)
0 n

The relationship between the viscosity and the
temperature used in this work is given by Eq.
(4). This form of the Andrade equation is
consistent with experimental data [20] and with
approximate theories of the liquid state [21].
Considering Eq. 4 as an Arrhenius-type law, kB,
where k is the Boltzmann constant, can be
considered as an activation energy for viscous
flow.

The thermal FFF system is generally operated
in such a way that a constant energy flux, g, is
input to the channel by means of electrical
resistances in the vicinity of the hot wall, while a
flow of water evacuates the heat at the cold wall.
The temperature profile across the channel thick-
ness is then given by the Fourier law of heat
conduction [22]:

dr
q9="K""qx )

where «k is the thermal conductivity. Over the
typical temperature ranges encountered in ther-
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mal FFF experiments, the thermal conductivity
changes slightly and linearly with temperature
[23] so that one can write

K=K, +

(T T.) (10)

where «, is the thermal conductivity at the cold
wall temperature and dx/dT is a constant
specific for the carrier liquid. Integration of Eq.
9 in combination with Eq. 10 and elimination of
q by replacement in terms of AT, the tempera-
ture drop between the two plates, gives the
temperature profile across the channel thickness

[9]:

1
T—Tc+-1-$
k., dT
(ie 2 ap(i L S AT E )
. dT’ _dT 2

(11)
Replacement of T in Eq. 4 by its expression in
Eq. 11 provides the dependence of n as a
function of x/w which is needed for evaluating
the integrals which gives the velocity profile in
Eq. 7 for given B, T,, n,, AT, k., and d«/dT
values. As B, 7, k., and d«/dT depend on the
nature of the carrier liquid and on T, the three
independent parameters which determine the
velocity profile are AT, T, and the nature of the
carrier liquid. The relative velocity profiles were
numerically calculated according to Eqgs. 7, 4 and
11 for various liquids, AT and T, values. They

c

are referred to as “exact” velocity profiles, (v/
(U))ex:

As discussed above, it is interesting, from a
practical point of view, to approximate the exact
relative velocity profile by a third-degree polyno-
mial profile, (v/{v)),, in terms of x/w. It has
been found convenient to write this profile,
which depends on the single adjustable coeffi-
cient », in such a way that one retrieves the
parabolic profile when » =0 [10,13]. This gives

(oy)s=
6[(1 + u)(%) —(1+ 3@(%)2 + 21/(%)3] (12)

In order to select v so that the slope of the exact
relative velocity profile equals that of the third-
degree profile near the cold wall, the procedure
developed by Brimhall et al. [7] cannot be
employed as it is specific for a linear temperature
profile. We therefore use the following general
approach.

One can compare a given relative velocity
profile with the ideal parabolic shape, (v/{v})),,
given by Eq. 2 and obtained for AT =0 or for a
hypothetical liquid with B =0, by means of the
relative deviation, &, defined as

/() = @/{v)),
©/{v)),

This relative deviation depends, of course, on
x/w. In fact, a plot of £ vs. x/w can be consid-
ered as a modified representation of a velocity
profile. Let ¢,, and &, be the ¢ functions for the
exact and third-degree polynomial velocity pro-
files, respectively. The slope of the exact relative
velocity profile is, according to Eq. 13, equal to

4O/ )ex_ (1, , | 40/ (0D
d(x/w) Eex d(x/w)

(13)

£ =

+ IV Ty d(x/w) (14)

It is easily seen from Eq. 12 that the slope of the
third-degree relative velocity profile at cold wall
is equal to 6 (1 + »). In order to approximate the
exact velocity profile by a third-degree polyno-
mial velocity profile in such a way that the two
profiles have the same slope at the cold wall, one
therefore must have

d@/{v))ex

dCe/w) x/w=0=6(1 + ) (15)_

Noting that, at the cold wall (x/w=0), @/
(v)),=0 and d(v/{v)),/d(x/w)=6 according
to Eq. 2, the combination of Eqs. 14 and 15
gives

D Fex = (16)
One notes that, according to Eq. 12, ¢ becomes
undefined for vanishing x/w, so one has then to
write g, as a limit. The physical property of the
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parameter v expressed by eqn. 16 provides an
easy graphical representation of the v parameter:
this is the limiting value of ¢,, for x/w =0. This
property is used in the following for the de-
termination of ».

Assuming that the concentration profile of a
given solute is exponential and characterized by
the basic FFF parameter, A, of that solute, its
retention factor, R, is then obtained, when the
velocity profile is represented by Eq. 12, in terms
of A and v as [10,13]

R= 6)\{1/ +(1- 6Av)[coth<—ilx> -~ 2,\]} (17)

3. Basic solvent data and computational
procedure

The computation of the relative velocity pro-
file for a given solvent at various T, and AT
values requires that the values of the constants B
and dk/dT of that solvent and the value of « at
some reference temperature are known. The
values of B for the various organic solvents were
calculated as the slopes of the linear regressions
of In 7 vs. 1/T from experimental viscosity data
at various temperatures [20,24]. The resulting B
values for the various solvents investigated are
reported in Table 1.

When experimental thermal conductivity data
for a given solvent were reported at different
temperatures [23], d«/dT was calculated as the
slope of a linear regression of k vs. T. In other
cases, values of k were estimated .at various
temperatures using the Latini et al. method
recommended for organic solvents by Reid et al.
[23], which gives

AT (1-T,)"*
K= MPT? ’ TVé (18)
crit r

where T, is the reduced temperature T/T_,,
T., the critical temperature, 7, the normal
boiling temperature, M the solvent molecular
mass and A*, «a, B, y parameters which are
tabulated for various classes of organic com-
pounds [23]. Although this expression is not
rigorously consistent with the hypothesis of the
constancy of dx/dT, it is found that the variation
of k with T in the typical temperature range
used in FFF is nearly linear, which justifies the
approximation expressed by Eq. 10. The values
of «x at 20°C and of d«/dT are reported in Table
1.

Once the viscosity profile, n(x/w), across the
channel thickness is known from the combina-
tion of Egs. 4 and 11 for a given solvent and
fixed values of T, and AT, the integrals entering
Eqgs. 7 and 8 are numerically computed by means

Table 1
Solvent properties used in the calculations
Solvent B x at 293 K dx/dT

(K) (Wm'K™") (Wm™'K™?%)
Benzene 1315.79 0.148 -3.53-107*
2-Butanone 975.90 0.160* —2.80-107**
Carbon tetrachloride 1242.32 0.103 —1.87-107%*
Cyclohexane 1516.57 0.124 —2.48-107**
Cyclohexanone 1791.00 0.170* -2.86-107**
p-Dioxane 1311.17 0.159* -2.95-107**
Ethyl acetate 1042.33 0.147 -1.50-107*
Ethylbenzene 1095.78 0.132 ~2.33-107*
Tetrahydrofuran 923.21 0.166° —3.51-107%¢
Toluene 1085.00 0.141° —-2.59-107**
o0-Xylene 1183.00 0.139° -2.11-107**
p-Xylene 1052.24 0.136° -2.35-107**

* Values estimates by the Latini et al. method [23].
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of the Simpson integration procedure. The rela-
tive velocity profile is determined for successive
x/w values differing by 0.01 unit. Between two
consecutive x/w values, the integrals are com-
puted by dividing the 0.01 interval for x/w in as
many sub-intervals as necessary to ensure that
the results of the integration of two consecutive
two fold division steps differ in relative value by
less than 107°. This integration procedure was
tested with some usual functions for which the
analytical solution of the finite integral is known.
In all cases, the relative difference between the
numerical and analytical integration results was
less than 5-107".

Then, knowing the exact relative velocity
profile, the relative deviation, ¢,,, from the
parabolic profile is calculated and the » parame-
ter is estimated according to the property ex-
pressed by Eq. 16, by extrapolation to x/w = 0 of
the &, vs. x/w curve for small x/w values. In
practice, v is obtained as the intercept of the
linear regression of ¢, vs. x/w in the x/w range
from 0.01 to 0.1.

4. Results and discussion

The temperature profile given by Eq. 11 is
represented in Fig. 1 together with two approxi-
mate profiles previously used, the linear profile
[7] and the profile given by Eq. 5 [5]. Clearly,
this latter profile does not describe the true
profile satisfactorily. The deviation of this true
profile from linearity depends on AT, on the
solvent used and, to a lesser extent, on T.. Since
for all organic solvents investigated the thermal
conductivity decreases with increasing tempera-
ture, the shape of the temperature profile is
similar to that shown in Fig. 1 and at any
position across the channel the actual tempera-
ture is lower than it would be if the profile was
linear.

The relative velocity profiles and the associ-
ated v parameters were determined for the
twelve organic solvents listed in Table 1, which
have been or may be used in thermal FFF. For
each solvent, 40 sets of calculations were per-
formed for four T, values (7, =10, 20, 30 and

[

(T-To)/AT 4
/
0.8 Y 4
/P
0.6 /
/ 7
Y
0.4 /
0.2 V4
0.2 0.4 0.6 08 1
x/w

Fig. 1. Temperature profiles in thermal FFF plotted as (T —
T.)/AT vs. x/w. From bottom to top curves: exact profile
with temperature-dependent thermal conductivity; linear
profile (temperature-independent thermal conductivity); pro-
file given by Eq. 5. Solvent, ethylbenzene; AT = 100°C;T, =
20°C.

40°C) and ten AT values (AT =10, 20, 30, 40,
50, 60, 70, 80, 90 and 100°C).

For all solvents except two (cyclohexanone
and o-xylene), the overall temperature range
covered from the lowest cold wall temperature
(10°C) to the highest hot wall temperature
(140°C) exceeds the liquid temperature range at
atmospheric pressure. When performing the
calculations it was implicitly assumed that the
values of the solvent parameters B, . and dk/
dT obtained or estimated at atmospheric pres-
sure were also correct at the pressure necessary
to maintain the carrier fluid in the liquid state at
the hot wall temperature selected. In fact, it is
relatively rare that thermal FFF experiments are
performed in a pressurized channel. Exceptions
concern the analysis of relatively low-molecular
mass species for which a large AT is necessary to
obtain the required selectivity {25], the analysis
of polymers, such as polyethylenes, for which a
high T, is needed to satisfy the solubility require-
ment [26] or, still, the case of solvents with low
boiling points. Therefore, even if pressure effects
on viscosity and thermal conductivity are signifi-
cant, the above assumption remains applicable to
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derive trends in the variations of » when chang-
ing AT and/or T, at atmospheric pressure, which
is done below.

A typical velocity profile is shown in Fig. 2
together with the corresponding third-degree
polynomial profile and the ideal parabolic pro-
file. Obviously, as follows from the definition of
v, the exact and third-degree profiles become
identical as one approaches the cold wall (x/w =
0). They are close to each other but differ
significantly from the parabolic profile. The
position of the maximum velocity appears to be
shifted from the channel centre (x/w =0.5) to-
wards the hot wall. It can be shown that, for the
third-degree polynomial velocity profile, this
position is given by

143w -V1+3?

max 6V

(x/w) (19)

The maximum relative velocity, which is equal to

v 1
<:"‘>* = —?[1 — 9% — (1 +3p*)V1+ 307
1%

(20)

is slightly larger than for the parabolic profile.
For instance, for v»= —0.2, one obtains (x/
W) max = 0.549 and v, /(v) = 1.515.

The relative deviations of the exact and corre-
sponding third-degree polynomial velocity pro-

files from the parabolic profile are more easily
observed in the plots of ¢, and &5, respectively,
vs. x/w as seen in Fig. 3. In this kind of € vs. x/w
plot, the parabolic profile is simply represented
as the straight horizontal line £ = 0 for all x/w. It
is easily seen from Eq. 12 that the relative
deviation, &,, for a third-degree velocity profile
is a straight line with a slope equal to —2» and
passing through the point [e; =0, x/w = 1/2]:

s3=u(1~2-%> (21)

The exact relative velocity profile has, in the ¢
vs. x/w representation, a more complex shape as
seen in Fig. 3. As mentioned in the theoretical
section, the v parameter is given as the value of
the limiting value of ¢, when one approaches
x/w=0. As the viscosity decreases with increas-
ing temperature, the velocity in the vicinity of
the cold wall is lower than it would be if the
profile was parabolic. Therefore, the v parame-
ters in thermal FFF are negative as long as the
cold wall is the accumulation wall. In the case of
ethylbenzene with AT =100°C and T, =20°C
corresponding to the curves in Fig. 3, one has
v = —0.2922. This value is large and shows that
the temperature effect on the velocity profile
must be taken into account when interpreting
retention data in thermal FFF. Indeed, neglect-
ing this effect by using the classical retention

1.0 T T

0.8 1

0.6 1

x/w

0.4 1

0.2+

0.0 1 1 l

1 1 1 1

0.0 0.2 0.4 0.6

0.8 1.0 1.2 1.4

vi<v>

Fig. 2. Relative velocity profiles plotted as x/w vs. v/(v). 1 = parabolic profile; 2 = exact profile; 3 = third-degree polynomial

profile. Solvent, ethylbenzene; AT = 100°C; T, =20°C.
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-0.1 =

-0.2 —

T
0.0 0.2

T T
0.6 0.8
x/w

Fig. 3. Relative deviation, ¢, of the exact relative velocity profile from the parabolic profile vs. x/w (solid curve). The straight line
(dotted line) represents the relative deviation of the corresponding third-degree polynomial velocity profile from the parabolic
profile. The v parameter is given as the intercept of this straight line (in this case v =-—0.29218). Soivent, ethylbenzene;

AT =100°C; T, =20°C.

equation for a parabolic profile will, in the high
retention domain, result in a nearly 29% error in
the basic FFF parameter A, which, in turn, will
correspond to a 87% error in the determination
of the molecular mass of a polystyrene sample
from a known relationship between A and molec-
ular mass.

The deviation of the velocity profile from the
parabolic shape arises from the temperature
dependence of the carrier liquid viscosity. How-
ever, the influence of this effect depends on the
temperature profile. The influence of the vari-
ation of the thermal conductivity with tempera-
ture has only a minor effect on the resulting
velocity profile. Indeed, it can be shown that, for
ethylbenzene with T_=20°C, in the relatively
extreme case where AT = 100°C, the exact rela-
tive velocity profile and the relative velocity
profile that would be obtained if the thermal
conductivity was independent of the temperature
are very close to each other. Their maximum
values differ by less than 0.2%. The corre-
sponding v parameters are equal to —0.2922 and
—0.2999, respectively.

The dependence of » with AT is plotted for
ethylbenzene in Fig. 4a at various T, values; v,
which reflects the distortion of the flow profile

from the parabolic shape, is seen to increase in
absolute value with increasing AT. For a given
AT, |v| increases with decreasing T.. A three-
dimensional representation of » vs. AT and T is
shown for ethylbenzene in Fig. 4b. Similar
curves are obtained for other organic solvents
listed in Table 1.

In order to allow an easy determination the »
parameter corresponding to the solvent and
temperature conditions of a given thermal FFF
experiment without performing the lengthy
calculations involved in the procedure described
above, the set of 40 v values obtained for a given
solvent served as a database for finding a correla-
tion for v as a function of AT and T,. Because
the variation of v with T, at a given AT is nearly
linear and that with AT at a given T, is nearly
quadratic, the following regression was tested by
means of the least-mean square method:

v=(a,T. +a,) AT + (a,T, + a,) AT
+ (asT, +ag) AT (22)

The fit is satisfactory for the twelve solvents. The
relative error in v arising from the regression was
determined by comparing values given by Eq. 22
with the original » values. It is found to be lower
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Fig. 4. Variations of the » parameter with AT and T.. (a) v
vs. AT at T, = 10, 20, 30 and 40°C from bottom to top curve;
(b) three-dimensional representation of » vs. AT and T..
Solvent, ethylbenzene.

than 0.4% in all instances and, on average, is
about 0.2%, which is satisfactory. Indeed, in the
high-retention domain, a 1% error in the de-
termination of » with » = —0.2 results in only a
0.25% error in the FFF parameter A determined
from retention data. Accordingly, the error in A
resulting from the use of Eq. 22 instead of the
exact v value will be at most about 0.1%, which
is negligible in comparison with the experimental
uncertainty in the measurement of the retention
factor R. This error in A will be smaller for
smaller [v| values. The numerical values of the a,
coefficients determined for the twelve solvents
investigated are reported in Table 2 with AT and
T, expressed in °C (note that if 7. and AT were

expressed in K instead of °C, the numerical
values of a,, a, and a; would be changed, but
the value of v would be unaffected).

It is instructive to evaluate the susceptibility of
v to small variations in the experimental con-
ditions. In the case of ethylbenzene with AT =
60°C and T, = 20°C, one finds dIn |v|/dIn AT =
0.79 and din|y|/dIn T, =~1.72 (with T, ex-
pressed in K). Accordingly, 1°C variations in AT
and T, induce 1.3% and 0.6% variations in v,
respectively. These variations, which are larger
than typical temperature fluctuations observed
experimentally, will therefore have a negligible
influence cn the determination of A in thermal
FFF, as far as the velocity profile is concerned
(of course, these variations, especially the vari-
ation of AT, will directly influence the concen-
tration profile and, hence, the retention factor,
but this effect is not considered in the present
study).

The correctness of the a; coefficients reported
in Table 2 lies on the accuracy of the experimen-
tal physico-chemical parameters of the solvent
which influence the velocity profile. The most
important one is the parameter B entering the
viscosity Eq. 4. In the case of ethylbenzene with
AT =60°C and T,=20°C, one finds dln|v|/
dln B=0.91. Therefore, a 1% variation of B
(i.e. 8B=11 K for ethylbenzene) leads to a
0.9% variation in v. In practice, the B parameter
obtained by fitting experimental viscosity data
according to Eq. 4 may not be rigorously equal
to the true B parameter of the solvent investi-
gated owing to the experimental uncertainty in
the basic viscosity data, or Eq. 4 may not fit
correctly the viscosity data in the whole tempera-
ture domain, in spite of its theoretical founda-
tion. This source of error is probably the most
important although its significance cannot easily
be estimated. Nevertheless, the relatively high
value of the correlation coefficient (generally
larger than 0.999) obtained when fitting ex-
perimental data according to Eq. 4 gives confi-
dence in the accuracy of the B parameter and of
the resulting a, coefficients in Eq. 22.

The influence of B on » is shown in Fig. 5 for
T.=20°C and two AT values (50 and 100°C). In
the B range spanned by the twelve investigated
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Values of the a, parameters entering the » vs. AT and T, relationship, v = (¢, T. + a,) AT + (a,T. + a,) AT? + (a,T, + a,) AT?,

with AT and T, in °C

Solvent a, a, a, a, a a,

Benzene 3.2890-107°  —5.7476-107>  —2.3355-1077  2.7828-107°  7.9610-107'° = -7.7659-10°°
2-Butanone 2.4391-107° -4.2698-107°  —1.4870-1077  1.8096-10"°  4.5769-107°  —4.6985-10°
Carbon tetrachloride ~ 3.1100-107°  -5.4295-10°  -2.1386-1077  2.5182-107°  7.0947-107'°  -6.9182-107°
Cyclohexane 3.7850-107°  —6.6216-10°  -2.8678-1077  3.3675-107°  9.9830-107°  -9.7197-10°°
Cyclohexanone 4.4449-107>  —7.8087-107°  —3.6313-1077  4.3010-107°  1.2979-10° —1.2948- 107’
p-Dioxane 3.2829-107° —57365-107°  —2.3105-1077  2.7502-107°  7.6947-107° = —7.7352-107°
Ethyl acetate 2.6196:107°  —4.5583-107°  -1.6611-1077  1.9285-107°  5.2939-107°  -5.0727-107°
Ethylbenzene 2.7579-107° —4.7923-107°  —1.8286-1077  2.1212-107°  6.1322-107"°  —5.6833-107°
Tetrahydrofuran 2.3140-107° -4.0363-107°  —1.3965-1077  1.6848-10"°  4.3405-107°  -4.2795-10"°
Toluene 2.7169-107° —-4.7429-107°  ~1.7549-1077  2.0883-107°  5.6398-107'° = —5.5386-107°
o-xylene 3.10016-107° ~52335-107°  —2.0980-1077  2.3803-107°  6.9511-107'°  —6.4920-107®
p-xylene 2.6337-107° —4.5996-10  —1.6614-1077  1.9918-107°  5.1909-107"°  —5.2239-107°

solvents (from about 900 to 1800 K), » is seen to
vary approximately linearly, although their inter-
cepts are not equal to 0 as they should be since a
hypothetical B = 0 solvent would have a constant
viscosity at all temperatures. Nevertheless, as

0.0
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800 1200 1600
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0 400

Fig. 5. Variations of the v parameter with the solvent B
constant. Upper curve, AT = 50°C; lower curve, AT = 100°C.
T, =20°C.

organic solvents have B values lying within the
range covered in Fig. 5, this near-linearity prop-
erty can be used to obtain a rough estimate of
the v value for a solvent not listed in Table 1 but
for which B is known. However, one cannot
expect to obtain precise estimates as the tem-
perature dependence of the thermal conductivity
differs from one solvent to another, as reflected
by the slight fluctuations of the data points in
Fig. 5 around the regression line.

The major interest in the calculation of v
according to Eq. 22 in connection with the data
in Table 2 is that it allows one to take into
account, with fair accuracy, the effect that devia-
tions in the velocity profile have on calculations
of the retention factor. Indeed, the calculation of
the retention factor, R, of a polystyrene sample
with molecular mass 300000 using the exact’
velocity profile of the ethylbenzene carrier with
AT =60°C and T, =20°C gives a value of 0.195.
If the velocity profile was assumed to be
parabolic, the error in R would be 19.5%,
whereas using the third-degree polynomial ve-
locity profile with the » value estimated as
indicated above as —0.200, the error in R is only
0.25%. The error in R appears in this instance to
be reduced nearly by two orders of magnitude
when taking into account the deviation of the
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velocity profile from the parabolic shape by
means of the third-degree profile.

5. Conclusions

Thermal FFF is mainly used to obtain in-
formation on the thermal diffusion properties
and the molecular mass or size of a sample. The
first step in this direction is to determine the
basic FFF parameter A from retention data. In
order to take into account the deviation of the
velocity profile from the ideal parabolic shape
due to the temperature dependence of the vis-
cosity, one suggests first calculating the v param-
eter of the third-degree polynomial velocity
profile to approximate the exact velocity profile
by means of Eq. 22 and Table 2, for the actual
operating conditions (solvent, AT, T,). Then the
basic FFF parameter A can be obtained from the
retention factor R using Eq. 17 for that calcu-
lated value of v. Solving Eq. 17 for A when R and
v are known can be done numerically using a
classical iterative methods such as Newton’s
method or, most conveniently, by listing R
values for as close as desired A values with
various spreadsheet applications, such as Excel,
on microcomputers.

This study was motivated by the need for a
practical method to take into account retention
perturbations in thermal FFF arising from devia-
tions of the velocity profile from the ideal
parabolic shape due to the temperature depen-
dence of the relevant parameters. It has been
pointed out that, similarly, retention perturba-
tions may also arise from deviations of the
concentration profile from the ideal exponential
shape [8]. Although the latter perturbations
might be of the same order as the former and
that the assumption of an exponential concen-
tration profile made for obtaining Eq. 17 is not
rigorously correct, Eq. 17 still serves as a very
useful basis for taking into account the effect of
the concentration profile distortion on retention.
Work is in progress in this direction and will be
presented in a forthcoming publication [16].
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Abstract

By connecting a DB-5 column in series with a Cyclodex-B column, nine of ten isomers of a mixture of di-2-butyl
ether-d,, di-2-butyl ether-d; and di-2-butyl ether-d,, produced during the dehydration of a 1:1 mixture of
2-butanol-d, and 2-butanol-d using an Al,O, catalyst, were separated and identified. The (R,S) and (S,R) isomers
of di-2-butyl ether-d, could not be separated due to the similarity of their interactions toward the DB-5 and

Cyclodex-B columns.

1. Introduction

Gas chromatographic methods permit pairs of
isotopic molecules to be separated completely
and determined quantitatively [1-5]. The intro-
duction of highly efficient capillary GC columns
in recent years permits this analysis to be accom-
plished in just a few minutes [6,7]. The heavier
species (deuterated) always elutes first. This
phenomenon is an inverse isotope effect to which
intermolecular Van der Waals forces make the
major contribution [1-8].

The separation of the components of an en-
antiomeric pair has also been accomplished by
chromatographic methods [9-14]. The separa-
tion of chiral compounds by GC is an important
and growing application area and has the po-
tential to replace most classical methods of
optical purity determination, such as optical

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00418-9

rotation measurements and diastereomeric sepa-
rations [14].

The separation of a pair of isotopic molecules
or the separation of a pair of enantiomeric
molecules is usually difficult, but either can be
accomplished by the proper selection of the
column and the GC separation conditions. How-
ever, when the separation of pairs of isotopic
and enantiomeric molecules is desired, especially
when the enantiomeric molecules are deuterated
to different degrees, the separation of the mix-
ture becomes more difficult and more challeng-
ing. This problem may be rare today, but it does
occur in mechanistic studies, and interest in this
will increase in the future.

We report here the results where nine of the
ten isomers of a mixture of di-2-butyl ether-d,,
di-2-butyl ether-d; and di-2-butyl ether-d,, were
separated, identified and quantitatively deter-
mined by connecting a DB-5 column in series
with an optically active Cyclodex-B column.

© 1994 Elsevier Science B.V. All rights reserved
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2. Experimental

The DB-5 column, purchased from J & W
Scientific, was a 60 m %X 0.32 mm fused-silica
column (0.25 pum film thickness). The liquid
phase was 5% phenyl- and 95% di-
methylsilicone. The Cyclodex-B column, also
purchased from J & W Scientific, is a 30 m X
0.32 mm column (0.25 um). The liquid phase
was S-cyclodextrin. The columns were connected
in series using a capillary connector (Supelco), in
such a way that the compounds were separated
first on the DB-5 column and then on the
Cyclodex-B column. A Hewlett-Packard 5890
Series IT gas chromatograph, interfaced with an
HP5971A mass-selective detector, and operated
under the control of a Vectra 05/165 computer
using HPG1034B software, was used for identifi-
cation. A Hewlett-Packard 5880 gas chromato-
graph equipped with a flame ionization detector
was used for quantitative analysis. Helium was
used as the carrier gas.

Retention volumes have been corrected using
the retention time of methane to determine the
dead volume. The mixture of di-2-butyl ethers
was obtained from a reaction of a 1:1 mixture of
( = )-butanol-d; and ( *)-2-butanol-d, with
AL O, at 230°C.

3. Results and discussion

In a study of the mechanism of dehydration of
2-butanol on Al,O;, an intermolecular competi-
tion technique has been utilized to determine the
deuterium isotope effect for the rate of conver-
sion of the .alcohol and for the formation of
butenes. For this purpose, a 1:1 mixture of 2-
butanol-d, and 2-butanol-d, (C’H,~CHOH-
C’H,-CH,) was used as the feed. The liquid
products were collected at timed intervals and
were analyzed. Six peaks were always observed
in the gas chromatogram when using only the
DB-5 column (Fig. 1a). To determine the identi-
ty of the compounds responsible for these peaks,
an experiment using only 2-butanol-d, as the
reactant was conducted. In this case, only two
peaks with about equal areas were observed

(Fig. 1b). The compounds responsible for these
peaks were separated and collected using liquid
chromatographic techniques. These two com-
pounds were identified from 'H NMR, “C
NMR, two-dimensional NMR and GC-MS data
to be di-2-butyl ethers.

An optically active GC column (Cyclodex-B)
was used to identify the two isomers of the ether
formed from 2-butanol-d,. The earlier eluting
peak in Fig. 1b using the DB-5 column was split
into two peaks (Fig. 2) by the optically active
column Cyclodex-B. This result indicates that
the first peak eluting from the DB-5 column
corresponds to the (R,R) and (S,S) isomers. A
known mixture of di-2-butyl ether was used to
identify the peaks from the Cyclodex-B experi-
ment. The results indicate that the first peak
eluting from Cyclodex-B column corresponds to
the (R,R) isomer, the second to the (§,5) isomer
and the third to the (R,S) isomer.

When a reaction involves the conversion of a
1:1 mixture of (= )-2-butanol-d, and (=*)-2-
butanol-ds, ten isomers of di-2-butyl ether are
expected, and they are (D = deuterium):

CD,—TH-CDZ-CH, CDS-?H-CDz-CHs
o)

o)

CD,-LH-CDz-CH, CH,-CH-CH,-CH,
1. (RR)-d,, 4. (RR)-d,

2. (S.8)d,, 5. (S,9)-d,

3. (R,S)d,,

CD,-T:H-CDz-CH, CD,-CH-CD,-CH,

o)
CH,-LH-CHz-CH, CH,-CH-CH,-CH,
6. (R,S)-ds 7. (S,R)-d,

CH,-CH-CH,-CH,

CH,—!:H—CDz-CH,

8. (RR)d,
9. (S,9)d,
10. (R,S)-d,
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Fig. 1. Gas chromatograms using a DB-5 column to separate the ethers formed during the dehydration of 2-butanol: (a) 1:1
mixture of 2-butanol-d, and 2-butanol-d; as the feed, column temperature 15°C; (b) 2-butanol-d, as the feed, column

temperature 45°C. See text for compound identities.

Complete separation of these ten isomers is
not possible using the DB-5 column or the
Cyclodex-B column alone. Using the DB-5 col-
umn, only six peaks were obtained as shown in
Fig. 1a. The first peak on this chromatogram was
identified as a mixture of 1 and 2; the second
peak corresponds to a mixture of 4 and 5; the
third peak corresponds to a mixture of 8 and 9;
the fourth corresponds to isomer 3; the fifth
corresponds to a mixture of 6 and 7 and the last
one is due to compound 10. Using only the
Cyclodex-B column, the deuterium-containing
compounds cannot be separated from the un-
deuterated compounds.

In order to separate these ten isomers com-
pletely, a DB-5 column has been connected in
series to a Cyclodex-B column. It was antici-
pated that the deuterated compounds would be
separated from the undeuterated ones, and that
the optically active isomers would be separated
from the meso isomers by the DB-5 column, and
then the optical active isomers would be sepa-
rated into the (S,S) and (R,R) isomers on the
Cyclodex-B columns. The early experiments
showed that the situation was not so simple. In
isothermal runs, whether at a low temperature
(12°C) or at a high temperature (45°C), poor
separations were obtained. The results from



100

Abundance
350000

300000 4
250000 4

1
200000 A
150000 4
100000

50000 +

0 dpep e,

B. Shi et al. | J. Chromatogr. A 678 (1994) 97-102

—

Time -> 34.00

Fig. 2. GC separation of di-2-butyl ether on Cyclodex-B column

these experiments indicated that just simply
connecting the two columns did not result in a
chromatogram (or total ion chromatogram) that
initially had the six compounds separated by the
DB-5 column, which in turn were separated into
the optical isomers on the Cyclodex-B column,
to produce the expected ten peaks.

The obvious overlap was due to the good
enantiomeric separation on the Cyclodex-B col-
umn. It is well known [3-7] that the isotopic
separation is temperature dependent, and the
lower the column temperature, the better the
separation. To obtain the most favorable operat-
ing temperature, the separation factor has been
measured from 15 to 55°C on the DB-5 column.
As indicated in Fig. 3, the best separation factors
are observed around 15°C and the inverse iso-
tope effect of di-2-butyl ether-d,, is larger than
that of di-2-butyl ether-d;. The difference in
enthalpy of the pairs of isotopic molecules: re-
lated to the. chromatographic process on DB-5
column are calculated according to Eq. 1 (Table

1)
Table 1

Difference in enthalpy for the pairs of isotopic molecules
related to the chromatographic process on the DB-5 column

Pairs of isotopic molecules

AH, —AH, (J)
Di-2-butyl ether-d,/-d , (R,R; S,S) —247.7
Di-2-butyl ether-d,/-d, (R,R; S,S) -118.8
Di-2-butyl ether-d,/-d,, (R,S) —386.3
Di-2-butyl ether-d,/-d; (R,S) —116.7

LU e

37.00

L —t > -
38.00 39.00 min

. Column temperature: 25°C. See text for compound identities.
log (V)u/(Ve)p =

— (AH,, — AH)/2.3RT + ¢

O

where (Vi) and (Vi)p are the retention vol-
umes of hydrogen-containing compound and
deuterated compound, respectively, and ¢ is a
constant. The optical active and meso isomers of
di-2-butyl ether-d; have the same response to-
ward the temperature (Table 1); however, the
meso isomer of di-2-butyl ether-d,, is more
sensitive to temperature than the optically active
isomer of di-2-butyl ether-d,,. It is also known
[14] that the enantioselectivity of a chiral pair,

° s
o 23.51
o
x
o
= 18.51
z
Es
I
Z 13.57
e ]
o]
2 /
8.5 Y — T T
3.0 3.1 3.2 3.3 3.4 3.5
1T x 1000

Fig. 3. Plot of the logarithms of the retention volumes versus
1/T. O =Di2-butyl ether-d,/-d,, (R,S); ©=Di-2-butyl
ether-dy/-d,, (R,R; §,8); O= D1-2 -butyl ether-d /-dg (R $);
O =Di- 2 -butyl ether d,/-ds (R,R; S.5).
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Table 2
GC data on the separation of di-2-butyl ether-d, on
Cyclodex-B column

101

Table 3
Relative amounts of each isomer of di-2-butyl ether-d,, -d;
and -d,

Temperature Ts siR.R ki s— kg g Compound Determined Expected®
(°C) (min) by GC (%)
15 1.02 1.23 1 5.0 6.3
25 1.03 0.93 2 4.7 6.3
35 1.02 0.46 3 10.3 12.5
45 1.02 0.24 4 11.5 12.5
55 1.02 0.13 5 13.2 12.5
6,7 25.1 25.0
Inlet pressure, 0.6 bar. 8 8.3 6.3
9 8.3 6.3
10 13.7 12.5

rr,s, can be expressed in terms of the retention
factors as shown in Eq. 2:
kR

Fr, o =7
RIS
ks

@)

The value of r,, is independent on the tempera-
ture; however, the value of (k, — k) is tempera-
ture dependent according to Eq. 3:

RT,
' p°,0

k=A 3)

where A is the stationary phase contribution, T,
is the column temperature, R is the gas constant,
P is the vapor pressure of the compound and r°
is the activity of the compound. The value of
(kg — kg) determines how good the separations
are. As can be seen from Table 2, the (R,R)
isomer of di-2-butyl ether eluted first from the
Cyclodex-B column and the value of rg g/  is
around 1.02 over the temperature range of 15 to
55°C. However, the value of (kgs—kgz)

Abundance

6000 4
4000

2000 4

* Assuming an SN, type mechanism for the formation of the
ethers.

changes from 0.13 min at 55°C to 1.23 min at
15°C.

The above experiments suggest that if the
temperature is adjusted so that the isotopic
separation is at its maximum and the enantio-
meric separation is kept to a minimum, a satis-
factory separation may be possible. As expected,
when the GC temperature program included
holding the temperature at 12°C for 20 min, then
increasing the temperature at a rate of 4°C/min
to 45°C, a very good separation was obtained
(Fig. 4). The identities of each component,
verified by GC-MS, are also shown in Fig. 4.

Compounds 6 and 7 could not be separated.
They are different compounds, but they have the
same behavior on the DB-5 and Cyclodex-B
columns.

The relative amounts of each isomer are given
in Table 3. The data determined by GC using a

67 10

Tige —> 31.00 32.00

3
4 5879
7\/\
O

33.00

34.00 35.00 36.00 min

Fig. 4. GC separation of a mixture of di-2-butyl ether-d,, -d; and -d,, on a DB-5 and Cyclodex-B column in series (12°C, hold 20

min, then 4°C/min to 45°C). See text for compound identities.
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flame ionization detector are close to those
expected if the ether formation follows a SN,
type mechanism.

4. Conclusions

Deuterated enantiomeric isomers can be sepa-
rated by a GC method that combines two col-
umns, one of which is responsible for the sepa-
ration of isotopic pairs and the other for the
separation of the enantiomeric pairs. The sepa-
ration of nine of the ten isomers of di-2-butyl
ether-d,,, di-2-butyl ether-d; and di-2-butyl
ether-d, provides an excellent example for the
utility of this technique.
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Abstract

To evaluate further the reported degradation of furosine during gas chromatographic (GC) determination, a set
of experiments with different derivatization conditions were carried out, utilizing a pure furosine standard. The
results showed that the decomposition of furosine is not a consequence of the GC separation process, but a result
of the derivatization procedure applied. Depending on the derivatization conditions, distinct differences in the
percentage degradation were observed. Particularly, an incorrect strong drying during the second and third
evaporation steps resulted in substantial degradation (up to ca. 21%), suggesting that the isobutyl ester and the
heptafluorobutyryl isobutyl ester of furosine are sensitive to dryness. This demonstrates that the GC determination
of furosine as a heptafluorobutyryl isobutyl ester derivative cannot be recommended for routine analytical
application. Even under optimum derivatization conditions, degradation in the range 3-5% cannot be completely

avoided.

1. Introduction

In the early stages of the Maillard reaction,
lysine and sugar compounds react to form de-
rivatives such as fructoselysine, lactuloselysine or
maltuloselysine. During hydrolysis with 7.8 M
HCl these Amadori compounds form furosine
{e-N-(2-furoylmethyl)-L-lysine], an indicator of
Maillard-type heat damage [1,2]. Furosine de-
terminations are often applied in food science
and nutrition, clinical research and medical bio-
chemistry.

For furosine determination, chromatographic
techniques including ion-exchange chromatog-

* Corresponding author.

0021-9673/94/%07.00
SSDI 0021-9673(94)00465-L

raphy (IEC) with commonly used amino acid
analysers [3,4], reversed-phase high-performance
liquid chromatography (HPLC) [5-7], gas chro-
matography (GC) [8], respectively gas chroma-
tography—mass spectroscopy [9] have been ap-
plied. The GC determination of furosine as the
heptafluorobutyryl isobutyl ester, using nitro-
gen—phosphorus-selective detection (NPD), was
first established by Biser and Erbersdobler [8].
The simultaneous determination of amino acids
and furosine by GC, using a capillary column
and NPD, allows the successful resolution of
these compounds with high selectivity, linearity
and sensitivity [10-12]. Resmini et al. [6] pro-
posed that during GC analysis according to the
above method [8], considerable decomposition

© 1994 Elsevier Science BV. All rights reserved



104 A. Ruttkat, H.F. Erbersdobler | J. Chromatogr. A 678 (1994) 103-107

of furosine may take place. They determined
furosine in heat-treated milk samples after acid
hydrolysis, first using an HPLC method and
subsequently examined the collected furosine
peak by GC. In addition to the furosine peak an
unexpected lysine peak was detected.

To examine further the probability that
furosine can be destroyed during GC determi-
nation, in this work the degradation of furosine
under different derivatization conditions was
measured, using pure furosine standard.

2. Experimental
2.1. Reagents

Furosine standard with a purity of >99% was
obtained from Neosystem (Strasbourg, France).
Norleucine hydrochloride, used as an internal
standard, was purchased from Serva (Heidel-
berg, Germany) and heptafluorobutyric
anhydride (HFBA), isobutanol and ethyl ace-
tate, all of analytical-reagent grade, from Merck
(Darmstadt, Germany). Isobutanol-3 M HCI
was prepared by bubbling anhydrous HCI
through two successive traps containing concen-
trated sulfuric acid and then into isobutanol at
0°C.

In all experiments the furosine standard was
used at a concentration of 0.2 umol/ml and the
norleucine standard at a concentration of 0.25
pmol/ml.

The percentage degradation of furosine was
calculated from the recovery of lysine compared
with the initial lysine content in furosine.

2.2. Instrumentation

Chromatography was performed using a
DANI Model 65.00 gas chromatograph equipped
with a nitrogen—phosphorus detector, a pro-
gramable temperature vaporizer (PTV)-injec-
tion system and a OV-1-CB fused-silica capillary
column (25 m X 0.32 mm O.D. X 0.25 mm 1I.D.)
from CS (Langerwehe, Germany). The injector
was operated in the split mode with a splitting

ratio of 1:20 and the injection temperature was
varied form 54 to 260°C. The detector tempera-
ture was set at 280°C. The detector was provided
with air (140 ml/min) and hydrogen (3 ml/min).

Nitrogen was used as the make-up gas at a
flow-rate of 25 ml/min. The carrier gas (helium)
flow-rate was typically 2.6 ml/min. After 2 min
at 54°C, the oven temperature was programmed
to 260°C at 6°C/min, the final temperature being
held for about 12 min. The chromatograph was
linked to a C-RSA Chromatopac integrator from
Shimadzu (Duisburg, Germany), which per-
formed data acquisition.

2.3. Derivatization

The heptafluorobutyryl isobutyl ester was pre-
pared according to the reaction scheme summa-
rized in Fig. 1. Additionally a possible degra-
dation route of the furosine derivatives is shown.
Compared with the method described by Biiser
and Erbersdobler [8], two slight modifications
were introduced. First, the heating times in the
oven were both increased by about 5 min, and
second, no co-injection with acetic anhydride
was carried out. In a set of experiments, the .
impact of each individual evaporation step on
the percentage degradation was studied. The
experiments are summarized in Table 1.

3. Results and discussion

Typical chromatograms, one for a sample with
a high percentage degradation of furosine and
one for a sample with a low percentage degra-
dation are shown in Fig. 2. Between the nor-
leucine peak (retention time 18 min), used as an
internal standard, and the furosine peak (re-
tention time 36 min), a lysine peak (retention
time 26 min) is recognizable in both instances.

As a pure furosine standard (purity >99%)
was used and confirmed by other chromato-
graphic techniques [7], lysine can only be a
decomposition product of furosine. Repeated
injections of the same volumes from the same
sample solution revealed that the percentage
degradation did not differ. Hence, the main
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Dispensation of the furosine and norleucine standard
solutions into a 1 ml screw-capped glass tube

IEvaporation step 1] l Evaporation at 40 °C, using a

stream of dry nitrogen
Q—cowmg,ccom

furosine Esterification
Addition of 100 ul isobutanol-

3M HCl, heating for 35 min at
. 120 °C, cooling in an ice-bath
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H Ho

CHMHCH, CCOCH,
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furosine isobutyl ester
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N G CHAHCHY CCOCH, heating for 15 min at 150 °C,
o 0 NH cooling in an ice-bath

.

furosine HFB isobutyl
ester

lgyaporation step 3] [ As step 2

Dissolution in 100 gl ethyl acetate

* possible degradation site, leading to the corresponding lysine

105

derivatives
Fig. 1. Derivatization procedure.

Table 1
Experimental conditions
Experiment Extent of dryness in different evaporation steps

Step 1 Step 2 Step 3
A Dry Dry Close to dryness
B Dry Close to dryness Dry
C Dry Close to dryness Close to dryness
D Dry Moist Close to dryness

Close to dryness means that after the evaporation step concerned, a very slight residual moisture remained behind in the

screw-capped glass tube.
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i SN

P Fur

P— 26.329

>.3t8

Fig. 2. Typical chromatograms for (A) a low and (B) a high percentage degradation of furosine. The HFB derivatives were
prepared according to Fig. 1. Peaks: Nor = norleucine; Lys = lysine; Fur= furosine. Numbers at peaks are retention times in min.

cause of the different degradation rates lies in
the derivatization procedure.

In Fig. 3, the percentage degradation under
different derivatization conditions (see Table 1)
is compared. Each column represents the
mean + standard deviation of six to ten determi-
nations.

Evaporation. of - the. underivatized furosine
(step 1, Fig. 1) to dryness did not lead to an

imncreased degradation as compared with an
evaporation performed close .to dryness, sug-
gesting that furosine itself is stable against dry-
ness. Therefore, in subsequent experiments,
evaporation in step 'one was always carried out to
dryness.

Different results were obtained when in step 2
(experiment A) or in step 3 (experiment B)
excess solvent was evaporated to complete dry-
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% degradation

experiment (see table 1)

Fig. 3. Percentage degradation of furosine under different
derivatization conditions.

ness. Then the percentage degradation was high,
ranging from 5.3 to 11.3% for step 2 and from
11.9 to 20.3% for step 3. These results suggest
that the HFB isobutyl ester of furosine is very
sensitive to dryness. Experiments A and B show
that a low percentage degradation of furosine is
obtainable only when in evaporation steps 2 and
3 evaporation is carried out not too far, i.e.,
close but not completely to dryness.

The third evaporation step is especially criti-
cal, because the excess HFBA and also the HFB
isobutyl ester are relatively volatile and hence
the optimum extent of drying can easily be
missed. Moreover, when a large batch of sam-
ples are derivatized simultaneously, the correct
degree of dryness seems difficult to achieve for
all samples.

In experiment D, the effect of an insufficient
evaporation in step 2 was tested. In this instance,
unremoved water, which is formed during esteri-
fication, can react with HFBA to form HFBA
acid. Possibly this contamination leads to the
poor furosine response, with a simultaneous
increase in the variability. Unexpectedly, the
percentage degradation also increased. Similar
observations were made by Moodie et al. [13]
and described for arginine.

Careful evaporation in steps 2 and 3 close to
dryness (experiment C) yielded the best results,
but a percentage degradation ranging from 3.2 to
4.6% has to be accepted.

In conclusions, these experiments have dem-
onstrated that the GC determination of furosine
as the HFB isobutyl ester derivative is affected
by technical difficulties. For this reason, this
method may be useful for comparative and
confirmative assays, but is unsuitable for routine
analytical applications.
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Abstract

The behaviour of standard solutions of fourteen simple organohalogenated pesticides, nine individual polychlori-
nated biphenyls (PCBs) and Aroclor 1242, 1248, 1254 and 1260 on treatment with sulphuric acid, potassium
hydroxide and chromium(IV) oxide was studied by capillary gas-liquid chromatography (cGC) using electron-
capture detection. These methods were applied to confirm the presence of organochlorine residues in river water
and human milk. Positive confirmation with the three treatments were in agreement with capillary GC(cGC)-MS
determinations carried out in the electron impact and selected-ion monitoring mode. After cGC analyses, the
extracts containing possible pesticides or Aroclors were treated with the three chemicals and re-analysed under the
same cGC conditions. The new chromatographic profiles showed many missing artifact peaks, and some pesticides
or PCBs were also destroyed. The presence or disappearance of the peaks after chemical attack makes it possible to
identify the specific pesticides and PCBs analysed. PCBs resist both acid and alkali attacks, but some low-chloride
PCBs are totally or partially destroyed by oxidative treatment. The methods studied are useful for intralaboratory
purification and confirmation of residues of pesticides and PCBs, although they can be insufficient for identifying
organochlorine pesticide residues from some very polluted samples.

1. Introduction

Capillary gas chromatography (cGC) with
electron-capture detection (ECD) for the de-
termination of organochlorine compound res-
idues is a sensitive and selective method that is
used in most research laboratories. However,
extracts of plant, animal or environmental origin
can contain electron-capturing materials other
than pesticides or polychlorinated biphenyls
(PCBs), and this can lead to incorrect identifica-
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tions even if two different polarity capillary
columns are employed.

To eliminate interferences normally occurring
in halogenated residue analyses, several methods
have been proposed. Most of them include
adsorption column chromatography to clean up
the extracts before ¢cGC determination. This
additional step is a major factor affecting the
reproducibility of the overall analytical proce-
dure and it is time, solvent and adsorbent con-
suming.

Adsorbents for column chromatography have
also been mixed or impregnated with other
compounds, such as acids, alkalis or oxidizing

© 1994 Elsevier Science B.V. All rights reserved
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reagents, to help in the clean-up process. For
example, Extrelut-1 was impregnated with sul-
phuric acid [1], Celite with sulphuric acid or
magnesium oxide [2], alumina with potassium
hydroxide or tert.-butoxide [3] and Florisil with
silver nitrate [4].

Alternative methods for purifying extracts
containing organochlorine residues or confirming
some of the possible identified residues include
chemical treatments. These treatments can be
carried out on-line in a gas chromatographic
system, with a liner filled with the chemical
reagent, generally sodium or potassium hydrox-
ide [5-7], magnesium oxide [8] or reducing,
oxidizing, Lewis acid or weak alkali agents [9].
Most chemical treatments, however, are carried
out off-line by mixing the extracts with acid,
alkali, oxidizing or reducing reagents. These
procedures do not require any modification of
the chromatographic system, are inexpensive and
are applicable in most research laboratories.
However, they are not fully utilized by residue
laboratories in routine confirmatory analyses,
and no studies on the behaviour toward potas-
sium hydroxide, sulphuric acid and chromi-
um(VI) oxide treatments of some interesting
pesticide metabolites such as endrin aldehyde
and endrin ketone and individual PCBs were
found in the literature.

Chemical treatments were originally applied to
confirm organochlorine pesticide peaks in resi-
due analyses when they were determined on
packed columns [10-13]. Sulphuric acid dissolves
many organic compounds other than saturated or
chlorinated hydrocarbons. For this reason, it is
used to purify food extracts in organochlorine
pesticide and PCB analyses [14-20]. Alkali metal
hydroxides in ethanolic solution dehydrochlori-
nate pesticides from the bis (phenyl) chloro-
ethane group [21,22]. This effect has been em-
ployed to distinguish DDT and its metabolites
from PCB residues [1,23,24]. Chromium(VI)
oxide in acetic acid solution makes it possible to
determine Aroclors in the presence of DDT and
its analogues [25,26], and to determine total
DDT metabolites as dichlorobenzophenones
present in the interfering Aroclors [27]. The
reactions between cyclodiene pesticides and dif-

ferent acidic, basic and derivatization agents
have investigated to identify the mechanisms of
the reactions [28-30].

Our interest centres on the ability of the most
widely accepted chemical treatments, such as
with concentrated sulphuric acid, ethanolic
potassium hydroxide and chromium(VI) oxide in
acetic acid solution, to purify environmental
extracts and identify pesticide residues. A pre-
liminary report gave the results for the three
cited treatments when they were applied to
eleven organochlorine and ten organophosphor-
us pesticides [31].

2. Experimental
2.1. Reference materials

Aldrin (purity 98%), endrin (95%), endrin
ketone (98%), heptachlor (99%), heptachlor
epoxide (99%), hexachlorobenzene (HCB)
(99%), lindane (99%) and methoxychlor (99%)
were purchased from Promochem (Wesel, Ger-
many), o,p-DDD (99%), p,p’-DDD (99%)
from Aldrich, (Alcobendas, Spain) and P,p’-
DDE (99%), p,p'-DDT (99%), dicofol (99%),
endrin aldehyde (98%) and individual PCBs
from Riedel-de Haén (Seelze, Germany). Com-
mercially available PCB mixtures, Aroclor 1242,
1248, 1254 and 1260, were purchased from
Supelco (Bellefonte, PA, USA).

2.2. Solvents

Ethyl acetate, n-hexane, ethanol and methanol
(Nanograde quality) were purchased from
Promochem.

2.3. Reagents

Sulphuric acid (sp. gr. 1.84), glacial acetic
acid, potassium hydroxide and chromium(VI)
oxide were of analytical-reagent grade from
Merck (Darmstadt, Germany). Reagent solu-
tions were as follows: acidic solution, 90% sul-
phuric acid; alkaline solution, 2 M potassium
hydroxide in ethanol; and oxidative solution, 5g
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of chromium(VI1) oxide dissolved in 3 ml of
distilled water with addition of 60 ml of glacial
acetic acid.

2.4. Apparatus

A Konik KNK 2000C gas chromatograph
(Sant Cugat del Vallés, Barcelona, Spain)
equipped with a Ni® electron-capture detector
and a Spectra-Physics SP 4290 integrator were
used. A Hewlett-Packard HP 5890 gas chromato-
graph equipped with an HP 5970 mass-selective
ion detector (quadrupole), HP 59970 MS-CHEM
station and HP 59973 NBS mass spectral library
was also used.

The working fused-silica capillary column for
both gas chromatographs was 0.25 pm bonded-
phase BP-5 (5% phenyl-methylsiloxane) (25
m X 0.22 mm 1.D.) provided by Scientific Glass
Engineering (Ringwood, Victoria, Australia).
For confirmatory purposes a 0.25-um bonded-
phase DB-17, (50% phenyl-methylsiloxane) col-
umn (30 m X 0.24 mm 1.D.) provided by J & W
Scientific (Folsom, CA, USA) was employed.

2.5. Gas chromatographic conditions

With the KNK 2000C system, the injector
temperature, operating in splitless mode (0.7
min), was set at 285°C, the detector temperature
was set at 300°C and the oven temperature was
programmed as follows: initial temperature 50°C
(0.8 min), increased at 30°C min~' to 140°C,
held for 2 min, then increased at 5°C min~' to
280°C, the final temperature being held for 12
min.

With the HP 5890 system, the injector and
oven temperatures were the same as for the
KNK 2000C system, the transfer line was set at
300°C, the mass spectrometric source was set at
200°C, the electron impact (EI) energy was set at
70 eV and selected-ion monitoring (SIM) was
performed according to characteristic ions of the
pesticides and PCBs to be analysed.

2.6. Extraction procedures

Water analysis was based on solid-phase ex-

traction (SPE) with preparative octadecylsilica
placed in a glass minicolumn, as in previous
work [32-34].

Human milk was analysed as described by
Manes and co-workers [35,36]. The samples
were treated with methanol and distilled water to
destroy the fat globules and then extracted with
a glass minicolumn of octadecylsilica.

2.7. Acid, alkali and oxidative treatment
procedures

These procedures were fully described in a
previous paper [31], and can be summarized as
follows: extract-containing pesticides or PCBs
were mixed with 90% sulphuric acid, chromic
(VI) oxide in glacial acetic acid at 75-80°C or 2
M ethanolic potassium hydroxide, shaken for a
few minutes, washed to eliminate the excess of
the reagents and then the organic layers were
recovered and re-analysed by ¢GC.

3. Results and discussion

Tables 1 and 2 give the recoveries of the
studied organochlorine pesticides and PCBs,
respectively, after the chemical treatments at two
concentration levels. The results show the ap-
plicability of the three chemical treatments at
trace levels of the studied compounds.

Of the three treatments, the sulphuric acid
treatment gives the least degradation. It is usual-
ly applied to purify extracts containing lipids in
organochlorine pesticide analyses [4] and in PCB
analyses [19].

Our results agree with other reports of the use
of sulphuric acid in all instances except for
heptachlor epoxide, which some workers
[12,17,37] state is not degraded by sulphuric acid
attack. Another report [18] describes a lower
recovery for heptachlor epoxide than for other
pesticides that do not contain oxygen. In some
studies heptachlor epoxide was destroyed by a
mixture of acetic anhydride in hydrobromic acid
[10], hydrochloric acid [29] and trifluoroacetic
acid [38]. Under our experimental conditions the
degradation occurs at both levels of concentra-



112

Table 1

E. Viana et al. /| J. Chromatogr. A 678 (1994) 109-117

Recoveries (% not destroyed by acid, alkali and oxidant treatments) of standard organochlorine pesticide solutions at two

concentration levels

Pesticide Working Recovery after treatment (%)

solution

(pg/ml) Acid Alkali Oxidant

Level 1 Level 2 Level 1 Level 2 Level 1 Level 2 Level 1 Level 2
Aldrin 0.10 1.00 57x12 605 8415 87+3 0 0
o,p’-DDD 0.35 2.55 9210 952 75+13 79+6 78+ 11 81+4
p,p'-DDD 0.60 5.50 9210 944 0 0 0 0
p.p'-DDE 0.15 1.50 85+14 88+2 8512 905 0 0
p,p'-DDT 0.25 2.00 8014 88+5 0 0 49+ 17 50+9
Dicofol 0.75 6.00 6515 79+8 0 0 0 0
Endrin 0.25 2.00 0 0 85+12 896 0 0
Endrin aldehyde 0.30 2.50 8710 94+3 6915 72+5 0 0
Endrin ketone 0.30 2.50 94+ 11 96+ 6 0 0 94 + 10 98+6
HCB 0.10 0.50 7212 75+5 70+ 14 78+4 73+14 77+4
Heptachlor 0.10 1.00 79+12 89+8 85+ 16 94+7 0 0
Heptachlor epoxide 0.10 1.00 0 0 71+13 768 8512 91+8
Lindane 0.10 1.00 90+ 13 92+8 0 0 50+ 14 50+7
Methoxychlor 0.35 295 5015 539 80+ 11 837 0

See Experimental for details of the treatments. Results are means + relative standard deviations for quintuplicate analyses.

Table 2

Recoveries (% not destroyed by acid, alkali and oxidant treatments) of standard PCBs and Aroclors at two concentration levels

Pesticide Working Recovery after treatment (%)

solution

(pg/ml) Acid Alkali Oxidant

Level 1 Level 2 Level 1 Level 2 Level 1 Level 2 Level 1 Level 2
2’'-PCB 5.00 35.00 97 =11 97+4 96 £ 13 97 x4 64 £17 66+ 6
2'2'-PCB 4.00 28.00 92+10 953 95+ 14 97+3 68 15 68 =5
2,4'-PCB 0.60 3.60 - 97+ 13 974 98 + 10 98+3 0 0
4,4'-PCB 4.00 24.50 9712 98 +4 99+ 14 99+3 0 0
2,4,5'-PCB 0.40 2.40 98 + 14 98+ 6 97 £ 10 98+5 60 x 14 62+7
3,3',4,4'-PCB 0.35 1.80 96 10 97+3 96 +12 97+4 0 0
2,2',4,5,5'-PCB 0.25 1.25 94 +14 975 96 + 15 97+6 95+13 96 =£5
2,2',44'55'-PCB 0.15 0.60 9%+ 12 98 +7 95+11 97 £8 97+10 98+6
Decachlorobiphenyl 0.10 0.50 95+ 10 99 =7 98 + 14 995 98 + 11 99 + 4
Aroclor 1242 0.35 2.55 97+ 10 985 96 + 12 96 =10 87+14 888
Aroclor 1248 0.20 2.00 97 +12 99 =5 97+ 14 96+9 91+14 95+5
Aroclor 1254 0.20 2.00 96 + 11 977 95+ 14 96+6 95+ 10 95+ 6
Aroclor 1260 0.10 1.50 9711 97+8 96 + 12 97 +8 98 £ 11 97+8
Aroclor 1262 0.10 1.60 97+10 98 +7 97+13 95+4 97+12 97+4

See Experimental for details of the treatments. Results are means = relative standard deviations for quintuplicate analyses.
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tion studied. The 20-ug concentration level was
also studied by cGC-MS in the scanning mode,
and the profile clearly showed the disappearance
of the heptachlor epoxide peak. The discrepancy
can be attributed to the presence of an artifact
peak when packed columns are used with ECD
detection in place of capillary columns with a
highly stable bonded phase in an MS detector, or
more probably to a longer reaction time with
sulphuric acid under our analytical conditions.
The behaviour of endrin aldehyde and endrin
ketone towards sulphuric acid treatment has not
been reported in the literature so no comparison
can be made.

The results of potassium hydroxide treatment
are substantially different from those reported in
the literature because all the reference studies
were carried out at 100°C whereas our treatment
was done at room temperature; at 100°C o,p’-
DDD [12,21-22], heptachlor [29], dicofol [11]
and methoxychlor [11,21,23] were destroyed.
This destruction does not occur at room tem-
perature (see Table 1) even if 5 M KOH is
employed instead of 2 M KOH. These results
suggest that KOH treatment is highly tempera-
ture dependent and this parameter must be
controlled carefully. For example, carrying out
the reaction in steam of water destroys only 30%
of the heptachlor [21]}.

When the alkaline reaction is carried out at
100°C, it is more destructive than the same
reaction at room temperature. At room tempera-
ture o,p’-DDD, o,p’-DDT [31], B-HCH [31],
heptachlor, dicofol and methoxychlor were not
destroyed and could be determined, but the
purification power was also diminished. No ref-
erences to reaction products of alkaline attack on
endrin aldehyde and endrin ketone were found.
The stability of the cyclodienes aldrin, endrin,
dieldrin [31] and isodrin [31} when subjected to
alkaline attack at room temperature is remark-
able (Table 1). Aldrin [3,21], dieldrin [3], endrin
[3] and isodrin [3,21] remain unaltered under
alkaline attack at 70-100°C. Endrin aldehyde is
slightly affected at room temperature and endrin
ketone is virtually destroyed (Table 1).

Fig. 1a shows the chromatographic profiles of
a standard mixture of organochlorine pesticides.

Peaks remaining after the acidic, alkaline and
oxidative treatments are shown in Fig. 1b, ¢ and
d, respectively. Chromium(VI) oxide is the most
destructive of the three treatments.
Chromium(VI) oxide treatment yields the
cleanest chromatographic profiles (see Fig. 2),
although a large part of the pesticides studied
were partially or totally destroyed. For this
reason chromium(VI) oxide is frequently applied
to determine residues of PCBs from Aroclors in
environmental samples [24-27], but it degrades
some PCBs that have low or medium chlorine
contents (see Table 2). This means that the
determination of Aroclors is carried out with
losses, which are higher for low chlorine-content
Aroclors. This effect has been reported by most
researchers [24,26,27] but not reproduced by
some [25]. It can be seen from Table 2 that
Aroclors with a low chlorine content are de-
graded more than those with a high chlorine
content. In addition, individual PCBs were
studied, but the effects of the position of chlo-
rine and the number of chlorine atoms on the
rings and the degradation relationship were not
evident. Of the individual PCBs studied, only
those containing less than five chlorine atoms
were destroyed. A lower chlorine presence and
degradation were not directly correlated. For
example, 2-PCB containing only one chlorine
was not destroyed. More chlorine substitution on
the same ring does not always protect against
degradation (e.g., 2,4,5-PCB was not degraded
whereas 2,4-PCB was virtually destroyed).
Some compounds from the degradation of the
studied compounds after such treatments are
well known. Sulphuric acid degrades endrin to its
metabolites endrin aldehyde and endrin ketone
[1,18,30]. This conversion was not quantitative,
and the metabolites only appeared on the chro-
matogram if a sufficient amount of endrin was
present in the extract. The ability of strong acids
to destroy endrin has been well established
[30,37]. Trifluoroacetic acid also destroys endrin
and partially destroys endrin aldehyde [38].
Alkaline treatment degrades p,p’-DDD to
p,p’-DDMU, dicofol to dichlorobenzophenone,
p,p’-DDT to p,p’-DDE at room temperature
and o,p’-DDD to o,p’-DDMU [12,21}], o,p'-
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DDT to o,p’-DDE [12] and methoxychlor to its
corresponding olefin [11,23] at 100°C.

Chromium(VI) oxide reacts with p,p'-DDE
and dicofol to form dichlorobenzophenones [25]
and with heptachlor to from heptachlor epoxide
[11]. Trichlorobenzoic acids were found via NBS
mass spectral standards to be possible degra-
dation products of some individual PCBs, and
endrin ketone was partially formed from endrin
on chromium(VI) oxide attack.

Some degradation products must be men-
tioned because they are interesting organo-
chlorine residues and present retention times
similar to those of the other compounds studied.
Other degradation products such as ben-
zophenones or trichlorobenzoic acids show re-
tention times shorter than that of lindane under
our ¢cGC conditions and they are poor indicators
of the presence of their precursors because
elution occurs in a peak-rich zone of .the chro-
matogram when real samples are processed. The
presence of benzophenones is therefore poorly
selective because they are known degradation
compounds of many diphenyl-substituted com-
pounds such as drugs [39,40].

In Table 1 it can be observed that the be-
haviour of pesticides (cyclodienes, diphenyl-
ethane derivatives, HCH isomers) on chemical
treatments of the same chemical kind are dis-
similar. With the same chemical treatment, some
of the pesticides in a family are degraded where-
as others persist. It should be pointed out that all
of the diphenylethane derivatives are acid resis-
tant and only o,p’-substituted diphenylethane
derivatives are more chemically resistant than
their p, p’-analogues (Table 1) {31].

This chemical resistance could be a partial
reason for the remaining of o,p’-DDT metabo-
lites in environmental samples even when gener-

Fig. 1. Chromatogram of working organochlorine pesticide
solution obtained (a) without any treatment, (b) after acid
treatment, (c) after alkali treatment and (d) after oxidant
treatment. Peaks: 1= HCB; 2 = lindane; 3 = heptachlor; 4 =
aldrin; 5= dicofol; 6 = heptachlor epoxide; 7=p,p’-DDE;
8=0,p’-DDE; 9=0,p’-DDD; 10 = endrin; 11 =p,p’-DDD;
12 = endrin aldehyde; 13 = endrin ketone; 14=
methoxychlor.
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Fig. 2. (2) Chromatograms for a human milk sample, ob-
tained by GC-ECD, (a) without any chemical treatment and
after (b) acid, (c) alkali and (d) oxidant treatment. % = Peak
at the same retention time as HCB; OO = peak at the same
retention time as p,p’-DDE; @ = peak at the same retention
time as methoxychlor. See text for operating conditions.

ally high-purity p,p'-DDT was utilized as pes-
ticide.

Minor changes in the methods can change the
results. In the sulphuric acid treatment, a small
variation in the acid concentration strongly af-
fects the recovery of methoxychlor [1]. This
explains the irregular recoveries and poor
R.S.D.s with the sulphuric acid treatment (see
Table 1).

6""%""16",'l;',"l'zd"|‘ésll|‘ly)'ll‘js‘
TIME(min)

Fig. 3. Chromatograms obtained from a water sample con-
taining Aroclor 1254, (a) before treatment and (b) after
treatment with chromium(VT) acid.
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When the alkaline treatment was carried out
in the presence of water, DDT was not degraded
to DDE [10]. On the other hand, important
differences were found when the reactions were
carried out at 100°C (results in the literature)
instead of room temperature (this work). The
reaction of p,p’-DDD with chromium(VI) oxide
is reported to be temperature dependent and
moisture sensitive [13]. To minimize these differ-
ences, treatments can be carried out in parallel
with standards containing a pesticide or Aroclor
at the suspected concentrations.

The purification power of the treatments
studied may be insufficient for samples very
highly contaminated with compounds other than
pesticides or Aroclors. In such cases,
chromium(VI) oxide is the best of the three
treatments for Aroclor analyses and for the few
organochlorine pesticides that resist oxidation,
such as o,p’-DDD, p,p’-DDT, HCB, hepta-
chlor epoxide, lindane and endrin ketone. o,p’-
DDT, endosulfan sulphate, mirex and, to a
certain extent, a«-HCH, B-HCH and §-HCH
[31], can be also included in this group.

Another drawback with the proposed method
is a poor limit of detection because three aliquots
of sufficient concentration are required. This
drawback can be minimized by working without
fractionation of the extract and starting with the
least destructive method, i.e., acid treatment,
followed by alkali treatment and finally by the
most destructive oxidative treatment.

To confirm the applicability of the treatments
to real samples, the proposed method was used

Table 3

Pesticides present in surface water samples from the Valencia area

to confirm the presence of organochlorine com-
pound residues in surface water and human milk
extracts.

The water samples were extracted and ana-
lysed by ¢GC with ECD and the working BP-5
column. If peaks of possible pesticides or PCBs
appear in the first chromatogram, a second
analysis is carried out on the DB-17 column. If
the retention times do not confirm the presence
of the possible pesticides or PCBs, the result is
negative. If the retention times coincide with
those of possible identified compounds, aliquots
of organic extracts are treated using chemical
procedures. Only if the three results of the
chemical treatments agree with the results in
Table 1 are the analyses positive. Fig. 3 shows
the chromatograms obtained from a water sam-
ple containing -Aroclor 1254, (a) prior to any
treatment and (b) after treatment with
chromium(VI) oxide.

As can be in Table 3, the organochlorine
pesticides aldrin and o,p’-DDD were confirmed
after treatment in some water sample, whereas
in two other samples, aldrin and heptachlor
epoxide gave false-positive results.

The human milk analyses were performed in
the same way as for water samples but samples
containing possible ‘residues were also analysed
by EI-MS-SIM. In all instances, chemically posi-
tive identifications agreed with the EI-MS-SIM
analyses.

In conclusion, chemical treatment offers a
means of achieving residue analyses with signifi-
cant savings of reagents, glassware and equip-

Sample Pesticide Chemical treatment Confirmation
No. possible
Acid Alkali oxidant
1 Aldrin + - - Negative
2 Aldrin + + + Positive
o,p'-DDD + + + Positive
3 Heptachlor epoxide - - - Negative
4 o,p’-DDD + + + Positive

+ = Unaltered; — = destroyed.
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ment. If the analyses do not include chemical
confirmation, it must be assumed that some of
the positive analyses are false.

However, sulphuric acid treatment, only al-
lows the determination of acid-stable compounds
and column chromatographic clean-up has to be
used if the determination of acid-labile com-
pounds is required. For example, dieldrin, a-
endosulfan, B-endosulfan, isodrin [31], endrin
and heptachlor epoxide are degraded by sul-
phuric acid and cannot be determined by this
technique.

Chromium(V1) oxide provides clean chro-
matographic profiles, but this technique is not
recommended for the determination of low chlo-
rine-containing Aroclors in environmental sam-
ples. Quantification errors can be diminished by
carrying out parallel runs with similar concen-
trations of suspected Aroclors or choosing in-
dividual PCBs that are not degraded by this
method.
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Abstract

Two procedures for dating ballpoint inks are considered that use gas chromatography (a combination of the
technique for determining the extent of extraction of ink volatile components and of the accelerated ageing
technique) and densitometric thin-layer chromatography (separation of ink components and evaluation of the
resulting chromatograms using a specially developed mass-independent technique that is also a very effective tool
for the comparative TLC examination of similarly coloured inks, paints, fibres and other materials of forensic
interest). The procedures have been used in many real case situations and the results of the examinations were

accepted as conclusive evidence by courts of law.

1. Introduction

Gas chromatography (GC) and densitometric
thin-layer chromatography (TLC) have been
demonstrated to be useful tools for the solution
of many problems frequently encountered in ink
analysis, including ink dating problems [1-4].
Recently, five new procedures for dating ball-
point inks have been described [5,6]. Two of
them, based on using chromatographic methods,
are as follows.

(1) A GC method is used to determine the
extent of extraction of ink volatile components,
which decreases as ink ages on paper. The
procedure considered in this paper combines the
capabilities of this method and of the accelerated
ageing technique. The procedure allows discrimi-

¥ Presented in part at the 13th IAFS Meeting, Diisseldorf,
Germany, August 1993.
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nation between “fresh” (age less than several
months) and “old” ballpoint ink entries and it
does not need dated reference entries written
with ink having the same formula as that of the
questioned ink.

(2) A TLC method is used for determining
age changes in resins and other colourless non-
volatile ballpoint ink components; these changes
are detected by observing the resulting thin-layer
chromatograms under UV illumination and
evaluated by using scanning densitometry. The
modified TLC procedure described in this paper
includes a new, mass-independent approach to
evaluating thin-layer chromatograms that allows
one to obtain the values of an “ink ageing
parameter” [7] directly proportional to the ratios
of the masses of the separated ink components
(dyes, resins, etc.). For this reason, the proposed
procedure gives more reliable results for ink age
determination than those obtainable with the

© 1994 Elsevier Science B.V. All rights reserved
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widely used peak signal-to-peak signal ratio
technique. The described approach is also a
powerful tool for the comparative examination
of similarly coloured inks, paints, fibres and
other materials of forensic interest as its dis-
criminating power is much greater than that
usually produced by the peak ratioing technique
{8-10].

2. Experimental
2.1. Materials

Up to 15-year-old entries written with Soyuz
ballpoint inks of different colours having similar
compositions of colourless components were
analysed by GC. Entries of known ages (1 day, 1
month, 1, 2, 3 and 6 years old) written with a
Parker blue ballpoint ink were analysed by TLC.

Camag N-11 polypropylene micro vials with
cone-shaped interiors and a 10-ul Hamilton
syringe were used. ‘

2.2. Gas chromatography

A Hewlett-Packard Model 5890 gas chromato-
graph equipped with a flame ionization detector
and an HP split-splitless injection system was
used. A SCOT column containing SP-1000 (poly-
ethylene glycol 20M terminated with nitro-
terephthalic acid) (Supelco) (25 m X 0.5 mm
1.D.) was used with nitrogen (4 p.s.i.) as the
carrier gas at a flow-rate of 40 ml/min. The
column oven temperature was programmed from
50°C (held for 0.5 min) at 10°C/min to 220°C
(held for 6 min). The injection volume was 2 ul
(splitless) at 250°C. A flame ionization detector
was used at 250°C.

Each sample was obtained by cutting out a ca.
1-cm sliver of ink of approximately equal thick-
ness from the paper using a safety razor and
placed in a micro vial. A 10-p1 volume of carbon
tetrachloride as a “slowly extracting weak sol-
vent”, containing 10 pg/ml of benzyl alcohol as
an internal stranded (if benzyl alcohol is detected
in ink samples in significant amounts, another
appropriate substance can be used as an internal

standard) was added and the vial was capped.
After 30 min a ca. 2-ul aliquot of each sample
was removed and analysed by GC.

The samples were removed from the extrac-
tion solutions, dried and placed into other micro
vials. A second extraction was carried out for 1
min, stirring with a needle, with 10 w1 of chloro-
form (‘“‘fast-extracting strong solvent”) also con-
taining benzyl alcohol in the same concentration.
About 2 nl of each extract were removed and
analysed by GC.

The masses of a vehicle component deter-
mined in each of the two extracts analysed (M,
and M, for the first and second extractions,
respectively) were calculated by means of the
internal standard method. The percentage ex-
traction [1,5], that is, the percentage of the mass
of the ink vehicle component, %M, extracted in
the “weak” solvent (relative to its total amount
contained in the sample analysed), was calcu-
lated as follows:

%M =[M,/(M, + M,)] - 100

The values of %M obtained for all samples
analysed were plotted against the age of the
known ink entries (see Fig. 1).

2.3. Thin-layer chromatography

To obtain an ‘‘ageing curve’, samples as two
1-cm slivers of ink of approximately equal thick-
ness were taken from five entries of known ages
(X,-Xs). Three more samples were taken from
a 2-year-old entry that was analysed as a
questioned (Q) entry. Each sample was placed in
a micro vial and extracted for 2 min with 15 ul of
chloroform, stirring with a needle. A calibration
standard solution was prepared by the treatment
of eight 1-cm slivers taken from a 1-month-old
entry with 60 ul of chloroform. Volumes of 10 ul
of the obtained extracts and 5,8,11 and 15 ul of
the calibration standard solution (calibration
standards, S,-S,) were applied to a 20 X 10 cm
precoated Merck HPTLC silica gel 60 F,s, plate
as 8-mm bands by means of a Camag Linomat-3
applicator. One-dimensional ascending develop-
ment was performed with ethanol-acetone—hex-
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ane (1:5:20, v/v/v). The development distance
was 50 mm.

The resulting chromatograms contained zones
of two ink components, A and B. For five
samples, X,—Xj, the relative proportion of these
components was obviously linked with the age of
the ink (see Fig. 2). The chromatograms were
scanned densitometrically by reflectance in the
absorbance mode for fluorescence quenching at
254 nm using a Camag TLC/HPTLC scanner
(with a mercury lamp, monochromator band-
width 30 nm, slit dimensions 0.3 X5 mm and
scanning speed 1 mm/s) connected to an SP4100
integrator (Spectra-Physics). The densitometric
data obtained were evaluated with external stan-
dards in the following way.

For the calibration standards S,-S,, it was
assumed that the contents of components A and
B per zone (their real values are unknown, as
follows from the procedure used for preparing
the calibration standard solution) were equal to
the corresponding values of the volumes of the
calibration standard solution applied to the plate
(see Table 1).

For each calibration standard component, A
and B, a logarithmic (this function gave the best
correlation coefficient in all non-linear calibra-
tions that were tested in the given case) approxi-
mated calibration graph was constructed and
then the contents C, and Cy of components A
and B per zone were determined for the chro-
matograms of the samples taken from the known
and Q aged entries.

The ratio C,/Cy, was calculated for each

Table 1
Contents of components A and B in the chromatographic
zones of the calibration standards

Standard® Volume Component content
applied (mg per spot)
(1)
A B
S, 5 5 5
S, 8 8 8
S, 11 11 11
S 15 15 15

EN

* Extract from the 1-month ink entry.

sample. The values obtained were plotted
against the actual age of the known ink entries
and the age of the Q ink entry was determined
(see Table 3 and Fig. 3).

3. Results and discussion
3.1. Gas chromatography

Figure 1 shows ageing curves obtained for
Soyuz ballpoint inks of different colours having
similar compositions of colourless components.
The curves show that significant ageing taking
place over a period from about 6 months to more
than 2 years for different inks. After this period
until the age of 15 years the extent of the
extraction of the volatile component, phenoxy-
ethanol, from the ink entries remained at about
20+ 10%.

An explanation of this result characterizing the
mechanism of evaporation of volatile compo-
nents (such as phenoxyethanol, phenoxy-
ethoxyethanol and other high-boiling vehicles
frequently used as the ingredients of ballpoint
inks) from ageing inks has been given previously
[5). It was considered that the evaporation pro-
cess includes a limiting stage of diffusion of a
vehicle from the interior layers of the ink body

PERCENT EXTRACTION (%M)
90

80 \
Q\

Y

10}
60 l
50 | \ \
40 \ 1
30 i
20 } _\ I I I
) \2/
4 A L 1. Y N ot ] v
0.5 1 1.5 2 25 6 1277715
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Fig. 1. Ageing curves obtained for violet, blue, green and
black Soyuz ballpoint inks: 1 and 2 relate to the maximum
and minimum values of %M obtained for the inks analysed.



122 V.N. Aginsky. | J. Chromatogr. A 678 (1994) 119-125

to the surface of the film. For the same vehicle
and thickness (depth) of the ink film, the ef-
ficiency of the diffusion process is mainly a
function of the nature of ingredients of inks such
as resins and polymers. Moreover, if the resin is
capable of polymerizing, i.e., of cross-linking,
the diffusion process slows as an ink ages on
paper, and at a certain stage of ageing it can
virtually stop. For this reason the remaining ink
volatile components can be detected in the ink
line even after a long period of time; this is
shown in Fig. 1 for up to 15-year-old entries
written with Soyuz ballpoint inks.

In such situations, a ‘“weak” solvent (with
regard to hardened ink resins), being unable to
penetrate inside an old ink line, extracts the ink
volatile components only from its exterior layers.
However, the newer the ink, the more exterior
layers of the ink become available to the weak
solvent, and hence a greater amount of the
volatile components is extracted.

Fig. 1 is a good illustration of the above
observation that the extraction efficiency of a
“weak” solvent decreased from about 90% for
fresh writings to about 20% for old writings.

It should be noted that the proposed method
includes also an important stage that is carried
out if the values of %M determined for the Q
ink entry are larger than ca. 60%. In this event,
another sample (1-cm sliver) is taken from the
ink entry, heated moderately, e.g., at 80°C for 5
min, and analysed as described under Ex-
perimental. The percentage extraction value,
%M., is calculated for the heated sample and
compared with the value of %M that was de-
termined for the unheated sample. If the differ-
ence between %M and %M, is ca. 10% or
larger, it can be concluded that the ink entry
analysed is a fresh one. If the difference is less
than 10%, it means that a more suitable “weak
solvent” should be chosen for a given ink.

For example, as a result of studying the ageing
process of many ballpoint inks of different
formulae by using the proposed method, it has
been established that if, for a given ink, the
analytical results are %M >70% and %M —
DM, _goec. 5 min > 10%, then the age of the ink
analysed is less than ca. 6 months (depending on

the ink formula, this value may decrease to ca. 2
months).

As an example, Fig. 1 shows the results of the
age determination obtained for the Q entry (in
fact, it was a 3-month old entry written with a
Soyuz blue ballpoint ink) using the proposed
method.

The method demonstrated high efficiency in
many actual case situations when it was neces-
sary to determine whether the age of the Q entry
was less than several months or not less than 1
year. Such cases are fairly typical when the
investigator suspects that the given entry or
signature was made after the time the inves-
tigation began. Some similar examples have been
presented by Cantu [11].

3.2. Thin-layer chromatography

Fig. 2 demonstrates the view under UV illumi-
nation of the fragment of the thin-layer chro-
matogram (without the chromatographic zones
of the paper’s ingredients) and corresponding
densitograms obtained for samples taken from
entries written with Parker blue ballpoint ink. A
and B represent separated colourless compo-
nents of interest in the ink analysed.

It is clearly seen in Fig. 2 that there is an

UV light (254 nm)
len Front

—————————— Start

5152838 @ XX X3% X

Fig. 2. Fragment of the thin-layer chromatogram (UV detec-
tion at 254 nm) and corresponding densitograms obtained for
Parker blue ballpoint ink entries of different ages. S,-S, are
calibration standards; Q relates to an entry of questionable
age; X,—X, relate to known ink entries: X, =1 day, X, =1
month, X, =1 year, X, =3 years, X, =6 years old.
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obvious link between the relative proportion of
substances A and B and the age of the ink
writings examined: the substance A/substance B
ratio gradually increases as the ink ages (it is a
minimum for a fresh, 1-day-old entry, the X,
track, and maximum for a 6-year-old entry, the
X, track).

As a rule, the relative proportions of the
components separated by TLC are evaluated by
obtaining related densitometric data and further
by calculating the ratios of the components’ peak
signals [1-3,8,9]. However, this approach has
been shown to produce erroneous results
because, in densitometric TLC, when chromato-
grams are scanned by reflectance in the absor-
bance mode, the relationship between signal
output (peak height or peak area) and the
content of a separated zone is hardly ever a
directly proportionality {10,12,13].

In this connection, a more reliable approach is
offered here. It can be considered as a version of
the external standard method for evaluating thin-
layer chromatograms for cases typical in forensic
analysis when information on the quantitative
and even qualitative composition of samples to
be analysed is not available and, therefore,
calibration graphs cannot be obtained for the
analytes. (Another way to avoid erroneous re-
sults produced by the signal-to-signal ratio tech-
nique includes the application of the approach
based on the mass-independent version of the
peak ratioing technique [10,13].)

The proposed method allows one to obtain the
actual mathematical functions of signal versus
content for any two components, A and B, of
the materials analysed within a certain calibra-
tion range of the contents of these components,
C.ia—Coax- This calibration range is formed by
applying at least four or five calibration stan-
dards on a TLC plate as follows.

If samples are sprayed on as narrow bands,
different volumes of only one standard solution
can be applied to form a calibration range,
Coin — C.x- An important characteristic of the
method is that the real values of C,;, and C_,,
can be unknown to the examiner: only the values
of C_,../C... and C,/C,,, (where i relates to a
calibration standard characterized by the content

of a component per zone that is less than C_
and larger than C,_;,) must be known, as was
described under Experimental.

If samples are applied as spots, calibration
standards should be prepared in different con-
centrations and spotted as a fixed constant vol-
ume: multiple spotting of a single standard
solution to generate a calibration graph is not
acceptable for accurate quantification as there is
no simple correlation between signal response
for a constant amount of substance and spot size
in scanning densitometry {12]. In this case, the
contents of components A and B per zone are
assumed to be equal (or directly proportional, if
only dilution factors, not real concentrations, are
known for the calibration standard solutions) to
the corresponding concentrations of the calibra-
tion standard solutions. Hence the value of the

- ratio of the contents of any component in the

chromatographic zones corresponding to any two
prepared calibration solutions will be equal to
the value showing how many times one of these
solutions is more (or less) concentrated than the
other.

Further, for each component A and B, an
appropriate approximation function is found and
used as a calibration function for calculating the
contents, C, and Cg, of components A and B
per spot of the samples taken from the entries of
the known and questionable ages. Although
these content values are not real, this is not
sufficient for the considered method: the main
point is that the ratios of these values, C,/Cjy,
are independent of mass, in contrast to the peak
ratioing technique that is based on using the
mass-dependent values of signal,/signalg (see
Table 2).

Tables 2 and 3 show peak-height values calcu-
lated by an integrator for the separated com-
ponents of the Parker ink analysed, PH, (for
component A) and PH, (for component B), and
the values characterizing the relative proportions
of the components A and B calculated by using
the peak rationing technique (fourth column)
and the proposed “content” ratioing method
(last column).

Fig. 3 shows ageing curves obtained for the
Parker ink by plotting the values of the ratios
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Table 2
Data obtained for calibration standards
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Standard Integrator reading® Ratio of Ratio of
peaks, contents®,
PH, PH, PH,/PH, C,/Cy
S, 31032 90 506 0.34 1.02
S, 51716 99 126 0.52 0.98
S, 73261 107 745 0.68 0.96
S, 88782 112 056 0.79 1.04
Mean 0.58 1.00
R.S.D. 0.34 0.04

* Peak heights, PH, and PH,, were plotted against the contents C, and C; (see Table 1). As a result, the following regression

equations and correlation coefficients (r*) of the logarithmic calibration graphs were obtained: PH,

—56 496 + 53529 log C,

(r*=0.9929) and PH,, = 57 816 + 20 258 log C;, (> =0.9894). Using these equations, the values of C, and C; were recalculated
for each standard, S,-S,, and used for caiculating the content ratio values listed in the last column.

listed in the last two columns of Table 3 against
the actual age of the known ink entries.

The results of determining the age of the Q
entry (in fact, the age of this entry was 2 years)
are also shown in Fig. 3 and presented in Table
3.

It is clearly follows from Fig. 3 and the data in
Tables 2 and 3 that, in comparison with the peak

Table 3
Data obtained for ink entries

ratioing technique, the proposed mass-indepen-
dent content ratioing method gives a significant
increase in the accuracy and precision of ink age
determination.

It should also be noted that this method can be
successfully applied to a comparative TLC ex-
amination of similarly coloured inks, paints,
fibres and other materials of forensic interest, as

Ink Integrator reading Ratio of Ratio of
entry peaks, contents,
PH, PH, PH,/PH, C,/Cy
X, 39659 110334 0.36 0.45
X, 64 644 103 435 0.63 1.01
X, 79735 94 817 0.84 2.04
X, 84472 94 388 0.89 2.27
X, 88 351 93093 0.95 2.60
Q 81887 93529 0.88 2.26
87963 96 975 0.91 2.14
80168 93394 0.85 2.20
Age determined for the Q entry (years) 1.3 1.4
2.6 2.4
4.1 3.0
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Fig. 3. Ageing curves obtained for the Parker ink using (a)
the content ratioing method and (b) the peak ratioing
technique.

its discriminating power is much greater than
that usually produced by the widely used mass-
dependent signal-to-signal ratio technique.

4. Conclusions

Two complementary methods for dating ball-
point inks have been considered. The method
using GC allows discrimination between fresh
(age not greater than a few months) and old
ballpoint inks, including inks with formulae
unknown to the examiner. It is effective for
analysing ballpoint inks that contain phenoxy-
ethanol, phenoxyethoxyethanol or similar high-
boiling vehicles.
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The method using TLC allows the detection of
age changes in resins and other non-volatile ink
components. It includes a new procedure for
evaluating thin-layer chromatograms of sepa-
rated ink components. Being mass-independent,
this procedure gives much more correct results
for dating inks than those obtained with the aid
of the widely used signal-to-signal ratio tech-
nique.

Both methods, together and separately, have
been used in many actual case situations and the
results of the examinations have been accepted
as conclusive evidence by courts.

Further work is necessary to evaluate the
limits of the applicability of the methods to
numerous inks that are on the market.
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Abstract

The R,, values of a series of antibacterial quinolones were measured at pH 9.0 and 1.2 using a reversed-phase
TLC system with acetone, methanol or acetonitrile as the organic modifier of the mobile phase and silicone DC 200
as the impregnating agent of the silica gel layer. The data obtained provide a further contribution to the assessment
of the basic aspects of the chromatographic determination of lipophilicity for ionizable compounds. The very good
correlations between experimental and extrapolated R, values support the validity of the extrapolation technique.
The overlapping of the extrapolated R,, values from three different systems shows that they are not dependent on
the nature of the organic solvent. In a series of congeneric compounds there is a relationship between intercepts (a)
and slopes (b) of the TLC equations. Factors affecting chromatographic congenerity are discussed. The slopes of
the TLC equations and those of the equations correlating the parameters a and b are related to the solvent strength

of the organic modifiers.

1. Introduction

During the last 25 years, we have been
measuring the R,, values, as an expression of the
lipophilic character of drugs and chemicals, by
means of a reversed-phase TLC system with the
silica gel layer impregnated with silicone DC
200. The chromatographic determination of lipo-
philicity is mainly based on the linear relation-
ship between the R,, values and the organic
solvent concentration in the mobile phase. In

* Corresponding author.
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fact, the TLC equations describing this relation-
ship allow the calculation of a theoretical R
value at 0% organic solvent in the mobile phase,
even for those compounds which do not migrate
with an aqueous buffer alone. The chromato-
graphic work carried out in our laboratory pro-
vided the TLC equations for about 750 drugs and
chemicals. In two recent papers, the main fea-
tures of the TLC equations were reviewed [1,2].
In particular, the very good correlations between
experimental and extrapolated R, values sup-
port the validity of the extrapolation technique.
The overlapping of the extrapolated R, values

© 1994 Elsevier Science B.V. All rights reserved
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from different chromatographic systems shows
that they are not dependent on the nature of the
organic solvent in the mobile phase when the
solvent is acetone, methanol or acetonitrile.
However, as already pointed out [1], it might be
questionable whether this aspect has general
relevance for any chromatographic system.
Griunbauer et al. [3] reached our conclusion
when using acetone or methanol. On the other
hand, with N,N-dimethylformamide (DMF) the
extrapolated R,, values were significantly lower.
They suggested that this behaviour could be due
to the fact that DMF deviates the most from
water as far as its liquid structure is concerned.
Moreover, Smith and Burr [4] found different
chromatographic parameters when analysing a
series of monosubstituted aromatic compounds
with an HPLC system using methanol or acetoni-
trile in the mobile phase. Finally, our attention
was drawn to two other aspects: (a) the relation-
ship between intercepts and slopes of the TLC
equations [1] and (b) the influence of different
organic modifiers on the slope of the TLC
equations [2].

The aim of our previous chromatographic
work was the determination of the lipophilic
character of non-ionized molecules, so that the
R,, values could be compared with the classical
octanol-water log P values. As a consequence,
the pH in reversed-phase TLC was chosen in
such a way that most of the compounds were
non-ionized. While the aforementioned features
of the TLC equations were mostly referred to
non-ionized molecules, it would be interesting to
assess if the presence of ionized substituent
groups is consistent with the above aspects of the
TLC equations. In an attempt to investigate this
point, we took advantage of some preliminary
results obtained with a series of quinolones. In
fact, for some time in our laboratory a research
project on quinolones has been in progress. The
aim is to study the lipophilic character of this
important class of synthetic antibacterial drugs.
The amphoteric nature of some of the investi-
gated quinolones allowed us to study the chro-
matographic behaviour of compounds bearing
both an acidic and a basic group. As either of
these groups may be ionized depending on the
pH of the chromatographic system, the reversed-

phase TLC of quinolones was carried out at pH
9.0 and 1.2. At pH 9.0, the carboxyl group was
ionized whereas the basic piperazine group was
mostly non-ionized. In contrast, at pH 1.2 the
basic moiety was fully protonated and the car-
boxyl group was non-ionized. In this way, by just
changing the pH of the TLC system, it was
possible to study the influence of both a cationic
and an anionic group on the chromatographic
behaviour of a single series of compounds.

2. Experimental
2.1. Chemicals

Quinolone derivatives were a generous gift
from drug companies (Fig. 1). AH drugs were
used as received. All solvents were of analytical-
reagent or HPLC grade.

2.2. Determination of R, values by means of
RP-TLC

The details of the reversed-phase (RP) TLC
were described previously [5]. Glass plates (20 X
20 cm) were coated with silica gel GF,,, (Merck,
Darmstadt, Germany). In order to control the
pH of the stationary phase, a slurry of silica gel
GF,,, was obtained with 0.09 M hydrochloric
acid or 0.36 M sodium hydroxide when the pH of
the mobile phase was to be 1.2 or 9.0 respective-
ly. A non-polar stationary phase was obtained by
impregnating the silica gel layer with silicone DC
200 (350 cSt) from Applied Science Labs. (State
College, PA, USA). The mobile phases, satu-
rated with silicone, were aqueous buffers alone
or mixed with various amounts of acetone,
methanol or acetonitrile. Glycine buffers of pH
1.2 and 9.0 were used. The test compounds were
dissolved in water or acetone (1-2 mg/ml) and 1
pl of solution was spotted randomly on the
plates. The developed plates were dried and
sprayed with an alkaline solution of potassium
permanganate. After a few minutes at 120°C,
yellow spots appeared on an intense pink back-
ground. The R,, values were calculated by means
of the equation R,, = log[(1/R;) — 1].



G.L. Biagi et al. | J. Chromatogr. A 678 (1994) 127-137

3. Results

The RP-TLC of the quinolone derivatives
showed that at pH 9.0 most of them did not
move from the starting line when the mobile
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phase was aqueous buffer alone. Only with the
four most hydrophilic compounds, i.e., 4, 7, 10
and 12, could reliable R,, values be obtained,
even with no organic modifier in the mobile
phase. On the other hand, at pH 1.2 all the
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Fig. 1. (Continued on p. 130)
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Fig. 1. Structural formulae of the compounds investigated.

derivatives except piromidic acid (9) moved with
aqueous buffer alone. In order to obtain suitable
R, values for all the compounds at both pH
values, an organic solvent was added to the
mobile phase. The equations describing the
linear relationship between R,, values and or-
ganic modifier concentration allowed the calcula-
tion of extrapolated R,, values also for the
compounds that did not move with aqueous
buffer alone. Experimental R,, values, TLC
equations and ranges of organic solvent con-
centrations used for their calculation are re-
ported in Tables 1 and 2.

As a first step in the analysis of the data in
Tables 1 and 2, the relationship between ex-

perimental and extrapolated R,, values in each
RP-TLC system was examined. In Table 3, Egs.
1-4, with intercepts and slopes close to 0 and 1,
respectively, show the overlapping of the ex-
perimental and extrapolated R,, values. As at
pH 9.0 only four compounds yielded experimen-
tal R,, values with no organic solvent in the
mobile phase, Eqs. 1-3 were calculated with
only four data points. Nevertheless, the present
results are in agreement with our recent equation
correlating experimental and extrapolated R,,
values for 240 compounds [1].

A second basic aspect of the TLC equations at
pH 9.0 is illustrated by the intercepts and slopes
of Eqgs. 5-7 in Table 4. Very close extrapolated
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Table 2

TLC equations of quinolones at pH 1.2 in acetone system and AR,, values

No. Compound Ry cxpn R,, = a + b(% organic modifier)
a b r Range AR,

1 Enoxacin 0.70 0.68 —0.063 0.999 0-12 1.12
2 Pipemidic acid 0.46 0.47 —0.053 0.999 0-12 1.17
3 Ofloxacin 1.02 0.99 ~0.081 0.997 0-12 0.93
4 Oxolinic acid 1.25 1.18 —0.056 0.991 0-28 -0.15
5 Fleroxacin 0.88 0.88 -0.082 0.999 0-12 1.09
6 Rufloxacin 0.99 0.87 —-0.075 0.944 0-12 1.11
7 Nalidixic acid 1.30 1.31 —0.059 0.998 0-28 -0.23
8 MF961 1.08 1.07 —0.084 0.999 0-12 0.88
9 Piromidic acid 1.84 -0.061 0.970 20-40 —0.63

10 Cinoxacin 1.17 1.20 —0.093 0.998 0-12 -0.71

11 Pefloxacin 1.00 0.95 —0.076 0.991 0-12 0.66

12 Flumequine 1.30 1.22 —0.047 0.992 0-40 —0.05

13 Ciprofloxacin 0.83 0.81 -0.076 0.999 0-12 0.68

14 Norfloxacin 0.83 0.81 —-0.068 0.998 0-12 0.77

* Difference between the extrapolated R,, values at pH 9.0 and 1.2 in acetone system.

Table 3

Correlations between experimental and extrapolated R,, values at pH 9.0 and 1.2

Mobile phase Ry copn =01 bRy iron

pH Solvent a b n r s Eq.

9.0 Acetone 0.028 0.964 4 0.998 0.019 1

9.0 Methanol 0.058 0.948 4 0.993 0.044 2

9.0 Acetonitrile 0.151 0.979 4 0.989 0.053 3

1.2 Acetone 0.014 1.015 13 0.986 0.043 4

R,, values were obtained whether the organic
modifier in the mobile phase was acetone,
methanol or acetonitrile. In other words, the
nature of the organic modifier does not affect the
extrapolated R,, values.

Another interesting point arises from the anal-

Table 4

ysis of the correlation between the intercepts
(@ = Ry exrap) @nd slopes (b) of the TLC equa-
tions in Tables 1 and 2. As already discussed in a
previous paper [1], for series of congeneric
compounds the relationship between the two
parameters can be described by a straight line. In

Correlations between extrapolated R,, values obtained with different organic modifiers at pH 9.0

Organic modifier R, ;=a+bR,,

I I a b n r s Eq.
Methanol Acetone —0.007 0.996 14 0.996 0.040 5
Acetonitrile Acetone —0.022 0.997 14 0.987 0.074 6
Acetonitrile Methanol 0.000 0.991 14 0.981 0.090 7
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Fig. 2 the intercepts of the TLC equations for
the present series of quinolones are plotted
against the corresponding slopes. At pH 9.0
(plots a, b and c¢) in all three chromatographic
systems, the intercepts and slopes of nine com-
pounds are linearly related. These derivatives
are characterized by the presence of the
piperazine ring. On the other hand, four deriva-
tives, 4, 7, 9 and 12, lacking the piperazine ring,
are grouped below that line. Compound 10,
lacking the piperazine ring and bearing a cin-
noline ring, lies even further away. At pH 1.2
(plot d, Fig. 2), the compounds are apparently
divided into two groups. In fact, only compounds
4, 7, 9 and 12 deviate from the linear relation-
ship, and 10 seems to be grouped with the other
nine compounds. In Table 5 the equations de-
scribing these linear relationships between inter-
cepts and slopes are reported. Compound 10 was
included in the calculation of Eq. 11.

In previous reports it was shown that the
slopes of the TLC equations in a given solvent
system are related to the eluting power of the
organic modifier, as expressed by its solvent
strength parameter E, [2,6]. In particular, the
ratios between the mean slopes in two different
solvent systems are close to the ratios between
the 1/E, values for the corresponding solvents.
The solvent strength parameter of an organic
solvent in a reversed-phase chromatographic
system is expressed by 1/E, [7,8]. The slopes of
the TLC equations of quinolones at pH 9.0 in
acetone, methanol and acetonitrile systems
(Table 1) were averaged and are reported in
Table 6, where they can be compared with the
mean slopes calculated for other series of chemi-
cal agents [2]. It can be pointed out that for all
the listed chemical series the ratios between the
mean slopes in different solvent systems are not
far from the ratios between the corresponding
1/E, values. When considering the mean ratios
(x in Table 6), those referred to acetone—ace-
tonitrile and acetonitrile—methanol, i.e., 1.09
and 1.41, are close to the ratios between the
corresponding 1/E, values, i.e., 1.15 and 1.47,
respectively.

More recently it was shown that the same
aspect could be illustrated by the b values of the

equations correlating intercepts and slopes of the
TLC equations [2]. For the present series of
quinolones the b values of the equations in Table
5 are reported in Table 7, and their ratios are
compared with those of the E, values for the
corresponding solvents. Again, the present find-
ings are similar to those obtained with other
series of compounds [2] and reported in Table 7.
The mean acetone-to-acetonitrile ratio (x in
Table 7), i.e., 0.89, is particularly close to the
corresponding ratio between the E; values, 0.86.
In a previous paper [2] it was shown why in this
case the E, values were used instead of their
reciprocals (1/E, values) as in Table 6.

4. Discussion and conclusions

The present data show that the basic factors
determining the chromatographic behaviour de-
scribed by the TLC equations are the same when
dealing with either non-ionized or ionized mole-
cules. In fact, the four main points characterizing
the TLC equations and outlined in the Intro-
duction seem to be confirmed also for the ion-
ized compounds. In particular, the results in
Table 4 further support the finding that at least
in our chromatographic system the presence of
acetone, methanol or acetonitrile in the mobile
phase does not change the extrapolated R,
values.

Notwithstanding, the linear relationship be-
tween slopes and intercepts of the TLC equa-
tions deserves more detailed comment. In our
previous study [1], it was observed that in several
instances not all the members of a chemical
series fit the same straight line. Moreover, with
cephalosporins, xanthines and adenosines the
chromatographic data did not reveal any rela-
tionship between intercepts and slopes. There-
fore, it was assumed that the linear relationship
must be based on some kind of congenerity
among the members of the chemical series under
investigation [1]. We proposed that congenerity
might be related to the shape of the hydrophobic
surface area, which is available for the inter-
action with the non-polar stationary phase. The
deviations from linearity were attributed to sev-
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Fig. 2. Relationships between intercepts and slopes of the TLC equations at pH 9.0 (a, b and c) and 1.2 (d) in different solvent
systems: (a, d) acetone, (b) acetonitrile and (c) methanol.
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Mobile phase

Intercept = a + b (slope)

pH Solvent b n r s Eq.
9.0 Acetone 0.838 -26.579 9 0.972 0.048 8
9.0 Methanol 0.895 —36.224 9 0.943 0.070 9
9.0 Acetonitrile 0.817 —30.561 9 0.866 0.090 10
1.2 Acetone -0.415 -17.150 10 0.960 0.060 11
Table 6
Ratios between slopes in different TLC systems
Compound Mean slope in solvent system Ratio
Acetone Acetonitrile Methanol Acetone/ Acetone/ Acetonitrile/
acetonitrile methanol methanol
Quinolones —0.043(+0.005) —0.038(+0.005) —0.031(+0.004) 1.13 1.39 1.22
Steroids —0.046(£0.002) —0.041(+0.001) ~0.027(+0.001) 1.12 1.70 1.52
Triazines —0.037(x0.001) —0.036(+0.001) —0.027(+=0.001) 1.03 1.37 1.33
Prostaglandins ~0.072(+0.002) —0.067(+0.001) —0.043(+0.002) 1.07 1.67 1.56
Dermorphins —0.064(+0.003) —0.047(+0.003) 1.36
Naphthalenes and —0.046(0.001) —0.030(=0.001) 1.53
quinolines
X+S.E? 1.09 +0.02 1.50 + 0.06 1.41 £ 0.08
Solvent strength 1.78 1.54 1.05 1.15 1.70 1.47
(1/Ey)
* Standard error of the mean.
Table 7
Ratios between the b values of the equations correlating intercepts and slopes of the TLC equations
Compound Slope in solvent system Ratio
Acetone Acetonitrile Methanol Acetone/ Acetone/ Acetonitrile/
acetonitrile methanol methanol
Quinolones —26.579 —30.561 ~36.224 0.87 0.73 0.84
Steroids —72.872 —80.365 —122.802 0.91 0.59 0.65
Triazines —69.484 -74.194 —109.730 0.94 0.63 0.68
Prostaglandins —-61.014 —73.829 —86.005 0.83 0.71 0.86
Dermorphins —56.775 —69.317 0.82
Naphthalenes and —62.704 —87.810 0.71
quinolines
x*S.E’? 0.89 = 0.02 0.70=0.03 0.76 = 0.05
Solvent strength (E,) 0.56 0.65 0.95 0.86 0.59 0.68

* Standard error of the mean.
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eral structural features of the chemical agents.
With benzodiazepines, penicillins and S-car-
bolines, the compounds deviating from the linear
relationship were the only ionized members of
their series, the other compounds being non-
ionized at the pH of the chromatographic sys-
tem. Therefore, it was suggested that at least in
these series, congenerity could be broken down
by the presence of ionized groups [1].

As regards the present series of quinolone
drugs, Egs. 8-11 in Table 5 show that ionized
compounds can be members of a congeneric
series. In this case deviations from linearity seem
rather to be due to different patterns of ioniza-
tion. In fact, at pH 9.0 the compounds fitting
Eqgs. 8-10 are characterized by the fact that their
carboxyl group is fully ionized and their basic
group is also at least partly ionized. On the other
hand, the compounds deviating from Egs. 8-10,
ie.,4,7,9, 10 and 12 (plots a, b and ¢, Fig. 2)
are lacking the partially ionized basic group. The
larger deviation for 10 might be related to the
presence of the N atom in position 2 of the
cinnoline ring.

The ionization patterns of the quinolone drugs
could also help in explaining the ranking of the
R,, values at pH 9.0 in Table 1 and Fig. 2 (plots
a, b and ¢). The higher R,, values of the
compounds fitting Eqs. 8-10 compared with
those of the anionic compounds 4, 7, 9 and 12
might result from the association of molecules in
their zwitterionic form, leading to more lipo-
philic ion pairs. The lower R,, value of 10 could
be due either to the hydrophilic character of the
cinnoline N-2 atom or to the fact that it cannot
form ion pairs.

At pH 1.2, whereas the carboxyl group is
non-ionized, the piperazine  group is ionized.
Again, Eq. 11 shows a linear relationship for the
compounds bearing the ionized basic group.
Compounds 4, 7, 9 and 12 deviating from the
straight line are the only non-ionized compounds
in the series, and therefore the most lipophilic
(plot d, Fig. 2). At this pH, 10 seems to be
congeneric with the ionized subset, which should
imply protonation of the cinnoline ring. How-
ever, if this were the case, the R,, value of 10 at
pH 1.2 should be lower than that of 4 differing

only in the lack of the N atom in position 2. This
contradictory finding might be tentatively ex-
plained by assuming the formation of an in-
tramolecular H-bond in the protonated form of
10:

o) OH

O

/
4

N-+ H

&g

As intramolecular H-bonding is known to in-
crease lipophilicity [9], this could to some extent
counterbalance the negative contribution of the
/N+= group.

The so far described ionization patterns also
can explain the AR,, values between 9.0 and 1.2
in the acetone system. The quinolone derivatives
with both a carboxyl and a piperazine group,
ie., 1,2, 3,5, 6, 8, 11, 13 and 14 fitting Eqgs.
8-10, have higher R,, values at pH 9.0 than at
pH 1.2 (positive AR,, values), possibly because
of the formation of ion pairs between zwit-
terionic forms. In contrast, 4, 7, 9 and 12,
bearing only the carboxyl group, are non-ionized
at pH 1.2, hence their R,, values are lower at pH
9.0 than at pH 1.2 (negative AR,, values). The
case of 10 is more complicated. This derivative,
like 4, 7, 9 and 12, has a negative AR,, value,
which could be explained with the above hypoth-
esis of an intramolecular H-bond increasing
lipophilicity at pH 1.2.

However, turning back to the point at issue
here, i.e., the relationship between intercepts
and slopes of the TLC equations, the conclusion
one can draw from the above discussion is that -
the definition of congenerity in chromatographic
terms is still far from being clearly established.
In fact, many unpredictable factors can affect
chromatographic congenerity, and thereby one
cannot state a priori that for a given series of
structural analogues it is possible to find a linear
correlation between the two parameters. This
casts further doubts on the reliability of the slope
of the TLC equation as a chromatographic
lipophilicity parameter alternative to R,,. In any
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event, the findings arising from this paper and
the two earlier parts [1,2] make a contribution to
a more detailed knowledge of the interrelation-
ships between slopes and intercepts, with a view
to the final assessment of the best suited alter-
native to the octanol-water log P values.
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Abstract

Optical isomers of nine organic acids were separated by high-performance capillary electrophoresis using
(2-hydroxy)propyl-B-cyclodextrins, with a degree of the substitution between 3.0 and 7.3 (2-hydroxy)propyl
groups/cyclodextrin molecule. The degree of substitution has a significant influence on the resolution of the
enantiomers and is therefore an important tool in the optimisation of chiral separations. Accordingly, a proper
description of derivatized cyclodextrins should include the degree of substitution.

1. Introduction

The separation of enantiomers by capillary
electrophoresis (CE) is a quickly growing field in
analytical chemistry [1-3]. Micellar elec-
trokinetic chromatography using chiral micelles,
ligand-exchange mechanism and protein- or
polysaccharide-type chiral selectors were success-
fully used for the separation of several optical
isomers. However, the type of separation mostly
utilised is based on inclusion complex formation,
primarily with cyclodextrins (CDs) as chiral
selectors.

CDs are cyclic oligosaccharides built up from
p-( + )-glucopyranose units linked by a(1,4)
bonds. The naturally occurring a-, 8- and y-CDs
consist of 6, 7 and 8 glucose units, respectively.

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00506-5

The glucose units form a torus with a rather
hydrophobic cavity. The hydroxyl groups on the
chiral carbon atoms 2 and 3 are on the wider rim
of the torus. It is important to notice that these
secondary hydroxyl groups cannot rotate; there-
fore, they provide an ideal site for chiral recogni-
tion. In contrast, the rotational primary hydroxyl
groups on the narrower rim are less important
for chiral recognition. Molecules can penetrate
the cavity depending on their hydrophobicity,
size and shape, and form an inclusion complex
with the CD. Although many separation prob-
lems have been solved with the natural CDs, the
application range and selectivity could be sub-
stantially enlarged by the use of synthetic deriva-
tives. The CD derivatives often have better
aqueous solubility than B-CD [4]. This can be
explained by the “impure” nature of the CD
derivatives. As they are mixtures of compounds
with different degrees and patterns of substitu-

© 1994 Elsevier Science B.V. All rights reserved
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tion the overall solubility can be better than that
of the pure derivatives.
Heptakis(2,3,6-tri-O-methyl)-8-CD [5], hep-
takis(2,6-di-O-methyl)-B8-CD [6}, 2,6-dimethylat-
ed and 2,3,6-trimethylated «-CD [7], hydroxy-
ethyl-8-CD, hydroxypropyl-3-CD [8] and
glycosylated-a-CD [9] were successfully used for
the separation of different enantiomers. In addi-
tion, the application of a series of charged CDs,
€.g.  mono-(6-B-aminoethylamino-6-deoxy)-8-
CD [10], 6"-methylamino- and 6*,6°-di-
methylamino-8-CD  [11], carboxymethylated,
carboxyethylated B-CD [12] and carboxylated
methylethyl-3-CD [13] for the separation of
optical isomers has been reported. These CDs
can be used in charged form for the separation of
neutral or ionic enantiomers, but after proper

adjustment of the pH they can be used in the

uncharged form as well [12]. Most of the derivat-
ized CDs successfully used in CE had already
been used in HPLC, GC and TLC.

Some of the derivatized CDs are commercially
available or can be synthesized with different
degrees of substitution (DS). DS refers to the
number of hydroxyl groups per CD molecule
which were substituted by other functional
groups. Most of the CD derivatives are mixtures
of compounds with different degrees and pat-
terns of substitution. Therefore the DS is usually
an average value, and its deviation around the
average is also important for the proper charac-
terisation of a certain CD.

(2-Hydroxy)propyl-B-cyclodextrin (HP-8-CD)
is commercially available with different DS val-
ues. This CD was suitable for the resolution of
the enantiomers of a series of organic acids [11].
HP-B-CD was successfully used as chiral selector
in TLC [14], HPLC [15] and GC [16]. Many
important aspects of the use of HP-8-CD such as
the DS, the chirality of the hydroxypropyl sub-
stituent, the effect of organic modifiers etc. was
addressed in chromatographic applications [14—
16]. However, in CE the influence of the DS on
the enantioselectivity has not been studied in
detail yet. In this paper the effect of the (2-
hydroxy)propylation of 8-CD on the chiral sepa-
ration of mandelic acid and eight of its enantio-
meric analogues is reported.

2. Experimental
2.1. Chemicals

HP-B8-CDs of four different DS values were
purchased from Cyclolab (Budapest, Hungary).
The hydroxypropyl substituents of the B-CD
were racemic. B-CD was obtained from Fluka
(Buchs, Switzerland). Some characteristic prop-
erties of the CDs are listed in Table 1. Mesityl
oxide, pr-mandelic acid (MA), br-3-hydroxy-
mandelic acid (3HMA), pL-4-hydroxymandelic
acid (4HMA), pr-2-phenyllactic acid (2PLA),
pL-3-phenyllactic acid (3PLA), bL-2-phenyl-
propionic acid (2PPA), pL-a-methoxyphenyl-
acetic acid (MPA), and DL-¢-methoxy-a-tri-
fluoromethylphenylacetic acid (MTPA) were
purchased from Fluka. pL-3,4-Dihydroxyman-
delic acid (DMA) was from Aldrich (Steinheim,
Germany). The structural formulae of the nine
enantiomeric organic acids used in this study are
shown in Fig. 1. Sodium hydrogenphosphate was
obtained from Merck (Darmstadt, Germany).
Deionised water was prepared using a Milli-Q
system (Millipore, Bedford, MA, USA). All the
chemicals were at least of analytical grade and
were used without further purification.

2.2. Apparatus

The CE experiments were carried out on a
fully automated BioFocus 3000 system (Bio-Rad,
Hercules, CA, USA). An uncoated fused-silica
capillary 50 cm (45.4 cm effective length) x 50
pum LD. was used throughout the study. The
capillary was filled with the run buffer. The

Table 1
Characteristic properties of 8-CD and HP-8-CDs

Average degree
of substitution

Average
molecular mass

Solubility in
water (g/100 ml)

0 1135 1.85
3.0 (+5%) 1309 >33
43 (£5%) 1382 >33
6.3 (+5%) 1497 >33,
7.3 (+5%) 1558 >33
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Fig. 1. Structures of the enantiomeric organic acids investi-
gated.

samples and the capillary were thermostated at
20°C. The samples were injected with 4 p.s.i.-s
(1 p.s.i. = 6894.76 Pa). A constant voltage of 20
kV was applied. The analytes were detected at
206 nm.

2.3. Buffers and samples

HP-B-CD (0-80 mM) or 0-15 mM B-CD was
dissolved in 50 mM phosphate buffer pH 7 or 8.
These buffers were used as background elec-
trolytes. The samples were dissolved in 5 mM
phosphate buffer pH 8 in a concentration of 50
pg/ml. Mesityl oxide was used as an electro-
osmotic flow marker.

2.4. Calculations

The resolution (R,) was calculated using the
well known equation R, =1.18(z, —¢,)/(w, +
w,), where ¢, and ¢, are the migration times and
w, and w, are the widths of the first and the

second peak at half of the peak heights. The
width of poorly resolved peaks cannot be pre-
cisely measured at the half of the peak height. In
such cases the resolution was expressed as R’ =
100H'/H, where H is the height of the first peak
and H' is the depth of the valley between the
first and the second peak. According to this
definition R’ =100 means baseline resolution.

3. Results and discussion

To separate the enantiomers of organic acids
with uncharged CDs like B-CD or HP-B-CDs
the analytes have to be in ionic form. At a pH of
7 or higher the selected acids are predominantly
in charged form. Throughout the study an un-
coated capillary was used. The anions were
migrating electrophoretically opposite to the
detector but the intense electroosmotic flow
reversed the direction of the apparent mobility.
The stronger electroosmotic flow at pH 8 re-
sulted in shorter migration times than at pH 7.
Although the resolution was better at the lower
pH (data not shown) the effect of the DS was
studied at pH 8. With this compromise the run
times could be kept reasonably low. Our inten-
tion was to show the influence of the DS on the
separation of a set of compounds rather than to
find the optimum conditions for the enantiomer
separation.

When underivatized 8-CD was dissolved in
the background electrolyte no or very poor (R’ <
10) separation was achieved for most of the
enantiomeric pairs up to the maximal concen-
tration of 15 mM. However, there are two
exceptions; MTPA (R, =2.31) and 2PPA (R, =
1.21). The resolution is a strong function of the
chiral selector concentration. Upon increasing
the CD concentration the resolution passes
through a maximum [17,18]. The low aqueous
solubility of the B-CD sets the limit of the chiral
selector concentration so low, that often the
optimum cannot be reached or even no sign of
chiral recognition can be observed. One of the
strategies to overcome this problem is to dissolve
urea in the buffer containing B-CD, which can
enhance the solubility considerably [19].
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Another approach is to derivatize the 8-CD so
that the solubility can be increased and the
enantioselectivity can be altered.

All the nine pairs of enantiomers were re-
solved with at least one of the HP-B8-CDs.
However, the resolution was in some cases
remarkably different for the same components
when HP-B-CD with different average DS was
used. The resolution values of the enantiomers
obtained with HP-B8-CDs having different DS
values are listed in Table 2.

2PLA was the worst resolved compound.
Some weak enantioseparation (R’ =13.8) was
achieved with 80 mM HP-8-CD, DS =7.3 but
no chiral separation was possible with any of the

Table 2
Resolution of the enantiomers of nine organic acids

other CDs. The resolution for 3PLLA was better
than for 2PLA. R’ of the 3PLA enantiomers is
substantially different when HP-B-CDs with dif-
ferent DS values are used (Fig. 2). The res-
olutions in the figure are expressed as R’ because
the R, values for the weakly resolved peaks
cannot be reliably calculated. However, the
weak point of this expression is that R’ stays
constant after baseline separation was reached.
In order to give proper information about the
separation of both poorly and well resolved
peaks Table 2 shows the resolution expressed as
R, but the figures indicate R’ values.

Good resolution can be achieved for 2PPA
with all the HP-8-CDs as shown in Fig. 3. All

DS mM R,
MA 3HMA 4HMA DMA 2PLA 3PLA 2PPA MPA MTPA
0 5 - -2 -2 - - -® 1.21 - 2.31
10 - -2 - - - -® 1.03 - 2.11
15 - - -° - —_ - 1.09 - 2.05
3.0 10 —= —® -2 —= —-* 0.91 1.08 - -°
20 -° - -2 -° - 1.02 1.35 - 0.86
40 1.11 -® - 0.87 - 1.01 1.48 0.75 0.82
60 1.50 1.04 -° 1.28 - 0.70 1.39 1.40 0.81
80 1.55 1.14 1.49 n.d. - - 1.52 1.44 -
43 10 . a _a _b _a _a __b 0.84 . a __a
20 - -° 1.11 - - -° 1.32 - -
40 . 1.16 0.91 1.57 -° - - 1.56 0.96 -3
60 1.49 1.46 2.21 0.91 -2 0.81 1.89 1.46 -
80 1.89 1.30 2.63 1.97 - 0.91 2.02 2.21 -
6.3 10 -~ e —_ - - - 1.16 - -
20 - - 1.00 - - 0.91 1.60 —° -
40 0.94 -° 1.36 - -2 0.86 1.74 0.93 -®
60 1.67 0.89 1.25 0.89 - 0.83 1.60 1.16 -
80 2.40 1.37 1.85 1.37 - 0.89 2.05 1.72 ~°
7.3 10 - - —® - - -° 0.81 - —°
20 —° -° 1.33 - - 0.89 1.37 -® "
40 1.28 1.57 2.69 1.57 - 1.04 1.70 1.98 —°
60 1.89 1.69 1.14 1.69 -° 1.22 1.07 1.89 —°
80 2.34 2.57 1.27 2.58 " 1.17 0.93 2.21 —°

For experimental conditions see the text. n.d. = No data.
*No separation.

® Poor enantioseparation, the peaks were not resolved at the half of the peak height.
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Fig. 2. Resolution (R’) of the 3PLA enantiomers as a
function of the HP-B-CD concentration. DS values: O =3.0;
0=43; A=63; V=73. See the text for experimental
conditions.

the four HP-B-CDs can provide baseline res-
olution, but resolution versus CD concentration
plots are different. When HP-8-CD, DS=7.3 is
used the resolution reaches a maximum at 40
mM. With the other HP-B8-CDs the maximum
resolution was not achieved in the concentration
range studied. The greater the affinity of the
enantiomers for the chiral selector the lower is
the optimum CD concentration [17]. This means
that the inclusion complex of 2PPA with HP-8-
CD has the highest equilibrium constant at DS =
7.3.

MTPA was the only compound that was better
resolved with 8-CD than with any of the HP-$-

100 o

90

[+
o

-
o

resolution (R’)

2]
(=]

50 ¥ T T y : T -
10 20 30 40 50 60 70 80
HP-8-CD concentration {mM]

Fig. 3. Resolution (R') of the 2PPA enantiomers as a
function of the HP-B-CD concentration. DS values: 0 =3.0;
Q0=43; A=6.3; V=7.3. See the text for experimental

conditions.

CDs. The best resolution of MTPA with HP-g-
CDs (R’ =57.5) was measured at DS=3.0. At
DS=43 no enantioseparation was found.
MTPA and 2PLA are both disubstituted on the
a-carbon atom and have the worst resolution in
the set of enantiomers studied. MPA differs from
MTPA only at the a-carbon which is monosubsti-
tuted in MPA. This compound was well resolved
with all the HP-B-CDs. The (2-hydroxy)propyl
groups on the rim of the CD cavity may form a
steric barrier for compounds bearing two sub-
stituents on the a-carbon. This effect can be seen
in the case of MTPA, where the absolute value
of the effective mobility decreases with a factor
of 1.8 if 10 mM B-CD was dissolved in the
phosphate buffer. This low CD concentration
does not influence the electroosmotic flow con-
siderably, so the reduced effective mobility is a
consequence of the strong complexation with the
B-CD. In contrast the decrease in absolute value
of the effective mobility is only 1.2 if the con-
centration of HP-B8-CD DS =7.3 is increased
from 0 to 10 mM. Fig. 4 shows the effective
mobility of the MTPA and 2PLA as a function of
the concentration of B-CD and HP-8-CD, DS =
7.3. The absolute value of the effective mobility
is reduced significantly if 8-CD is dissolved in
the buffer. The decrease in the effective mobility
is much less pronounced if HP-B-CD is used as a
chiral selector. These findings may indicate that

-5.0E-09

-1.0E-08 A

-1.5E-08 A

-2.0E-08 A

effective mobility m2/Vs

-
-2.5E-08

-3.0E-08 - . : r . , .
0 20 40 60 ‘80
cyclodextrin concentratipn [miv]

Fig. 4. The effect of 8-CD and HP-B8-CD (DS =7.3) con-
centration on the effective mobility of 2PLA and MTPA.
Symbols: O =2PLA + HP-8-CD (DS =7.3); A =2PLA + 8-
CD; O=MTPA +HP-8-CD (DS=7.3); A=MTPA+B-
CD. See the text for experimental conditions.
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Fig. 5. Resolution (R') of the 4HMA enantiomers as a
function of the HP-8-CD concentration. DS values: B =3.0;
0=43;, A=6.3; V=7.3. See the text for experimental
conditions.

for compounds disubstituted in the a-carbon
atom, the inclusion complex formation is hin-
dered. In addition to the less favoured formation
of the complex the enantioselectivity of HP-8-
CD may also be substantially different from that
of B-CD.

MA and its analogues hydroxylated on the
aromatic ring are well resolved with the HP-8-
CDs. However, at different degrees of substitu-
tion the resolution of the same compound is
sometimes very different. Fig. 5 shows how the
resolution of 4HMA is effected by the concen-
tration of different HP-B-CDs. 4HMA was the
best resolved compound from the nine enantio-
meric pairs investigated in this study. At 40 mM
HP-B-CD, DS = 7.3 the resolution was as high as
2.69.

4. Conclusions

The enantioselectivity of derivatized CDs can
be significantly influenced by changing the DS.
The resolution of a certain pair of enantiomers
can be very different if the DS of the chiral
selector is different. In some cases the chiral

recognition can be completely lacking at a DS
value but using the same type of CD at another
DS the separation of the enantiomers may be
possible. These effects can be successfully used
for the optimization of chiral separations. On the
other hand, our results emphasise that proper
description of the derivatized CDs should in-
clude the information about the DS.
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Abstract

The potential of capillary zone electrophoresis for the fast monitoring of a fermentation process in which inositol
phosphates are enzymatically hydrolyzed has been investigated. The developed analysis consists of capillary zone
electrophoresis combined with indirect UV detection, using 1-naphthol-3,6-disulfonic acid as the chromophore. The
total analysis of all six inositol phosphates covering a concentration range of 0-500 uM takes only 13 min.

1. Introduction

Specific inositol phosphates, e.g. 1,4,5-inositol
trisphosphate, play an important role as a second
messenger in signal transduction in the body [1].
Others, such as phytic acid, are found in grains
and seeds [2], whereas specific isomers of inositol
trisphosphate show several interesting pharmaco-
logical properties [3]. Because of their physico-
chemical characteristics, fast analysis of inositol
phosphates has been a problem for many years.
First, inositol phosphates are, depending on the
number of phosphate groups, multiply negatively
charged, even at low pH values. Second, because
of the absence of chromophoric or fluorophoric
groups in the molecule sensitive detection is
rather complicated. For the separation of the
compounds ion-pair [4,5] and ion-exchange chro-
matography {6,7] have been applied, as well as
gas chromatography after derivatization of myo-

* Corresponding author.

SSDI 0021-9673(94)00458-L

inositol formed after enzymatic hydrolysis [8].
However, these separation methods are rather
time consuming, caused by the equilibration
times in ion chromatography or by the need of
laborious derivatization procedures in the case of
gas chromatography. Detection methods applied
include refractive index detection [9], radiomet-
ric detection [10], colorimetric detection [11],
fluorometry after complexation [3] and after
derivatization [12], mass spectrometry [13], post-
column reaction detection, based on enzymatic
hydrolysis of the phosphate esters and detection
of the inorganic phosphate formed [14], electro-
chemical detection of NADH after enzymatic
oxidation of inositol {15] and suppressed conduc-
tivity [16].

Since for the monitoring of the enzymatic
hydrolysis of phytic acid a fast analysis of
charged compounds is required, capillary zone
electrophoresis (CZE) enabling indirect UV
detection should be an attractive technique.
Henshall et al. [17] already described this meth-
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od for IP; (1- and 2-isomer), IP,, IP, and IP.
However, IP, and IP; were not included and for
a routine analysis the method was said to be
questionable because of the day-to-day variation
in migration time. Capillary zone electropho-
resis, which is based on the charge and size of
the molecules, appeared to be appropriate for
the fast separation of the multiply charged
inositol phosphates. It reduces the long analysis
times as obtained with chromatographic systems
while the loss of material due to adsorption onto
the chromatographic support material is avoided.

Indirect detection methods [18] based on
either UV, fluorescence or amperometric detec-
tion offer the advantage that no derivatization of
the compounds is needed. Either a chromophore
[19-21], a fluorophore [22-24] or an electro-
chemically active substance [25] is added to the
buffer thus creating a constant, large background
signal. Similar mobilities of the buffer con-
stituent and the analyte are of major importance
for the resulting peak shapes. The analyte signal
is derived from the signal of the buffer con-
stituent through displacement of the electrolyte
by the analyte. A severe disadvantage of indirect
detection is the increased noise level by the
addition of the chromophore with its detection
characteristics which leads to increased detection
limits. '

The present paper describes the determination
of myo-inositol phosphates in fermentation broth
with CZE and indirect UV detection using 1-
naphthol-3,6-disulfonic acid as chromophore.
The only clean-up step required consisted of
centrifugation of the fermentation sample, the
supernatant being directly injected in the CZE
system.

2. Experimental
2.1. Chemicals

1-Naphthol-3,6-disulfonic acid (NDSA) was
obtained from Janssen (Beerse, Belgium).
Acetic acid p.a. was purchased from Baker
(Deventer, Netherlands). Both inositol mono-
phosphate (2-IP,), as dicyclohexylammonium

salt and hydroxypropylmethylcellulose (HPMC),
with a viscosity of 4000 cP for a 2% aqueous
HPMC solution, came from Sigma (St. Louis,
MO, USA). Inosito] bis- (1,2-IP,), tris- (1,2,6-
IP;), tetrakis- (1,2,5,6-IP,), pentakis- (1,2,4,5,6-
IP;) and hexakisphosphate (IP;) were supplied
as sodium salts by Perstorp Pharma (Perstorp,
Sweden). For the preparation of the stock solu-
tions of analytes and buffer solutions, deionized
water was used (Milli-Q system, Millipore, Bed-
ford, MA, USA). Calibration curves were gener-
ated by spiked fermentation buffer with different
concentrations of inositol phosphates. The buffer
solution was filtered through a 0.2-um Nylon
acrodisc syringe filter (Gelman Sciences, Ann
Arbor, MI, USA).

2.2. Electrophoresis

The experiments were performed on a P/ACE
2200 system (Beckman, Fullerton, CA, USA),
including a liquid thermostated (24°C) capillary
and a UV detector. The electrophoresis medium
was prepared freshly every day and consisted of
0.5 mM NDSA, 30 mM acetic acid and 0.01%
HPMC to suppress the electroosmotic flow. The
applied voltage was —30 kV generating a current
of about 10 nA. Detection was performed at 214
nm with a data sampling rate of 5 Hz and a time
constant of 0.5 s. For data collection and hand-
ling System Gold software, version 7.12 (Beck-
man) was used. This software did not integrate
the large negative peak preceding the IP, peak;
integration was set to start at the IP, peak base.
Untreated fused-silica capillaries (75 um 1.D.)
from SGE (Ringwood, Victoria, Australia) with
a total length of 0.57 m (0.50 m to the detector)
were used. New capillaries were rinsed with
deionized water and electrophoresis medium,
each for 2 min. Before each injection the capil-
lary was rinsed with electrophoresis medium for
2 min. Pressurized injection during 3 s, which
corresponded to 34 nl was applied.

2.3. Sample pretreatment

Samples taken from the fermentation broth
containing yeast, buffer and inositol phosphates,
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were centrifuged for 5 min in an Eppendorf
centrifuge 5415 (Eppendorf  Geraetebau,
Netheler und Hinz GmbH, Hamburg, Germany)
at 11 000 rpm (4000 g). The supernatant was
introduced into the capillary after 1:1 dilution
with fermentation buffer.

3. Results and discussion
3.1. Electrophoresis

Inositol phosphates have in general high elec-
trophoretic mobilities due to the multiple
charges of the phosphate groups. When electro-
phoresis takes place at pH values that are

favourable regarding selectivity, the electro- .

osmotic flow (EOF) under these conditions (pH
about 3) is rather low. At higher pH values, the
EOF increases considerably, while simultaneous-
ly the selectivity between IP,, IP; and IP; be-
comes unacceptably low. As a consequence, the
peaks are not sufficiently separated anymore to
quantitate all peaks. Because the phosphate
groups are negatively charged, this implies that
without electroosmotic flow the analytes migrate
in the direction of the anode. Since the electro-
phoretic velocity is the resultant of the electro-
phoretic mobility and the electroosmotic mobili-
ty the net result at the applied pH is rather low
electrophoretic velocities leading to unacceptably
long analysis times. Therefore, it has been de-
cided to reverse the polarity of the system
(negative inlet electrode, grounded outlet elec-
trode). In that case it is necessary to suppress the
electroosmotic flow as much as possible, which is
realized by modifying the electrophoresis buffer.
Although the stability of dynamically coated
capillary walls are not as favourable as untreated
capillaries, we obtained quite acceptable systems
using HPMC which is demonstrated by the
validation figures.

Due to the many phosphate groups of the
inositol phosphates, the pH of the electropho-
resis medium is a very critical parameter in the
separation of inositol phosphates: 0.2 pH units
deviation already induced considerable changes
in the migration time. Thirty millimolar of acetic

acid (pH 3.0) appeared to be adequate for this
purpose. Migration times and relative standard
deviations (R.S.D.) of all six inositol phosphates
are shown in Table 1. These are mean values
from 15 measurements over the whole concen-
tration range. The R.S.D. for all the compounds
is less than 2.6% allowing reliable peak identifi-
cation. Because the effect of electrodispersion is
more pronounced at higher concentrations, the
migration times of the compounds that show
fronting (IP,, IPs, IP,) tend to be slightly higher
at increased concentrations, whereas the migra-
tion times of the compounds that show tailing
(IP,, IP,) are reduced at higher concentrations.

3.2. Detection

With respect to indirect detection, NDSA has
been chosen as the chromophore because its
electrophoretic mobility matches closely with
that of the most important analyte, IP;. The
optimal matching has been obtained by adjust-
ment of the pH of the electrophoresis buffer. As
a consequence of the high optical background
the noise of the baseline is considerably in-
creased in comparison with direct UV detection.
Fig. 1 presents the electropherogram of the
inositol phosphates having analysis times of less
than 6 min. Under these conditions the isomers
are not separated. Although IP; and IP are not
baseline separated, they still can be quantified.
The other inositol phosphates are completely
baseline separated. From this figure it can easily
be seen that IP,, IP, and IP; have electrophoretic
mobilities higher than that of the chromophore

Table 1
Migration times and relative standard deviation (R.S.D.) of
the inositol phosphates

Compound Migration time R.S.D.
O] (%)
IP1 315.5 0.4
1P2 240.2 1.6
IP3 205.3 0.9
1P4 187.0 2.0
1P5 176.7 2.5
IP6 166.4 1.4
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Fig. 1. Electropherogram of a standard mixture of all six
inositol phosphates (1 =340 uM IP,, 2 =320 uM IP;, 3 =160
puM IP,, 4=170 uM IP;, 5=220 uM IP,, 6 =500 uM IP,).
Conditions: applied voltage: —30 kV, current: 10 A, A =214
nm, fused-silica capillary: 75 pm I.D., electrophoresis buffer:
0.5 mM NDSA, 30 mM acetic acid, 0.01% HPMC.

at pH 3, which leads to fronting peak shapes. On
the other hand, IP; and IP, have lower electro-
phoretic mobilities resulting in tailing peaks.
This asymmetry of the peaks is caused by elec-
trodispersion, deriving from local differences in
conductivity and consequently differences in the
local electric field strengths. This effect is more
pronounced at concentrations of the analytes
that are high in comparison with the chromo-

phore [21]. IP, is the only compound with a

symmetrical peak shape. By adjusting the
mobility of the chromophore to that of the
analyte, electrodispersion of that particular com-
pound is suppressed and the efficiency is im-
proved [20]. In that way the limit of determi-
nation (LOD) of the analyte can be improved.
Therefore, the LOD (defined as 10 times the
noise) appeared to be lowest for IP; (3.9 uM).
The LODs for IP, and IP; amounted to 9.2 and
22.5 uM, respectively, applying an injection
volume of 34 nl.

In a fermentation process, however, the con-
centrations of the main compounds of interest
are in the 50-1000 uM range. For that reason
the LOD of the compounds is not critical.

3.3. Quantitative aspects

Quantitative aspects have been examined by
generating calibration curves for the compounds
of interest. Therefore, fermentation buffer was
spiked with concentrations of inositol phosphates

up to 1 mM. Calibration curves for the inositol
phosphates are linear, in the 0-500 pwM range.
For concentrations above 500 wM being the
concentration of the chromophore the peak area
of the inositol phosphates does not increase
linearly. By increasing the chromophore con-
centration, higher inositol phosphate concentra-
tions can be determined. Unfortunately, the
linear dynamic range only shifts to higher con-
centrations but is not expanded, while the LOD
is still increased. Calibration plots for the inositol
phosphates were thus made from 0-500 uM.
The calibration plots of IP, and IP; have the
lowest correlation coefficients of 0.993 and
0.986, respectively, which is caused by the least
symmetric peak shapes. The correlation coeffi-
cients for the other inositol phosphates were
higher: 0.998 (IP,), 0.996 (IP;), 0.997 (IP,) and
0.995 (IP;).

The developed analysis has been validated for
the most important analytes in the fermentation
mixture, IP,, IP,, IP, and IP,. The intra-day and
inter-day variability, expressed as imprecision
(R.S.D., %), have been examined for different
concentrations of inositol phosphates (Table 2).
The intra-day variability did not exceed 19.8%

Table 2
Intra-day and inter-day variability expressed as imprecision
(R.S.D.) of the method.

Compound Concentration Intra-day Inter-day
(eM) ——————— R.S.D.(%),
RSD.(%) n n=3

IP, 348 9.6 1 12
14.5 8

IP, 99 4.4 20 24
5.7 25
6.1 16

395 3.9 6 2.5
8.9 8

IP, 192 13.6 20 1.4
10.0 25
8.1 17

383 9.0 6 12
12.7 8

IP, 396 19.8 20 7.8
19.8 26
13.1 19
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(IP;), whereas the highest inter-day variability
amounted to 7.8% (IP;). As can be seen from
Table 2, the developed method shows a good
reproducibility. Although the intra-day variabili-
ty for IP, is relatively high, its value is acceptable
for this application. Nevertheless, it indicates
that every day a new calibration curve for the
different analytes has to be constructed. The
analytes for the calibration curves are dissolved
in the fermentation buffer in order to simulate
the real samples as much as possible thus in-
creasing the accuracy of the analysis. Fermen-
tation samples are diluted 1:1 with the fermen-
tation buffer to avoid concentrations out of the
linear range.

3.4. Fermentation monitoring

Fermentation monitoring, being the aim of the
analysis, has been performed after a simple
sample pretreatment of centrifugation which
takes only 5 min. During the centrifugation the
yeast is separated as a pellet from the inositol
phosphates in the supernatant. Fig. 2 shows the
electropherograms of the fermentation broth
analyzed after 5 min (Fig. 2a), 60 min (Fig. 2b)
and 22 h (Fig. 2c). From these electrophero-
grams it is evident that the applied sample
pretreatment, though in the off-line mode, is
sufficient for quantification of the analytes. IPg,
present at a high initial concentration (Fig. 2a),
has been hydrolyzed into the other inositol
phosphates and free phosphate after a few hours
(Fig. 2b and 2¢). The potential of monitoring the
fermentation process is also demonstrated in Fig.
3. The more active the yeast, the faster phytic
acid is hydrolyzed. During the hydrolysis a high
amount of free phosphate has been formed.
Phosphate has approximately the same electro-
phoretic mobility as IP,. For that reason IP, can
not be determined in the fermentation broth. At
even higher phosphate concentrations, interfer-
ence with IP, also occurs. A minor drawback of
the developed analysis is the off-line sample
pretreatment. Instead of centrifugation which
cannot easily be automated, dialysis but especial-
ly electrodialysis has to be explored as sample
pretreatment. If a dialysis probe is positioned in

0.04 a
0.03
0.02

0.01 2

UV sbsorbance

0 1 2 3 4 5 6

time (min)

UV absorbance

2 3 4 5 6

time {min)

UV absorbaence

[ 1 2 3 4 5 6

time (min)

Fig. 2. Electropherograms of a sample of the fermentation
broth at 5 min (a), 60 min (b) and 22 h (c). Concentrations of
the inositol phosphates: (a) 1 =480 uM IP,, 2 = acetate, (b)
1=420 uM 1P, 2=30 uM 1P, 3=20 uM IP,, 4 =8 uM
IP,, 5 = phosphate + acetate, (¢} 1=70 uM IP,, 2=20 uM
IP,, 3=60 uM IP,, 4=300 uM IP,, 5=30 uM IP,, 6=
phosphate + acetate. For conditions see Fig. 1.

the fermentation broth, a connection between the
dialysis probe and a sample vial will allow the
complete automation of the analytical method.

4. Conclusions

A method for monitoring the enzymatic hy-
drolysis of phytic acid has been developed. Fast
separation and detection of all six inositol phos-
phates in deionized water has been achieved by
using capillary zone electrophoresis with indirect
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Fig. 3. Monitoring of the enzymatic hydrolysis of phytic acid.
¢=IP,, O0=1IP,, O=1IP,, + =1P,.

UV detection. The mobility of the chromophore
has to be adjusted to that of the compound to be
quantified most accurately.

In the fermentation broth the high concen-
tration of free phosphate masks IP, thus prevent-
ing it from being detected. At long reaction
times the high concentration of free phosphate
formed during fermentation may also interfere
with the detection of IP,.
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Abstract

The application of capillary electrophoresis (CE) in combination with indirect UV detection for the qualitative
and quantitative analysis of synthetic low-molecular-mass heparin fragments, at low pH, is described. It is
demonstrated that, in contrast to direct UV detection, with indirect UV detection the signal obtained for various
synthetic heparin pentasaccharides is nearly independent of their molecular structure. Moreover, the sensitivity of
indirect UV detection is at least one order of magnitude higher than that of direct UV detection. CE—indirect UV
detection for the qualitative and quantitative analysis of low-molecular-mass glycosaminoglycans was achieved by
using 5 mM S-sulphosalisylic acid, pH 3 or 5 mM 1,2 4-tricarboxybenzoic acid, pH 3.5 as electrophoresis buffer and
chromophore. The technique is exemplified by the analysis of three pharmaceutical preparations of synthetic
heparin pentasaccharides. The method employing indirect UV detection was validated with respect to repeatability,
limit of detection, limit of quantitation, linearity, accuracy and ruggedness. In the indirect detection mode, the limit
of detection for synthetic pentasaccharides is below 5 fmol, whereas the limit of quantitation is about 25 fmol. The
method shows excellent repeatability and is linear in the femtomole—picomole range. Finally, it is demonstrated
that the method is suitable for the analysis of various types of glycosaminoglycans.

1. Introduction

Recently, high-performance capillary electro-
phoresis (CE) was reported as a sensitive, high-
resolution method for the determination of the
disaccharide composition of several proteogly-
cans {1,2]. In extension to these studies we
described the separation of complex mixtures of
natural and synthetic heparin fragments by CE
[3]. It was demonstrated that the resolution

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00449-J

obtained by CE for these mixtures was in general
superior to that obtained by high-performance
anion-exchange chromatography, while the
amount of material needed for the analysis was
about three orders of magnitude less. In the
latter study the heparin fragments were detected
on basis of their UV absorbance. However, the
various heparin fragments may have different
molar extinction coefficients, impeding a quan-
titative analysis by CE using UV detection.
Especially in the case of synthetic pentasac-
charide preparations the extinction coefficients

© 1994 Elsevier Science B.V. All rights reserved
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of the individual sample components, viz. main
product and side products, may strongly deviate.

For a reliable quantitative analysis the heparin
fragments should produce an equal detection
response. In principle, there are several options
for non-selective detection of heparin fragments,
e.g. detection after chromophoric, fluorescence
or radioactive labelling, refractive index detec-
tion, or detection by mass spectrometry (MS).
Furthermore, conductivity detection of uniform-
ly charged analytes and amperometric detection
may serve as (pseudo) non-selective detection
modes for CE. However, in case of CE of
synthetic pentasaccharides that are intended for
pharmaceutical use, attachment of a chromo-
phore or fluorescence label is not possible or
suitable. CE in combination with conductivity or
(indirect) amperometric detection has been re-
ported for the quantitative analysis of carboxylic
acids [4], amino acids [5] and carbohydrates
[6,7). However, at present these detectors are
not yet commercially available for CE. On-col-
umn laser-based refractive index detection for
CE of carbohydrates has been described by
Bruno et al. [8], but also this application is not
yet commercially available. Fast atom bombard-
ment (FAB) [9,10] and electrospray ionization
[11,12] MS detection and multi-channel Raman
spectroscopic  detection [13] are potentially
powerful techniques for the on-line detection
and characterization of analytes by CE, although
the feasibility of these options for the analysis of
glycosaminoglycans (GAGs) by CE still needs to
be demonstrated. Garner and Yeung [14] re-
ported indirect fluorescence detection as a uni-
versal detection method for CE of charged
carbohydrates. Unfortunately, the high cost of
laser equipment and the fact that it is not
available in most commercial CE systems com-
promise the applicability of this method. With
respect to cost and feasibility, indirect UV detec-
tion [15] seems a more straightforward approach.
Indirect UV detection has already been applied
successfully to the analysis by CE of inorganic
[16] and organic [17] anions as well as of various
monosaccharides [18]. In the latter study the
monosaccharides were ionized and separated at
high pH using 6 mM sorbic acid, pH 12.1 as

electrophoresis buffer and chromophore. Ioniza-
tion of neutral sugars by high pH is a pre-
requisite as indirect UV detection is dependent
on charge displacement [18]. For the analysis of
synthetic heparin fragments by CE—indirect UV
detection, high pH-induced ionization is not
necessary since these compounds contain multi-
ple carboxylic acid and sulphate groups. Wang
and Hartwick [19] recently documented the use
of binary buffers in CE—indirect UV detection,
allowing for a wide range of pH of the electro-
phoresis buffers and mobility of the analyte ions.
We have shown previously [3] that a high res-
olution of complex mixtures of heparin frag-
ments can be obtained applying a single buffer
system at relatively low pH and using direct UV
detection. Here we report the applicability of
indirect UV detection for the non-selective de-
tection of various heparin fragments after their
separation by CE at low pH using S5-sul-
phosalisylic acid or 1,2,4-tricarboxybenzoic acid
as electrophoresis buffer and chromophore. A
key question then is whether the background
electrolyte that is required in the indirect detec-
tion mode does not interfere with an efficient
resolution. Furthermore, it is essential that the
background electrolyte has a high molar extinc-
tion coefficient at the selected detection wave-
length to warrant sufficient detection sensitivity,
and an effective mobility similar to that of the
analyte ions in order to prevent fronting or
tailing of analyte peaks. In this study the applica-
tion of CE—indirect UV detection as an ana-
lytical method for the determination of the
purity of GAG preparations is validated and it is
demonstrated that the technique enables the
qualitative and quantitative analysis of low-mo-
lecular-mass heparin fragments.

2. Experimental
2.1. Materials
Synthetic pentasaccharides were prepared at

Organon (Oss, Netherlands) in cooperation with
Sanofi (Toulouse, France) and the structures
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were verified by '"H and >C NMR spectroscopy
[20-23} and FAB-MS [23]. Heparin disaccharide
reference compounds were obtained from Gram-
pian enzymes (Aberdeen, UK). Dermatan sul-
phate di-, tetra- and hexasaccharides were syn-
thesized by Organon.

2.2. Capillary electrophoresis

The synthetic pentasaccharides were each dis-
solved in Milli-Q water (Millipore, Milford, MA,
USA) to a concentration of 1 mg/ml and sepa-
rated by high-performance CE essentially as
described [3], except that in this study the
internal diameter of the capillary was 50 pum
(unless stated otherwise). Furthermore, to allow
indirect UV detection, the electrophoresis buffer
was changed as outlined below. The eight com-
mercially obtained heparin disaccharides were
dissolved in Milli-Q water and mixed to give a
final concentration of approximately 0.1 mg/ml
of each compound. On-capillary detection was
performed by UV absorbance at 210 or 230 nm,
using 200 mM NaH,PO, (J.T. Baker, Deventer,
Netherlands), adjusted to pH 2.5 or 3.0 with
concentrated H,PO,, as CE electrophoresis buf-
fer. The potential across the capillary was 7.5 kV
(131.5 V/cm) and the thermostatted capillary
was kept at 40°C. Indirect UV detection by
quenching of the UV signal at 214 nm was
performed by using S mM 5-sulphosalicylic acid
(pK, carboxylic acid group 2.27), pH 3.0 or 5
mM 1,2 4-tricarboxybenzoic acid (pK, values
2.28, 3.58 and 4.79), pH 3.5 as electrophoresis
buffer at a potential of 5 kV (87.7 V/cm) and
room temperature.

2.3. Validation of CE—indirect UV detection

The application of CE in combination with
indirect UV detection as an analytical method
for the determination of the purity of pentasac-
charide preparations was validated by use of a
“golden standard” preparation of p-glucosamine-
N,6-disulphate(a1-4)-L-iduronic acid-2-sulphate-
(B1-4)-p-glucosamine-N,3,6-trisulphate-(a1-4)-
p-glucuronic  acid(B1-4)-p-glucosamine-N,3,6-
trisulphate (Org 31550). The purity of this prep-

aration was determined to be at least 99.5%
(mol/mol) by 360 MHz *C/'H NMR spectros-
copy as described [22]. The residual water con-
tent was 8.7% (w/w)*=0.55 (standard error of
the mean, S.E.M., n = 3) as determined by Karl
Fischer titration [24] and chloride and (free)
sulphate content were 0.5% (w/w) and 0% (w/
w), respectively, as determined by isotachophor-
esis [25]. All CE validation experiments were
carried out using 5 mM sulphosalicylic acid, pH
3.0 at a thermostatted temperature of 25°C,
applying a potential of 5 kV across the capillary.
The injection time was in each case 2 s resulting
in injection of 1.8 nl of sample solution. These
conditions are further referred to as standard
conditions.

3. Results and discussion

All CE experiments were carried out using low
pH (=3.5) electrophoresis buffers to prevent
dissociation of the silanol groups of the capillary
inner wall, resulting in arheic or nearly-arheic
separation conditions without the need for an-
ticonvective gel filling or coating of the capillary
inner wall [3,26].

Fig. 1A depicts the CE electropherogram
obtained for a nearly equimolar mixture of eight
heparin disaccharides (denoted 1-8, structures in
Table 1) employing 200 mM NaH,PO,, pH 2.5
as electrophoresis buffer and using direct UV
absorbance at 230 nm as detection method.
Injection of ca. 5 pmol of each disaccharide
yields a satisfactory signal-to-noise ratio, demon-
strating the high mass sensitivity of CE. The
identity of the peaks as compounds 1-8 (Table
1) was established in an earlier study {3]. Fig. 1B
shows the CE pattern obtained for the same
mixture applying 5 mM 1,2,4-tricarboxybenzoic
acid, pH 3.5 as electrophoresis buffer and ob-
serving the quenching of the UV signal at 214 nm
(further referred to as indirect UV detection). In
this case only ca. 0.5 pmol of each disaccharide
are injected. The disaccharides 2-4 are not
completely separated under the conditions of
indirect UV detection, but the three disaccha-
rides denoted 6-8, all having two negative
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Fig. 1. CE of eight heparin disaccharides using direct (A) or
indirect (B) UV detection. In case of direct UV detection the
electrophoresis buffer was 200 mM Na,HPO,, pH 2.5 and
the injection volume was 9 nl from a solution containing
approximately 0.16 mg/ml of each disaccharide. The po-
tential across the capillary was 7.5 kV (131.5 V/cm) and the
thermostatted capillary was kept at 40°C. In case of indirect
UV detection the electrophoresis buffer was 5 mM 1,2,4-
tricarboxybenzoic acid, pH 3.5 and the injection volume was
1.8 nl from the same solution as in A, except that the
concentration was approximately 0.1 mg/ml of each disac-
charide. The potential across the capillary was 5 kV (87.7
V/cm) and the thermostatted capillary was kept at 25°C. The
structures of disaccharides 1-8 are given in Table 1.

charges, are baseline separated which is not the
case under the conditions used for direct detec-
tion. Unfortunately, the concentrations of the
various disaccharides in the mixture were not
exactly known, hampering a quantitative inter-
pretation of the results.

The practical value of CE in combination with
indirect UV detection for the determination of
the purity of “real world” pentasaccharide prep-

arations was demonstrated by the analysis of
several synthetic pentasaccharide preparations.
In Fig. 2 the CE electropherograms obtained
for Org 31540, batch E using direct (A) and
indirect (B) UV detection are depicted. The
synthetic pentasaccharide Org 31540 (structure in
Table 2) corresponds to the unique natural
pentasaccharide sequence that confers the anti-
coagulant activity to heparin. Prior to CE, the
organic purity of Org 31540-E was established by
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Fig. 2. Analysis of pentasaccharide preparation Org 31540-E
by CE using direct (A) and indirect (B) UV detection. Direct
UV detection was carried out using 200 mM Na,HPO,, pH
3.0 as electrophoresis buffer. The potential across the capil-
lary (57 cm X 75 pm) was 7.5 kV (131.5 V/cm) and the
thermostatted capillary was kept at 40°C. Indirect UV
detection was performed applying 5 mM S-sulphosalicylic
acid, pH 3.0 as electrophoresis buffer. The potential across
the capillary (57 cm X 50 wm) was 5 kV (87.7 V/ cm) and the
thermostatted capillary was kept at 25°C. Concentration of
Org 31540 in the sample solution is 1 mg/ml, injection
volume 50 nl (A) or 1.8 ni (B). The structure of Org 31540 is
outlined in Table 2.
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Table 1
Structures of eight heparin disaccharide reference compounds and their migration times in CE using direct or indirect UV

detection

Disaccharide Structure Charge Migration time (min)
Direct Indirect
UV detection UV detection

(1) sUA2S — GIcNS6S 4- 16.1 17.3
(2) 83UA2S — GIcNS 3" 20.4 24.1
(3) 8UA1—> GIcNS6S 3 21.2 24.9
(4) 8UA2S — GlcNAc6S 3" 21.8 25.2
(5) 8UA2S— GIcNCOEL6S 37 22.5 26.3
(6) 8UA2S— GlcNAc 2” 34.9 45.2
(7) 8UA— GIcNS 2° 34.9 46.9
(8) 8UA— GlIcNACc6S 27 35.9 48.4

Electropherograms and electrophoresis conditions are reported in Fig. 1.
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Table 2

Structures of Org 31540, 31550, 33232, 34275, 34276 and 34277

GAG Structure
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Org 33271 and Org 33263 are close derivatives of Org 33232 having twelve and eleven negative charges, respectively.

NMR spectroscopy to be 98% (mol/mol). CE in
combination with direct UV detection gives rise
to a major peak at 15.4 min (79% of total peak
area) representing Org 31540 and three minor
peaks at 15.6, 16.2 and 16.5 min stemming from
contaminants. In the indirect detection mode the
main peak stemming from Org 31540 migrates at
16.6 min and forms 98% of the total peak area

which exactly agrees with the NMR data. The
peak belonging to the main contaminant is
observed at 16.9 min and accounts for 1.8% of
the total peak area. This peak probably corre-
sponds to the peak at 15.6 min in the direct
detection mode. Remarkably, the contaminant
that yields a major signal at 16.2 min in the
direct detection mode is not observed in the
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indirect detection mode, implying that it repre-
sents less than 0.5% (w/w) relative to Org 31540-
E (see below). It should be noted that, apart
from yielding representative peak areas enabling
quantitative analysis, the sensitivity of indirect
UV detection is by far superior to that of direct
detection. In the latter experiment 28 pmol (50
ng) and 1 pmol (1.8 ng) of Org 31540 were
injected in case of direct and indirect UV detec-
tion, respectively, yielding still a better signal-to-
noise ratio for the indirect detection mode.

A second example of the practical value of CE
in combination with indirect UV detection for
the determination of the purity of “real world”
pentasaccharide preparations is furnished by the
analysis of HH2174. Sample HH2174 represents
a batch of raw material of Org 31550 (structure
in Table 2) that was deliberately kept from
further purification. Org 31550 is a derivative of
the unique natural pentasaccharide sequence
responsible for the anticoagulant activity of
heparin. Relative to the natural sequence, Org
31550 contains one extra 3-O-sulphate group in
the first glucosamine-N,6-disulphate residue (de-
noted number 6 in [22]) and it was synthesized
by Organon in collaboration with Sanofi via a
multistep procedure. As reported earlier [3],
NMR spectroscopic analysis proves that HH2174
consists for approximately 85% (mol/mol) of
Org 31550. When HH2174 is subjected to CE
using direct UV detection at least nine peaks are
discernable in the electropherogram (Fig. 3A).
From injection of pure Org 31550 it is known
that the peak at 14.7 min can be attributed to
Org 31550. The additional peaks, accounting for
75% of the total peak area, belong to minor
contaminants. This clearly demonstrates the limi-
tations of direct UV detection for the quantita-
tive analysis of these type of preparations by CE.
The contaminants most probably represent syn-
thetic precursors of Org 31550 that contain
strong UV absorbing groups, which is the main
reason for the overestimation of the amounts
present. In contrast, when HH2174 is analyzed
by CE applying the indirect detection mode a
pattern is obtained displaying proportionality
between peak areas and the amount of the
components present (Fig. 3B). The main peak at
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Fig. 3. Analysis of pentasaccharide preparation HH2174 by
CE using direct (A) and indirect (B) UV detection. The
electrophoresis conditions for direct and indirect UV detec-
tion are reported in Fig. 2, except that for indirect detection
the pH of the electrophoresis buffer is 2.5. HH2174 repre-
sents a sample of Org 31550 (structure indicated in Table 2)
that was deliberately kept from purification. The concen-
tration of the pentasaccharide in the sample solution is 1
mg/ml, injection volume 50 nl (A) or 1.8 nl (B).

24.9 min corresponds with Org 31550 and consti-
tutes 86% of the total peak area, which corre-
sponds with the NMR data. Four minor peaks
and three barely discernable peaks, all belonging
to contaminants, are visible and account for 14%
of the total peak area. Like in the previous
example, the contaminant that gives rise to a
major peak in the direct detection mode yields
only a minor signal in the indirect detection
mode. Note that in the latter experiment the pH
of the electrophoresis buffer was 2.5 which
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explains why the migration times obtained for
the analytes in the indirect mode are higher than
those obtained using the direct mode.

A final example of the applicability of CE—
indirect UV detection for the determination of
the purity of a glycosaminoglycan preparation
for pharmaceutical use is presented by the analy-
sis of Org 33263. Org 33263 is a derivative of
Org 31550 in which the free hydroxyl functions
have been methylated and the N-sulphate groups
have been replaced by O-sulphate groups (struc-
ture of Org 31550 in Table 2). As is clear from
Fig. 4 also these type of compounds are amen-
able to analysis by CE. Using indirect UV
detection this preparation yields a major peak at
23.9 min, accounting for 95% of the total peak
area which is corroborated by the NMR data.

The applicability of indirect UV absorption as
a quantitative detection method for CE was
further investigated by using known amounts of
a highly purified batch of the synthetic pentasac-
charide Org 31550 [ >99.5% (mol/mol) pure by
NMR spectroscopy, water content 8.7% =*
0.55% (S.E.M., n = 3) by Karl Fischer, chloride
content 0.5% (w/w) and (free) sulphate content
0% (w/w) by isotachophoresis]. This compound
was used in a series of validation experiments
addressing the linearity and sensitivity of indirect
UYV detection and the overall repeatability of the
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Fig. 4. Analysis of pentasaccharide preparation Org 33263 by
CE-indirect UV detection. Electrophoresis conditions as in
Fig. 2B, except that the pH of the electrophoresis buffer is
2.5. The concentration of Org 33263 in the sample solution is
1 mg/ml, injection volume 1.8 nl.

method. Also the influence of the presence of
sodium chloride, sodium sulphate and sodium
phosphate in the electrophoresis buffer on the
performance of the method and the effect of the
migration time and the type of analyte on the
detector response were examined.

As a first step in the validation procedure, the
repeatability of the method was investigated by
six successive injections of 1 pmol Org 31550,
employing the standard conditions as described
in the Experimental section. It turns out that the
method shows excellent repeatability as the
average migration time of Org 31550 is 17.9
min * 0.03 (§.E.M., n = 6), whereas the average
integrated peak area is 17.4 £0.43 (S.EM., n=
6) The day-to-day reproducibility of the migra-
tion time is somewhat less favourable. The
average migration time found for Org 31550,
analyzed on ten different days in a time interval
of four weeks, keeping all analysis conditions as
much as possible identical, is 17.0+0.81
(S.E.M., n = 10), whereas the average peak area
is 15.6+2.44 (S.E.M., n =10).

For determination of the limit of detection
(LOD), limit of quantitation (LOQ) and lineari-
ty, the stock solution of Org 31550 (1 mg/mi,
546 nmol/ml) was diluted with Milli-Q water to
75, 50, 25, 2.5, 1 and 0.5% (v/v). In addition,
more concentrated solutions, containing 1.25,
1.50 and 2.00 mg/ml of Org 31550, were pre-
pared (corresponding to 125, 150 and 200% of
the stock solution). From each solution 1.8 nl
were injected and analyzed applying the stan-
dard conditions. The obtained peak areas (elec-
tropherograms not shown) are compiled in Table
3. Injection of 5 fmol Org 31550 (1.8 nl from the
0.5% solution) still gives a signal-to-noise ratio
of 3. This means that the LOD for synthetic
pentasaccharides is about 5 fmol. In Fig. 5 the
peak areas vs. the injected amounts are plotted.
Taking into account all data points, except that
for the highest injected amount (1960 fmol), a
regression line y = 0.015x + 0.487 and a correla-
tion coefficient R =0.996 is obtained. When all
data points are taken into account, the regres-
sion line is y = 0.018x — 0.581 with R =0.981. It
should be mentioned however, that the data
points found for the three lowest concentrations
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Table 3
LOD, LOQ and linearity of CE—indirect UV detection
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Stock solution (%) Injected amount Peak area
pg fmol area area%
200 3600 1960 39.43 265
150 2700 1480 21.42 144
125 2250 1230 19.93 134
100 1800 980 14.86 100
75 1350 740 12.00 81
50 900 490 8.63 58
25 450 245 4.90 33
2.5 45 25 0.33 2.2
1.0 18 10 0.26 1.7
0.5 9 5 0.07 0.5

Four stock solutions containing 1.00 (100%), 1.25 (125%), 1.50 (150%) and 2.00 (200%) mg Org 31550 per ml Milli-Q water
were prepared. The 100% solution was diluted to the concentrations indicated in the table. From each solution 1.8 nl were
analyzed by CE-indirect UV detection applying the standard conditions as indicated in Fig. 2B. The injected amount of Org
31550 is given in pg and fmol. The resulting peak areas are in arbitrary units (area) and are expressed relative to the peak area

obtained for injection from the 100% solution (area%).

(injected amounts 5, 10 and 25 fmol pentasac-
charide) are close together and might be less
reproducible. Taken together, it can be stated
that the LOQ is better than 25 fmol pentasac-
charide and that the method is linear at least
from 25 to 1480 fmol injected pentasaccharide.
Consequently, for accurate quantitative analysis,
the concentration of the pentasaccharide(s) in
the sample solution should be between 0.025 and

25

20 ]

Peak area

15

10

0 500 1000 1500 2000

fmol

Fig. 5. Peak areas vs. injected amounts, obtained for various
amounts of Org 31550 by CE-indirect UV detection. Peak
areas are given in arbitrary units. Experimental details in
Table 3.

1.50 mg/ml. More concentrated solutions may
be diluted prior to analysis, whereas sample
solutions containing less than 0.25 mg pentasac-
charide per ml should be concentrated or, alter-
natively, the injection volume is to be increased.
Furthermore, it can be deduced from the above
data that for quantitative analysis of pentasac-
charides in a multicomponent mixture, e.g. main
component plus contaminants, the ratio between
the compounds should preferably be about 1:60
(w/w) or smaller. This means that the LOQ for
contaminants is about 1.7% (w/w) relative to the
main component. This issue is more accurately
addressed in the experiment described below.
For determination of the accuracy of the
method, Org 31540 was spiked with decreasing
amounts of Org 31550. Prior to CE, the purity
and the residual water content of Org 31540
were established to be >98% (mol/mol) by 1H
NMR spectroscopy and 19.2% (w/w) £0.28
(S.E.M., n =3) by Karl Fischer titration, respec-
tively. Ten mixtures of Org 31550 and Org 31540
were prepared, the total concentration of all
mixtures being 1 mg pentasaccharide per ml
(defined as 100%, Table 4). Analysis of a mix-
ture containing 50% Org 31540 and 50% Org
31550 (i.e., both compounds 0.5 mg/ml) yields
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Table 4
Accuracy of CE—~indirect UV detection

Org 31540 Org 31550
% Org 31540 Peak area Area% % Org 31550 Peak area Area%
0 0 0 100 16.83 100
50 8.85 51.1 50 8.49 48.9
60 11.45 60.3 40 7.53 39.7
80 15.10 79.9 20 3.81 20.1
90 16.89 88.6 10 2.17 11.4
95 22.14 93.9 5 1.43 6.1
96 18.03 95.9 4 0.77 4.1
97 20.73 96.0 3 0.86 4.0
98 16.80 99.9 2 0.02 0.1
99 16.03 99.8 1 0.03 0.2
99.5 16.03 99.8 0.5 0.03 0.2
100 16.46 100 0 0 0

Ten mixtures of Org 31540 and Org 31550 having an increasing Org 31540/Org 31550 ratio were analyzed by CE—~indirect UV
detection applying standard conditions. In each mixture the total pentasaccharide concentration (Org 31540 + Org 31550) was 1
mg/ml (defined as 100%). Peak areas were corrected for residual water content (details in text). % Org 31540 = Percentage
(w/w) of Org 31540 in the Org 31540/Org 31550 mixture; Peak area = observed peak area (in arbitrary units) in CE~indirect UV
analysis; Area% = observed peak area for Org 31540 or Org 31550 in CE—-indirect UV analysis of a mixture of both Org
compounds. The total peak area obtained for Org 31540 + Org 31550 is taken as 100%.

two baseline-separated peaks at 15.57 and 16.09
min, followed by a minor peak at 16.47 min (Fig.
6). From injection of Org 31550 and Org 31540
separately (not shown), it is known that the
signal at 15.57 min stems from Org 31550,
whereas the signals at 16.09 and 16.47 min are
derived from Org 31540 and an impurity in Org
31540, respectively. The peak areas found for
Org 31540 (impurity not included) and Org
31550 are 8.49 and 7.83, respectively (Table 4).
However, since the water contents of Org 31550
and Org 31540 are 8.7 and 19.2%, respectively, a
correction factor of 1.13 for the area found for
Org 31540 must be applied, determining the
corrected peak area of Org 31540 as 8.85. Nine
additional mixtures were made, gradually in-
creasing the ratio Org 31540/Org 31550. In fact,
in this experiment Org 31550 can be regarded as
a contaminant in the Org 31540 preparation. As
is clear from Fig. 6 and Table 4, the theoretical
and observed ratios are in accordance with each
other, indicating on the one hand that, using
indirect UV detection, a nearly identical detector
response is obtained for Org 31540 and Org

31550, and that on the other hand the presence
of a small amount of Org 31550 (e.g., 9 pg or 4.9
fmol) can be detected in the presence of a large
excess of Org 31540 (e.g., 1791 pg or 1036 fmol,
Table 4). There is, however, a discrepancy
between the limit of detection and the limit of
quantitation of Org 31550 in the presence of
excess Org 31540. Fig. 6 demonstrates that the
observed signal for Org 31550 continuously de-
creases, relative to the signal obtained for Org
31540, as the ratio Org 31540/Org 31550 in-
creases. Therefore, the Org 31550/O0rg 31540
ratio (w/w) can be assessed in a qualitative way
at least up to a ratio of 0.5/99.5, i.e. the limit of
detection of Org 31550 in the presence of an
excess Org 31540 is about 0.5% (w/w). How-
ever, from Table 4 it will be clear that the limit
of quantitation for Org 31550 in a mixture with
Org 31540 is about 2% (w/w). This difference
with the limit of detection is mainly due to the
limited accuracy of the integration software, as it
is evident from Fig. 6 that the detection signal
does reflect the actual ratio. Taken together it
can be concluded that CE coupled with indirect
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Fig. 6. CE-indirect UV detection of nine mixtures of Org 31540 and Org 31550, containing a decreasing amount of Org 31550.
The electropherograms are compiled in a three-dimensional plot. The Org 31540/Org 31550 ratio (w/w) is indicated on the

Z-axis. Experimental details in Table 4.

UV detection enables the non-selective detection
of different types of pentasaccharides and allows
the quantitative detection of small amounts
(>2%, w/w) of pentasaccharide contaminants.

The former experiment shows that closely
related pentasaccharides yield a (nearly) identi-
cal detector response in the indirect detection
mode. Moreover, determination of the purity of
Org 31540-E and HH2174 (see above) demon-
strates that also pentasaccharides which carry
additional chromophoric substituents are regis-
tered in proportion to their relative (gravimetric)
abundance. Notwithstanding these observations,
it is of importance to ascertain that equal
amounts of GAGs widely differing in molecular
mass, charge and migration time are detected
with equal sensitivity, since these parameters

could influence the detector response. The in-
fluence of the molecular mass and charge of the
GAG on the detector response was investigated
by CE-indirect UV analysis of equal amounts of
Org 31550 and 8UA2S— GIcNS6S (structure in
Table 1). The possible influence of the migration
time is more appropriately dealt with in a sepa-
rate experiment (see below). Injection of 1.8 nl
from a solution containing 0.5 mg/ml Org 31550
(injected amount 0.9 ng or 0.49 pmol) and 0.5
mg/ml 8 UA2S— GIcNS6S (injected amount 0.9
ng or 1.35 pmol) yields two peaks (Fig. 7) at
17.2 min, corresponding to Org 31550 and 20.1
min, corresponding to 8 UA2S —> GIcNS6S hav-
ing nearly identical peak areas, namely 12.48
(48.2%) and 13.43 (51.8%), respectively. This
convincingly demonstrates that injection of equal



—
=)
[\

€E o
<
&
% -10}
@
o
= 20}
%
8 Org 31550
§ -30}
£
2
2 40l 8UA2S->GICNS6S
-50 : , ,
10 15 20 25 30

Migration time (min)

Fig. 7. CE-indirect UV detection of a mixture containing 1
mg/ml of Org 31550 and 1 mg/ml of §UA2S— GIcNS6S.
The injection volume is 1.8 nl. Experimental conditions as in
Fig. 2B.

mass amounts of different types of GAGs yield
an equal detector response, enabling their quan-
titative analysis by CE—indirect UV detection. It
is of importance to note that the detector re-
sponse correlates with the gravimetric amount of
the saccharide and not with the molar amount.

With respect to the ruggedness of the method
two parameters were investigated, namely the
possible influence of the migration time on the
peak area and the influence of the presence of
salts in the sample solution on the overall per-
formance of the method.

As mentioned earlier, indirect UV detection
offers a possibility to detect analytes indis-
criminative of their chromophoric constituents
and molecular structure. However, it cannot be
excluded that the sensitivity of detection of an
analyte is influenced by its migration time. This
was studied by CE analysis of Org 31550 apply-
ing different voltages across the capillary. In this
way the migration time of a certain analyte
species can be varied, keeping the experimental
conditions constant (except for the applied volt-
age). The migration times and peak areas ob-
tained for Org 31550 at 2.5, 5.0, 7.5, 10.0 and
12.5 kV are compiled in Table 5. A shift in
migration time from 35.8 min (2.5 kV) to 7.3
min (12.5 kV) gives rise to an increment of the
peak area of Org 31550 from 17.8 to 18.2.
Apparently, the migration time has little effect

J.B.L. Damm, G.T. Overklift | J. Chromatogr. A 678 (1994) 151-165

Table 5
The influence of migration time on peak area

Voltage Migration time (min) Peak area
25 35.8+0.10 17.8 £0.03
5.0 18.9x0 16.1=0.04
7.5 12.0x0 16.7 £ 0.01

10.0 9.1x0 17.6 £0.18

12.5 73%0 18.2+0.09

CE-indirect UV detection of Org 31550 using standard
conditions, except that the voltage over the capillary was
varied. In each case 1 pmol of Org 31550 was injected. Data
are the mean value = S.E.M. of two experiments.

on the detector response. However, when the
data obtained at 2.5 kV are neglected the ten-
dency for peak areas to increase as the migration
times decrease is more pronounced (Table 5).
Since the synthetic pentasaccharide samples
may contain traces of residual salts, it was
relevant to test the influence of the presence of
salts in the sample solution on the performance
of CE-indirect UV detection. The maximal
tolerated salt content of pentasaccharide prepa-
rations for pharmaceutical use is 10% (w/w).
Typically, injections are made from a sample
solution containing 1 mg pentasaccharide per ml,
and consequently the salt concentration should
be below 0.1 mg salt per ml. In Fig. 8 the
electropherogram obtained for a mixture con-
taining 1 mg Org 31550 per ml and 0.1 mg NaCl
per ml is shown. Clearly, the presence of NaCl is
detected by the chloride peak at 12.81 min. The
minor peak, migrating at 13.35 min, belongs to
sulphate ions (see below). Apparently, the NaCl
used in this experiment was contaminated with
Na,SO,. It is of note that in an earlier study
applying direct UV detection [3] the presence of
up to 1 M NaCl is not noticed. Similarly, the
presence of 0.1 mg Na,SO, or 0.1 mg NaH,PO,
per ml sample solution gives rise to peaks mig-
rating at 13.72 and 33.52 min, respectively (Fig.
8). For Na,SO, an additional peak at 12.48 min
is noticed probably belonging to traces of NaCl
that are present in the Na,SO, used. These
observations demonstrate that the presence of
salts may compromise the interpretation of the
electropherogram. Therefore it seems advisable,
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Fig. 8. Influence of the presence of NaCl, Na,SO, or Na,PO, in the sample solution (each at a concentration of 0.1 mg/ml) on
CE-indirect UV detection of Org 31550. Experimental conditions as in Fig. 2B. The concentration of Org 31550 in the sample

solution is 1 mg/ml.

especially in case of ambiguities in the interpre-
tation of the electropherogram, to desalt the
pentasaccharide sample prior to analysis by CE—
indirect UV detection.

Finally, to establish the scope of the method,
additional types of GAGs, comprising alkylated
and O-sulphated synthetic pentasaccharides, syn-
thetic dermatan sulphate di-, tetra- and hexasac-
charides and a natural heparin disaccharide
(structures indicated in Tables 1 and 2), were
analyzed by CE-indirect UV detection in a
single run. Fig. 9 depicts the electropherogram
obtained for a mixture containing approximately
1 mg/ml of each of the mentioned GAGs, using
standard conditions. The identity of the peaks
was determined by injection of the pure com-
pounds (results not shown). Evidently, all GAGs
can be analyzed in a single run which dem-
onstrates the general applicability of CE—indirect
UV detection for the analysis of GAG frag-
ments. In Table 6 the charge and migration time
of the various GAG fragments are compiled.
The O-sulphated, alkylated pentasaccharide Org
33271, possessing 12 negative charges migrates at
18.2 min. The N,O-sulphated pentasaccharides
Org 31550 and Org 31540, having 11 and 10
negative charges, respectively, show slightly
higher migration times (18.7 and 19.1 min,
respectively) in line with their reduced negative
charge compared to Org 33271. The relationship

between the molecular mass and charge of car-
bohydrate molecules and their electrophoretic
mobility was recently studied in detail by Chiesa
and Horvéath [26] using maltooligosaccharides
derivatized with 8-aminonaphthalene-1,3,6-tri-
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Fig. 9. CE~indirect UV detection of a mixture of various
glycosaminoglycans, comprising different synthetic pentasac-
charides (1 = Org 31550; 2 = Org 31540; 3 = Org 33271; 4=
Org 33263; 5=Org 33232), synthetic dermatan sulphate
hexa-, tetra- and disaccharides (6= Org 34275; 7=Org
34276; 8= Org 34277, respectively) and a natural heparin
disaccharide (9=8UA2S— GlcNAc6S). The concentration
of each GAG in the mixture is approximately 1 mg/ml and
the injection volume is 1.8 nl. The structures of the GAGs
are compiled in Table 2. Org 33271 and Org 33263 are close
derivatives of Org 33232 having twelve and eleven negative
charges, respectively. Electrophoresis conditions as in Fig.
2B.
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Table 6

Migration time of GAGs in CE-indirect UV detection
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GAG Type Charge Migration time (min)
Org 33271 (1) Synthetic pentasaccharide 12 18.2
Org 31550 (2) Synthetic pentasaccharide 1 18.7
Org 31540 (3) Synthetic pentasaccharide 10 19.1
Org 33263 (4) Synthetic pentasaccharide 11 19.4
Org 33232 (5) Synthetic pentasaccharide 1 19.9
Org 34275 (6) Dermatan sulphate hexasaccharide 10 24.4
Org 34276 (7) Dermatan sulphate tetrasaccharide 7 25.6
Org 34277 (8) Dermatan sulphate disaccharide 3 28.9
8UA2S— GIcNACc6S (9) Heparin disaccharide 3 32.0

Experimental details in Fig 9. Org 33271, Org 33263 and Org 33232 differ from Org 31550 and Org 31540 in that they contain
exclusively O-sulphated groups and methylated hydroxyl functions, whereas Org 31550 and Org 31540 possess N- and/or
O-sulphated and free hydroxyl functions. The numbers in brackets refer to the peaks in Fig. 9.

sulphonic acid as model compounds. In the latter
study it was shown that the electrophoretic
mobility .can be expressed as u., = CqM, 23
where p,, represents the electrophoretic mobili-
ty, C is a constant, g is the electrical charge of
the analyte and M, is the molecular mass of the
analyte. Although the results presented in this
study are in line with the relationship set forth by
Chiesa and Horvath, for a correct interpretation
of the results it should be noted that also the
charge distribution of the analyte may influence
the migration time [3]. The alkylated pentasac-
charides Org 33263 and Org 33232, both having
11 negative charges, migrate at 19.4 and 19.9
min, respectively. The fact that the latter two
compounds have higher migration times than
Org 31540, in spite of containing one extra
negative charge, must be ascribed to their higher
molecular mass (Org 31540: 1727; Org 33263:
1917; Org 33232: 1917) and/or differences in
charge distribution. Since Org 33263 and Org
33232 have an identical molecular mass and
charge, the difference in migration time must be
ascribed to the unequal charge distribution. The
dermatan sulphate hexasaccharide, bearing ten
negative charges, migrates at 24.4 min. The
higher migration time of the dermatan sulphate
hexasaccharide compared to the heparin penta-
saccharides can be ascribed to its reduced charge
and/or higher molecular mass (2108) The der-
matan sulphate tetra- and disaccharides, posses-

sing 7 and 3 negative charges, respectively,
migrate at 25.6 and 28.9 min, respectively.
Finally, the heparin disaccharide §UA2S—
GIcNACc6S, having 3 negative charges, migrates
at 32.0 min.

In summary, we conclude that CE in combina-
tion with indirect UV detection enables a reliable
qualitative and quantitative analysis of the purity
of sub-picomole levels of low-molecular-mass
heparin preparations by CE.
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Abstract

Electroosmotic flow in capillary zone electrophoresis must be controlled for precise and reproducible per-
formance. We found that the addition of any one of several classes of compounds such as amines, amino acids or
organic acids to the running buffer stabilizes electroosmotic flow. With the additives in the buffer, the precision of
migration times improved to better than 1%. The reproducibilities improved to better than 5%. The system is very
stable at various conditions for small molecules and for proteins at very acidic or very basic conditions.

1. Introduction

Capillary electrophoresis (CE) is an analytical
separation technique capable of high resolution
because of its inherent high efficiency. Unlike in
chromatography, the resolution in CE should
improve continuously as the migration times
decrease (or as the applied voltage is increased).
This potential of high efficiencies, high resolu-
tions and short analysis times in CE have at-
tracted the attention of researchers in various
fields, and the use of CE is growing exponential-
ly.

To be an acceptable analytical technique, the
precision of migration times and peak areas need
to be high. If we take chromatographic figures-
of-merit as a rough guideline, then the precision
of the data should be about 1% and the repro-
ducibility less than 5% [1]. Frequently, CE done
in open and untreated capillaries shows much

* Corresponding author.
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poorer precisions and reproducibilities (viz.
[2,3]). One of the reasons for the poorer preci-
sion is the difficulty of maintaining constant
electroosmotic flow (EOF), which occurs when
an external electric field is imposed across a
capillary whose inner wall is charged [4]. In such
cases, solutes migrate through the capillary as a
result of electrophoresis and electroosmosis. The
apparent reason for the lack in precision may be
due to variations in the capillary silica surface,
occurring during and between electrophoretic
separations, which cause variation in the EOF. -

There are many literature reports on the lack
of precision in CE (e.g., [5S-11]). There is also a
great deal of work attempting to improve the
precision of CE, mainly by manipulating EOF;
for example, by the use of surface-active addi-
tives (e.g. [12-14]), of ions and zwitterions (e.g.
[15]), of polymers (e.g. [16]) and of organic
modifiers (e.g. [17-20]). Other attempts using
pH (e.g. [18]) and chemical derivatization of the
capillary wall (e.g. [21-24]) have been reported.

© 1994 Elsevier Science B.V. All rights reserved
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External electric field has been used also to
control EOF (e.g. [25-27]).

In spite of all the efforts mentioned above,
there is still a need for a simple and a reliable
way to control and maintain a constant EOF. In
the present communication we report on the use
of several classes of compounds which allow us
to control EOF better, and thus to give stable
CE systems with excellent precision in migration
times without the need for capillary rinsing
between injections. The rationale for the choice
of the additives will be discussed.

We should stress here that the aim of the
present work was to control EOF, and therefore
to improve the precision of the data, and not to
optimize the efficiencies of the separations. The
solutes in this study were not chosen with an
application in mind but rather due to con-
venience and availability. Thus, the results are
reported mainly in terms of consistency in migra-
tion times and in efficiency and not in terms of
efficiency improvement.

2. Material and methods
2.1. Apparatus

Separations were performed on a laboratory-
made CE unit. A high-voltage power supply
(Glassman, NJ, USA) was used to establish the
electrical field across the capillary. The output
voltage of the power supply was computer-con-
trolled. Separations were done in polyimide-
coated fused-silica capillaries (Polymicro Tech-
nologies, CA, USA), 50 and 100 um L.D. and
375 pm O.D. Separation lengths of the capil-
laries varied from 40 to 44 cm, and the total
length of the capillaries varied from 72 to 74 cm.
Detection was done with a Model 200 UVIS
absorbance detector (Linear Instruments, CA,
USA) at 280 or 200 nm for proteins. About a
l-cm section of the capillary coating was re-
moved by heat and it served as a UV detection
window. The signals from the detector were fed
to a Model 600 recorder (W + W Electronic,
Switzerland) and to a Model D-2000 Hitachi
integrator (Merck, Germany).

2.2. Reagents

Buffers

The running buffers were made from either
NaH,PO, (Baker, USA), Na,HPO, (Mallinck-
rodt, USA), KH,PO,, CH,COONa (Merck) or
Tris (Serva, Germany). Final pH was adjusted
with a 1 M solution of either NaOH, H,PO,,
CH,COOH or HCI (Frutarom, Israel). Most of
the experiments were done using a 0.02 M
NaH,PO, buffer at pH 6.00 adjusted with 1 M
NaOH.

Additives

Three classes of additives were studied. The
first additive class, which were amines, included
0.01 M solutions of the following compounds:
triethylamine (TEA), triethanolamine (Fluka,
Switzerland),  propylamine, n-pentylamine,
piperidine (Sigma, MO, USA), dipropylamine,
dipentylamine, tripropylamine, morpholine and
histamine (Aldrich, WI, USA). The second class
of additives included 0.001 M solutions of the
following amino acids: alanine, arginine, as-
paragine, aspartic acid, cystine, glutamic acid,
glycine, histidine, isoleucine, leucine, lysine,
methionine, proline, serine, threonine and valine
(Takara Hohsan, Japan). The aromatic amino
acids (phenylalanine, tryptophan and tyrosine)
were not used because of solubility and detection
problems. The third class of additives, which
were acids, included 0.01 M trimethylacetic acid
(TMA) (Fluka) and 0.001 M imidazole-4-acetic
acid (Sigma).

Solutes

Phenol (Mallinckrodt) or acetone (Frutartom)
was used as a neutral marker for measuring
EOF. Other solutes included the amino acid
tyrosine (Sigma) and the proteins lysozyme,
myoglobin and trypsinogen (Sigma). The solutes
were dissolved (1 mg/ml) in the running buffer.

2.3. CE procedures
The introduction of each new additive was

followed by 3 h of conditioning as described
below. In addition, the capillary was conditioned
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at 25 kV for 1 h at the beginning of each working
day. Injection of the sample into the capillary
was made by electromigration at 5 kV for a fixed
period of time (1-5 s). Electrophoresis was
usually run at 25 kV applied voltage. The current
through the capillary did not exceed 50 pA.

2.4. Capillary treatment

Each new capillary was cleaned by flushing,
sequentially, with 1 M KOH (Frutarom) for 15
min, then with triply distilled water for 30 min
and, finally, with the running buffer containing
an additive for few seconds. The capillary was
conditioned for 3 h, at 25 kV, to allow equilibra-
tion of additive interactions with the capillary
wall. Similar procedure was employed whenever
a new additive was used. This treatment elimi-
nates the need for capillary washing between runs.

3. Results and discussion

It is an experimental fact that most conven-
tional electrophoresis buffers do not yield con-
stant EOF. The exact causes for the variation in
EOF- are not known with certainty, but they are
thought to be related to continuous modification
of the wall surface resulting from interactions
with buffer components and with solutes. Simple
attempts to maintain an homogeneous surface,
such as rinsing the capillary with bases, acids,
triply distilled water etc. are not helpful in
stabilizing EOF. Fig. 1 is a plot of migration time
of the EOF marker (phenol) for sequential
injections. The figure shows that the migration
times decrease continuously with successive in-
jections. This decrease was observed with every
buffer studied here. The initial decrease is quite
large, but is less pronounced with time; however,
even after 8 working hours there is still a
decrease in the migration time. The general
trend is quite clear and there is very little
deviation from that trend.

We control EOF, and therefore migration
times, by the use of additives. Three classes of
compounds, amines, amino acids and acids were
investigated by us as additives. The reasons for

6.00
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5.00 | R

4.50

Migration time (min)

4.00 " I 1 1 L 2

Injection no.
Fig. 1. Migration times of phenol as a function of injection
number. No additive in buffer which was 0.02 M NaH,PO,
pH 6. Applied voltage was 25 kV.

choosing these classes of compounds are: from
HPLC we know that amines interact with silanol
groups, thus masking them from the solutes.
Since the amines are positive at the pH used
here, they should be electrostatically attracted to
the capillary wall. Thus, the amines should shield
the wall from impurities in the buffer that
otherwise might be adsorbed onto it. The ad-
sorption of impurities will change the nature of
the double layer on the wall and therefore
change EOF.

The choice of amino acids was made to negate
the effects that simple -amines have on the
current density in the capillary. Since amino
acids are zwitterions, their contribution to the
conductivity of the buffer is smaller than that of
amines. Yet, amino acids have an amine group
which should interact with the wall surface.

Finally, since amino acids have also an acidic
group, we decided to investigate the behavior of
acids.

3.1. Additive type: amines

A common practice in HPLC is the addition of
amines to the mobile phase to diminish, or even
eliminate, the adsorption of basic solutes to the
bare silica gel via silanol interactions. The ac-
cepted mechanism of the amine action is by
competitive interaction with the free silanols on
the silica gel. Since the capillary wall in CE also
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Fig. 2. Migration times of phenol as a function of injection
number. 0.001 M TEA additive in buffer which was 0.02 M
NaH,PO, pH 6. Applied voltage was 25 kV.

possesses free silanols, which are responsible for
the charge of the surface and, hence, for EOF, it
was decided to add an amine to the running
buffer to stabilize the wall charge. Fig. 2 shows,
in a control chart fashion, the behavior of
successive migration times when 0.001 M TEA
was added to the buffer. Beside the fact that the
migration time is shorter when TEA is present,
the figure shows that r; is constant with a
coefficient of variation of about 0.4%. The solid
line in Fig. 2 is the average for all the runs. The
dashed lines are the = 3o lines. The variations in
the migration time does not seem to have any
trend, i.e. the fluctuations shown are random.
The difference in t; when TEA is present is,
most likely, due to the fact that in the TEA
study the capillary was not fan-cooled while the

Table 1

data in Fig. 1 were obtained with temperature
control.

Table 1 summarizes the results as a function of
applied voltage and of TEA concentration. The
data in the table show that the precision in
migration time is excellent with relative standard
deviations less than 1% in all cases. This preci-
sion is sufficient to recommend CE as an ana-
lytical tool for routine applications. In addition,
the data in the table show that, for a given
applied voltage, there is a slight increase in the
migration time with an increase in TEA con-
centration. The increase in migration time might
be explained by the increase in ionic strength of
the buffer caused by the increasing amine con-
centration. Similar dependence of EOF on ionic
strength was reported by several workers (e.g.
[12,17]).

Similar results were obtained with all the
amines that were examined here. Table 2 sum-
marizes the results concerning the migration
data. The presence of an amine in the buffer
results in excellent precision in the migration
times. The electroosmotic velocity differs from
additive to additive. Table 2 shows that while
there is no relationship between the migration
times and the additives’ pK, values, there is a
good correlation with the ratio of the dielectric
constant, g, to the viscosity, 1, as anticipated
from the Smoluchowski equation {4]. Undoubt-
edly, variation in the chemical nature of the
amines influences their interaction with the capil-

Migration times and standard deviations (in parentheses), as a function of applied voltage and concentration of TEA

Applied Migration time (min)

voltage

(kV) 2-107* M TEA 1-107*M TEA 0.01 M TEA 0.07M TEA
5 18.2 (0.05) 19.3(0.05) 20.6 (0.02) -

10 8.47(0.02) 9.20(0.06) 10.2 (0.03) -

12.5 6.50 (0.01) 6.43 (0.05) 7.75(0.03) 7.00(0.02)

15 5.34(0.02) 5.70 (0.04) 6.34 (0.02) 6.06 (0.01)

17.5 4.19 (0.01) 4.57 (0.04) 4.77 (0.02) 5.00(0.01)

20 3.58 (0.02) 3.72(0.02) 3.90(0.01) 3.99 (0.01)

25 2.32(0.02) 2.57 (0.01) 2.74 (0.02) 2.78 (0.02)

Migration times are averages of anywhere between 4 and 20 runs. Solute is phenol; phosphate buffer at pH 6.
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Table 2
Migration times of phenol, and their standard deviations as a
function of the amine used to control EOF

Amine pK, e/n Migration  Standard
time deviation
(min)
Triethanolamine® 776 474  2.69 0.01
Propylamine 10.74 15.04 3.35 0.007
Dipropylamine 11.00 7.19 391 0.006
Tripropylamine 10.66 4.72 0.005
Histamine 9.83 4.74 0.008
Pentylamine 10.75 5.5 4.87 0.008
Trietylamine 1072 749 5.1 0.02
Morpholine 8.3 4.41 5.32 0.01
Dipentylamine =11 5.69 0.016
Piperidine 11.12 474 6.12 0.01

Applied voltage was 25 kV; amine concentration was 0.01 M
except histamine whose concentration was 0.001 M; buffer
was 0.02 M NaH,PO, at pH 6.0. Migration times are
averages of anywhere between 4 and 20 runs. Values of
dielectric constants ¢, and viscosities, 7, are mainly at 25°C
[28].

* Indicates values obtained without fan-cooling of capillary.

lary wall, thus giving different EOF and migra-
tion times for each additive. In addition, some of
the data were collected on various capillaries
which might also cause the observed scatter in
the migration data.

Day-to-day reproducibility was also examined
and representative results are given in Table 3.
Typical values for day-to-day reproducibilities
are 5% or less as shown in the table. Similar

Table 3
Day-to-day reproducibility in migration times of phenol with
TEA in buffer

Day Migration time Standard
(min) deviation

1 5.56 0.008

2 5.89 0.006

3 6.17 0.006

4 5.80 0.02

Average 5.86 0.25°

Applied voltage was 25 kV; TEA concentration was 0.01 M;

0.02 M NaH,PO, buifer at pH 6.0.

* Standard deviation of the average migration time of the
daily migration time averages.

values were obtained for all amines examined
irrespective of whether they are primary, sec-
ondary or tertiary amines.

3.2. Additive type: amino acids

As mentioned above, a possible disadvantage
in the use of amines as buffer additives is the
relatively high current which can result from
their presence. Consequently, it was decided to
examine amino acids which, being zwitterions,
should be poorer conductors. Moreover, amino
acids present an amine-type additive with addi-
tional functional groups which might influence
the selectivities toward charged and uncharged
solutes. Amino acids, as well as other zwitter-
ions, were used previously in CE but mainly to
eliminate surface adsorption of proteins (e.g.
[15,29]). We examine here sixteen different
amino acids as additives to control and stabilize
EOF. Most of the common amino acids were
studied with the exception of the aromatic ones
(phenylalanine, tyrosine and tryptophan).

Table 4 shows typical results with four amino
acid additives with different functional groups.
The migration time values are the average of
anywhere from 8 to 32 runs. As a further
example, Fig. 3 shows the stability of the EOF,
as measured by the migration times of phenol,
when serine was the additive. The relative stan-
dard deviation of the data in Fig. 3 is 0.16%.

Similar results were obtained for all 16 amino
acids studied irrespective of whether the additive
was polar, hydrophobic, acidic or basic. Table 4
demonstrates that EOF is independent of the

Table 4
Effect of amino acids in buffer on precision of migration time

Amino acid Migration Standard
additive time (min) deviation
Lys 4.29 0.009
Arg 4.37 0.007
Asp 4.53 0.017
Ser 4.40 0.007

Solute was phenol; applied voltage was 25 kV; buffer as in
Table 3; amino acid concentration was 0.001 M.
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Fig. 3. Migration times of phenol as a function of injection
number. 0.001 M Serine additive in buffer which was 0.02 M
NaH,PO, pH 6. Applied voltage was 25 kV.

nature of the amino acid additive. When tyrosine
was used as a test solute, its migration times
were also independent of the nature of the
additive. Thus, at least for the solutes that we
have examined, no selective interactions were
observed with the amino acids.

Table 5 shows typical reproducibilities for
some amino acid additives. The number of days
over which the data were amasscd ic shown in
the table. The results are alike those observed in
chromatography. Similar results were obtained
with all amino acids studied irrespective of the
solutes used or the nature of amino acids.

3.3. Additive type: organic acids

Since amino acids have an acidic group as well
as an amine group, organic acids were investi-
gated as additives to control EOF. Fig. 4 shows
typical results when TMA was used as an addi-

Table 5
Effect of amino acids in buffer on the reproducibility of
solute velocity

Amino No. of Velocity Standard
acid days (cm/min) deviation
Gly ‘4 9.5 0.095
Val "4 9.5 0.35
Arg 3 9.5 0.25
Cys 3 9.3 0.51

Experimental conditions as in Table 4.
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Fig. 4. Migration times of phenol as a function of injection
number. 0.01 M TMA additive in buffer which was 0.02 M
NaH,PO, pH 6. Applied voltage was 25 kV.

tive. Imidazole-4-acetic acid affected EOF in a
similar fashion. Much to our surprise, excellent
precision was also obtained with this class of
additive.

3.4. Effect of buffer pH

The stabilizing effect of the amines or the acid
additives occurs over a wide range of buffer pH.
Fig. 5 shows the electroosmotic velocity, moni-
tored by acetone as the solute, as a function of
pH when TEA was present in the running
buffer. The data were collected at pH 5 and
higher, since at lower pH TEA is no longer
effective as EOF stabilizer. Fig. 6 shows similar

Electroosmotic velocity (cm/min)
-

pH
Fig. 5. Electroosmotic velocity as a function of pH. Solute

was acetone. Applied voltage 25 kV; 0.02 M phosphate
buffer, 0.01 M TEA in buffer.



N. Cohen, E. Grushka | J. Chromatogr. A 678 (1994) 167-175 173

Electroosmotic velocity (cm/min)
o0
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Fig. 6. Electroosmotic velocity as a function of pH. Solute
was acetone. Applied voltage 25 kV; 0.02 M phosphate
buffer, 0.01 M TMA in buffer.

results for TMA as additive. Acetone was chosen
as solute since it is uncharged throughout the pH
range studied. In both figures, the filled circles,
drawn to represent the experimental points, are
wider than =1 standard deviation of the mea-
surements. Therefore, both types of additives
can be used to stabilize EOF over a wide range
of pH. To achieve the wide pH ranges shown,
the phosphate buffer was prepared from either
NaH,PO, or Na,HPO, depending on the actual
pH.

Several additional observations should be
made with regard to Figs. 5 and 6: (a) In the pH
range studied the TMA changes from being
almost completely unionized to being completely
ionized (negatively charged). TMA’s effective-
ness in controlling EOF seems to be independent
of its ionization state. TEA changes from being
completely ionized (positively charged) at the
low pH to being only about 50% charged. Here
too, the effectiveness of TEA as EOF controller
seems to be pH independent. (b) Whether the
additive was an acid or a base, the electro-
osmotic velocity of the acetone probe was rough-
Iy the same, both in magnitude and direction, at
a given pH, for both additives. The magnitude of
the EOF for each additive seems to be a function
of its charge, viscosity and dielectric constant. (c)
The increase in EOF with an increase in pH is a
well understood phenomenon (e.g. [12,23}). The
sigmoid shape of the curve in Fig. 6 is typical of

acid-base titration curves. The behavior of the
EOF most likely mirrors the concentration of the
ionized silanol groups on the capillary surface.
Thus, by measuring the EOF as a function of the
pH, the titration of the capillary surface silanols
can be monitored. However, and more impor-
tantly, Figs. 5 and 6 indicate that the additives
used here do not control the EOF by strongly
adsorbing to the capillary surface. If additive
adsorption was the stabilizing mechanism, then
the pH dependence of the EOF would have been
much smaller [23]. It is our opinion that the
additives used in this study work more like
supporting electrolytes in polarography: by intro-
ducing a larger number of charge carriers a
narrower wall double layer is obtained with a
better defined wall ¢ potential, resulting in a
more stable EOF.

The discussion until now centered on small
and neutral solutes. To examine the applicability
of the additives to stabilize the migration times
of large solutes, we used lysozyme, trypsinogen
and myoglobin as test molecules. The running
buffer was either Na,HPO, (pH 11) or
NaH,PO, (pH 2). These pH values were chosen
since they minimize the adsorption of the pro-
teins to the capillary wall. Again, we found that
with additives in the buffer the migration time
precision improved. For example, at pH 11 the
precision improved from 7% to less than 1%
when using either TEA, TMA or isoleucine as
the additive.

3.5. Effects of additives on peak shape

The additives discussed above affect favorably
not only the migration data but also peak shape
and width. For example, in the absence of
additives typical relative standard deviation in
plate height (H) measurements is between 20
and 40%. The presence of an additive improves
the precision in efficiency drastically as Table 6
shows. With TEA additive the relative standard
deviation is at worst about 15% and mostly less
than 10%. Similar results were observed with all
additives studied here.

More important is the effect of the additive on
the peak shape in the case of large molecules. As
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Table 6

Plate heights and standard deviations (in parentheses), as a function of applied voltage and concentration of TEA

Applied H (pum)

voltage

(kV) 2-107* M TEA 1-107° M TEA 0.01 M TEA 0.07 M TEA
5 6.1(0.7) 6.1(0.7) 6.5(0.1) -

10 3.9(0.1) 3.4(0.1) 3.8(0.3) -

12.5 3.0(0.2) 3.1(0.1) 3.3(0.1) 3.7(0.3)

15 3.1(0.2) 2.8(0.2) 2.9(0.2) 3.6(0.4)

17.5 2.8(0.2) 2.6(0.1) 3.1(0.03) 3.0(0.01)

20 3.0(0.3) 2.6(0.2) 3.1(0.2) 3.0(0.1)

25 2.4 (0.4) 2.4(0.4) 3.2(0.1) 2.8(0.3)

Other experimental conditions as in Table 1.

an example, Fig. 7 shows the peak which results
from an injection of lysozyme at pH 11. Without
the additive, or a pre-run wash, the resulting
lysozyme peak is broad and badly tailing. The
plate count was a very poor 5000. After a buffer
and triply distilled water wash the peak shape
improved and the plate number increased to

N=250000
N=30000
N=5000
L ) L ] L 'H 1
3 min 4 3 min 4 3 min 4
no additive, no additive, TEA
without with no need for
washing washing washing

Fig. 7. The effect of adding TEA to the buffer on the
efficiency and the peak shape of lysozyme. 0.02 M Na,HPO,
buffer pH 11, 25 kV.

30 000. With TEA in the running buffer the
lysozyme peak becomes much narrower with a
plate count of 250 000. All of the above values of
H for lysozyme are much lower than the theoret-
ically predicted value. The peak still tails but the
overall performance is far superior with the
additive in the buffer. Similar results were ob-
tained with myoglobin and trypsinogen. Their
peak shapes improved in the presence of any of
the additives examined here. Note, again, that
the presence of the additive eliminates the need
for washing the capillary between injections.

4. Conclusions

Amines, amino acids and acids control EOF
and, therefore, stabilize the migration times of
solutes in CE. In the presence of these additives,
the precision and reproducibility both in migra-
tion times and in plate heights improves drasti-
cally. With additives, CE can compete, as far as
figures-of-merit are concerned, with more estab-
lished separation techniques, such as HPLC. The
additives described here work well with small as
well as with large solute molecules. The results
discussed above coupled with the fact that such a
chemically wide range of additives work in a
similar fashion indicate that their modus
operandi is related probably more to the pres-
ence of charged species than to chemical interac-
tions.

The goal of the present work was to improve



N. Cohen, E. Grushka | J. Chromatogr. A 678 (1994) 167-175 175

precision. While it is important to optimize CE
separation, it is also vital to improve the preci-
sion of the method. Our results clearly demon-
strate that the use of additives does provide the
necessary precision which is essential for practi-
cal use.
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Abstract

A number of racemic 1,3-dimethyl-4-phenylpiperidines which serve as intermediates in the synthesis of opioid
analgesics have been resolved on two commercially available high-performance liquid chromatography columns
containing cellulose-based chiral stationary phases: Chiralcel OD and Chiralcel OJ. The resolution results were
complementary between the two columns. Also, the polarity of substituents appears to play an important role on

the ability of the Chiralcel OD column to resolve pairs of enantiomers.

1. Introduction

4-Phenylpiperidines such as meperidine,
ketobemidone and prodines are opioid analgesics
[1] (Fig. 1). Various structure—activity relation-
ship studies have shown that the prodines have
different pharmacological profiles compared to

OH
0 o o o)
o~ o o
N N N N
f | | [

Meperidine (£)B-Prodine

(cis 3-Me/4-Ph)

()a-Prodine Ketobemidone

(trans 3-Me/4-Ph)

Fig. 1. 4-Phenylpiperidine opioid analgesics.
* Corresponding author.
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the analogues of ketobemidone and meperidine
[2-4]. In order to test the predictions of a
proposed model [5-7] which predicts the stereo-
chemical requirements for opioid receptor activi-
ty, we initiated a project to study the effects of
conformation on analgesic activity of these com-
pounds. This study required the synthesis and
resolution of w- and B-prodines and their ana-
logues.

Optical resolution of prodinols, the precursor
alcohols of prodines, has already been accom-
plished by fractional crystallization [8], but most
other analogues were less amenable to this
approach [9]. High-performance liquid chroma-
tography (HPLC) with a chiral stationary phase
(CSP) provides a convenient method for both
analytical- and preparative-scale separation of
enantiomers for all of the analogues we tested.

© 1994 Elsevier Science BV. All rights reserved
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N
2 CH,

—_z

0 2 4 6 8 10 12 14 16 18 20
Retention time, min
Fig. 2. Resolution of racemic B-4-cyano-1,3-dimethyl-4-

phenylpiperidine on Chiralcel OD; solvent 3% isopropanol
and 0.05% DEA in hexane.

However, no data concerning the resolution of
the enantiomers of these compounds by HPLC
on CSPs could be found in the literature.

Herein we report on the chiral resolution of a-
and B-prodines, a- and B-prodinols, a ketobemi-
done analogue as well as precursors of two
ketobemidone analogues by HPLC on two cellu-
lose-based CSP columns viz. Chiralcel OD and
Chiralcel OJ.

0 2 4 6 8 10 12 14 16 18 2 22 24
Retention time, min
Fig. 3. Resolution of racemic «-4-cyano-1,3-dimethyl-4-

phenylpiperidine on Chiralcel OD; solvent 10% isopropanol
and 0.1% DEA in hexane.

CN
CH,

1 I T T 1 T T T 1
] 4 8 12 16 20 24 28 32 34

Retention time, min
Fig. 4. Resolution of racemic pB-4-cyano-1,3-dimethyl-4-
phenylpiperidine on Chiralcel OJ; solvent 10% isopropanol
and 0.1% DEA in hexane.

2. Experimental
2.1. Chromatography

Chromatography was performed using a Wa-
ters Model 590 pump, an U6K injector, a Model
450 variable-wavelength UV detector detecting
at 254 nm and a Fisher Recordall recorder.
Chiralcel OD and Chiralcel OJ (both 25 % 0.46
cm, 0.5-pum particles, from Daicel) were used.
The flow-rate was 0.5 ml/min.

T T T T T T T T
0 4 8 12 16 20 24 28 3 34

Retention time, min
Fig. 5. Resolution of racemic a-4-cyano-1,3-dimethyl-4-

phenylpiperidine on Chiralcel OJ; solvent 10% isopropanol
and 0.1% DEA in hexane.
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Fig. 6. Separation of enantiomers of a-prodinol on Chiralcel
OD; solvent 10% isopropanol and 0.1% DEA in hexane.
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2.2. Reagents and materials

The compounds used in this study were syn-
thesized in our laboratory following literature
procedures. The racemic diastereomers were first
separated and purified by column chromatog-
raphy before injecting into the chiral HPLC
columns. The solvents used were HPLC grade.
Diethylamine (DEA) used as a modifier was of
analytical-reagent grade.

3. Results and discussion

Chiralcel OD and Chiralcel OJ are derivatized
cellulose stationary phases. Although the mecha-
nism of chiral recognition by this kind of CSP is
not quite clear, there are numerous examples
demonstrating the wide range of solutes which
have been resolved [10,11]. Since we were inter-
ested in direct resolution of our analogues as free
bases without derivatization, we chose Chiralcel

Table 1
Resolution of 1,3-dimethyl-4-phenylpiperidine derivatives
Y
X
CHy
N
CH,
Compound Chiralcel OD Chiralcel OJ
X Y 3-Me/4-Ph k; k; a Solvent k; k, a Solvent
OH H () a 1.70 5.89 3.45 A 1.38 1.50 1.09 A
(=) B 1.17 4.35 3.70 A - - -
CN H (£) a 1.00 1.95 1.95 A 0.87 1.25 1.42 B
() B 0.97 1.12 1.15 A 1.56 2.02 1.32 B
OCOEt H () @ 1.04 1.14 1.09 C 1.38 1.00 A
(x) B 0.62 0.74 1.19 C 1.31 2.00 1.53 A
COEt H () a 0.88 0.98 1.12 A 0.56 0.68 1.22 A

Solvents: A = 5% isopropanol and 0.1% DEA in hexane; B = 10% isopropanol and 0.1% DEA in hexane; C=3% isopropanol

and 0.05% DEA in hexane.
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OD and Chiralcel OJ [12,13], which are thought
to be the best and the most practical among this
type of CSPs.

The retention time could be adjusted by
modifying the percentage of isopropanol in the
mobile phase. Also a small amount of DEA was
used as a modifier to decrease peak broadening
and tailing. We found that increasing the propor-
tion of DEA in the mobile phase did not in-
fluence the retention time dramatically, but more
than 0.5% DEA caused disturbance of the
baseline.

The resolution data for prodines and their
analogues on Chiralcel OD and Chiralcel OJ
columns are summarized in Table 1. From these
data it is clear that the resolution abilities of the
two columns are quite different. The best res-
olution on Chiralcel OD column was obtained
when X = OH (for both B and a isomers); a =
3.70 for the B and a = 3.45 for the « diastereo-
mer. However, the a diastereomer showed very
poor resolution on Chiralcel OJ column. When
X =CN, both B and a isomers had good res-
olutions on either columns. The best separation
on Chiralcel OJ was obtained for B-prodine
which showed much less satisfactory resolution
on Chiralcel OD. For all the compounds that
were tested, the (+)-enantiomer had a shorter
retention time than the (—)-enantiomer. Overall,
better resolutions were obtained on Chiralcel
OD compared to Chiralcel OJ. It appears that
for the Chiralcel OD column polarity is a key
factor in the chiral recognition; the more polar
the substituents, the better the resolution.

The resolution results of compounds described
above indicated that the two columns, Chiralcel
OD and Chiralcel OJ, perform in a complemen-
tary fashion. As a result, we were able to resolve
all of the racemic diastereomers synthesized in

our laboratory. Some of these compounds were
also resolved on a preparative scale using a
semipreparative Chiralcel OD column.
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Abstract

The gel permeation chromatographic properties of poly(vinyl alcohol) gel particles prepared by a freezing-and-
thawing procedure were investigated. From the calibration graph established with poly(ethylene glycol) and
poly(ethylene oxide) samples, it was found that the value of the excluded molecular mass increased from 2500
(original) to 6000 (fifteen repeated cycles of freezing and thawing). In addition, the treated gels showed a

favourable pressure-resisting property.

1. Introduction

We have been investigating the preparation of
macroporous gel particles of poly(vinyl alcohol)
[1]. These particles are obtained by the saponifi-
cation of particles of poly(vinyl acetate) formed
in the polymerization of vinyl acetate in a sus-
pension process. The poly(vinyl alcohol) gel
particles have been used as a column packing for
aqueous separations. However, the gels have a
disadvantage with regard to pressure-resistant
properties because of their poor mechanical
strength. We considered that a poly(vinyl al-
cohol) gel might have a potential high enough to
realize excellent mechanical stability, because a
poly(vinyl alcohol) aqueous solution more than 5
wt.-% was found to become strong hydrogel
following a freezing-and-thawing procedure [2-
4].

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00471-K

We report here that the freezing-and-thawing
procedure is suitable for improving the perform-
ance of poly(vinyl alcohol) gel particles for use
as a column packing for gel permeation chroma-
tography in aqueous media.

2. Experimental

Vinyl acetate was freed from inhibitor by
washing with a 5% aqueous solution of sodium
hydrogensulfite and distilled water. Suspension
polymerization of vinyl acetate was conducted in
the presence of benzoyl peroxide as an initiator
in a 300-ml round-bottomed flask equipped with
an agitator and a reflux condenser. After the
reaction product had been processed, the dry gel
particles of poly(vinyl acetate) [degree of poly-
merization (DP)=1000] was classified with a
testing sieve. The classifier settings were chosen
to give a particle size distribution with particle
diameters in the range 200-250 pm. The sapon-

© 1994 Elsevier Science B.V. All rights reserved
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ification from poly(vinyl acetate) to poly(vinyl
alcohol) was carried out at 30°C for 1 month by
immersing the gel particles in a solution con-
taining sodium hydroxide and methanol in an
aqueous saturated sodium sulfate solution [5].
The completion of saponification was confirmed
by IR measurement. The gel particles of poly-
(vinyl alcohol) obtained above have enough
mechanical stability in water below 70°C without
treatment for cross-linking. Observations by op-
tical microscopy suggested that the diameter of a
dry particle increased by a factor of =<1.38 on
swelling with water.

The gel particles of poly(vinyl alcohol) swollen
in water were subjected to repeated freezing and
thawing. The temperature range was between
—30 and 20°C. This was realized simply by
placing the swollen gel particles in and removing
them from a freezer at 3-h intervals; in this way
the temperature was lowered from 20 to —30°C
in 1 h, kept at that temperature for 3 h, then
raised from —30 to 20°C and kept at 20°C for 3
h. The slurry of the gel particles was packed into
a 150 x4 mm LD. stainless-steel column at a
pressure of about 5 MPa.

High-performance gel permeation chromato-
graphic (HP-GPC) separations were performed
with a Shimadzu LC6-AD instrument employing
distilled water as eluent. Solutions (40 ul) of
individual solutes were injected with an off-col-
umn syringe—septum arrangement. Detection of
solutes was performed with a Shimadzu Model
RID-6A Refracto Monitor (cell volume = 10 ul,

-aqueous reference). The samples of poly-
(ethylene oxide) (PEQO) were narrow-distribution
standards supplied by Showa Science (Tokyo
Japan). The samples of poly(ethylene glycol)
(PEG) are designated with a number indicating
the molecular mass provided by the suppliers
(Kanto Chemicals, Tokyo, Japan). The calibra-
tion graph was established at a flow rate of 0.4
ml/min with a PEG concentration of 2.0% (w/v)
and a PEO concentration of 1.0% (w/v).

X-ray experiments were carried out using a
Rigaku wide-angle X-ray diffractometer with
nickel-filtered copper Ka, radiation. Its power
setting was at 35 kV and 20 mA.

181

Intensity

10 20 30

Diffraction angle (20)
Fig. 1. X-ray diffraction patterns of poly(vinyl alcohol) gel
particles. A, Original; B, after fifteen repeated cycles of
freezing and thawing.

3. Results and discussion

Fig. 1 shows plots of X-ray diffraction intensity
versus 20 for particles subjected to the freezing-
and-thawing treatment. The original sample
shows clear (101) reflections in the angle regions
26 = 19.40-19.60°. The main peak position in the
X-ray pattern of the gel particles freezing and
thawing on treatment by does not change. How-
ever, the intensity and sharpness of the profiles
decrease compared with the original sample. In
contrast, the halo portions in the angle range
20 = 10-15° increase. This may be due to an
increase in disordered domains.

The calibration graphs established with PEG
and PEO samples are shown in Fig. 2. The value
of the excluded molecular mass (M) increased
from 2500 (original) to 6000 with increasing
number of repeated cycles of freezing and thaw-
ing (N). Above ten repeated cycles this value
becomes independent of N. This result suggests
that the fine structure of the gel particles pre-
pared by the freezing-and-thawing procedure
changes to a structure having larger pores
because of the higher excluded molecular mass
of the treated particles. In general, the cross-
linking point in the network structure of gels is
the crysalline relations which consist of aggre-
gates of extended molecular chains associated by
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w103
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Fig. 2. Molecular mass calibration graphs for GPC column
containing poly(vinyl alcohol) gel particles. A, Original; B,
after five repeated cycles of freezing and thawing; C, after
fifteen repeated cycles of freezing and thawing.

many hydrogen bonds [6]. Considering the re-
sults of X-ray scattering, in this case the develop-
ment of a network structure having larger pores
is not caused by an increase of crystalline re-
gions, but probably by water interacting with
amorphous chains between the cross-linking
points.

HP-GPC is desirable in aqueous systems. In
this case, the pressure resistence is an important
property. Fig. 3 shows the relationship between
the flow-rate and the pressure drop, compared
with the behaviour observed for untreated poly-
(vinyl alcohol) gels. The straight line in Fig. 3
indicates that the gel particles prepared by the
freezing-and-thawing procedure form rigid and
stable packing materials for high-speed chroma-
tography. When the gel particles are repeatedly
treated by freezing and thawing, the hydrogen

50
&40
= c
(5]
£
£ w0 B
E A
2 20
g
Y
O
T 10}

0 . ,

0 10 20

Pressure drop (kg/cm?)
Fig. 3. Relationship between the flow-rate and pressure drop
for poly(vinyl alcohol) gel particles. A, Original; B, after five
repeated cycles of freezing and thawing; C, after fifteen
repeated cycles of freezing and thawing.

bonds between chain molecules and water be-
come stronger. This results in an increase in the
rigidity of the particles. From the above results it
is clear that the freezing-and-thawing treatment
is useful for improving the performance of poly-
(vinyl alcohol) particles as packing materials.
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Abstract

A preparative high-performance liquid chromatographic method for the purification of ganglioside GM; is
described. The method utilizes a Zorbax-NH, column and methanol-2-propanol-acetonitrile—phosphate buffer as
the eluent. The elution profile was monitored by flow-through detection of UV absorbance at 215 nm. The
purification of ganglioside GM, was performed in a total elution time of less than 15 min.

1. Introduction

Gangliosides are normal membrane compo-
nents, located almost exclusively at the outer
leaflet of plasma membranes [1]. Dramatic
changes in ganglioside composition and metabo-
lism during ontogenesis, differentiation and on-
cogenic transformation suggest a specific role of
gangliosides in the regulation of cell growth and
cellular interaction [2]. The observation of ef-
fects on growth factor-stimulated receptor phos-
phorylation was the first evidence of the partici-
pation of gangliosides in the molecular mecha-
nism associating cell growth control [3,4]. Con-
firmation and extension of these results are
important. Usually 1- 20 mg of GM, of purity
not less than 99% are sufficient for experiments
with cell cultures. The aim of this work was to
develop a convenient and inexpensive HPLC

* Corresponding author. E-mail: (Internet) root @ ramil.
kharkov.ua.
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procedure appropriate for the preparative isola-
tion of GM; from a mixture containing other
gangliosides and non-ganglioside impurities. This
paper describes a procedure for the preparative
HPLC of gangliosides GM;-NeuGec and GM;-
NeuAc with on-line UV detection.

2. Experimental

HPLC-grade acetonitrile (LiChrosolv) was
purchased from Merck (Darmstadt, Germany).
Water was purified with a Milli-Q system (Milli-
pore). All other solvents were redistilled before
use. Commercial chemicals were of analytical-
reagent grade or the highest grade available.

Precoated high-performance thin-layer chro-
matographic (HPTLC) plates with Kieselgel 60
were obtained from Merck and DEAE Sephadex
A-25 from Pharmacia (Uppsala, Sweden).

Ganglioside GM, and N-acetylneuraminic acid
from Sigma (St. Louis, MO, USA) and GM;-

© 1994 Elsevier Science B.V. All rights reserved
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NeuGc from equine erythrocytes, prepared ac-
cording to Miyazaki et al. [5], were used as
standards.

The procedure for extraction and phase sepa-
ration was similar to a previously described
method [6] for the isolation of total gangliosides
from male Wistar rat (3—6 months old) liver (160
g) and equine erthrocytes (5 1). Monosialogan-
gliosides from the upper methanol-water phase
were prepared by DEAE-Sephadex A-25 (ace-
tate form) column chromatography (7 X3 cm
I.D. column) with 0.03 M ammonium acetate in
methanol as eluent, as described [1]. The desalt-
ing of gangliosides was carry out on LiChroprep
" RP-18 column (4x3 cm 1.D.) similarly to a
described method [7]. The methanol solutions
were evaporated and lipids were dissolved in
water and lyophilized. The yield of mono-
sialogangliosides was 23 mg from rat liver and
420 mg from equine erythrocytes.

HPLC was performed on a Gilson apparatus,
equipped with a Rheodyne Model 7125 sample
injector.

2.1. Preparative HPLC separation of
ganglioside GM,

Ganglioside GM;-NeuGc was dissolved in 2-
propanol-water (1:2, v/v) to give a 10 mg/ml
concentration and 0.1-2.0 m! of this solution was
introduced into the sample injector. Ganglioside
was then purified on a Zorbax-NH, (8 wm)
column (250 X21.4 mm I1.D.) (DuPont) with
methanol-2-propanol—acetonitrile-30 mM sodi-
um phosphate buffer (pH 5.6) (168:84:24:35,
v/v) as eluent at a flow-rate of 20 ml/min and
UV detection at 215 nm.

Monosialogangliosides from equine erythro-
cytes were separated under the same conditions
as standard GM;-NeuGec.

Methanol-2-propanol-acetonitrile-30 mM so-
dium phosphate buffer (168:96:23:20, v/v) was
used for the separation of GM;-NeuAc from the
monosialoganglioside fraction of the rat liver by
injection of up to 1 ml (10 mg/ml) of sample
solution. - ,

2.2. Analytical HPLC

A 1 mg/ml solution of ganglioside GM; in
water was introduced into the injector and then
separated on a Diasorb-130-NH, (6 wm) column
(150 x 4 mm, 1.D.) with a Diasorb-130-NH, (6
pum) guard column (50x4 mm I.D.) (Bio-
ChimMak, Russian Federation) with methanol-
2-propanol-acetonitrile-30 mM sodium phos-
phate buffer (pH 5.6) (168:96:23:20, v/v) as
eluent at a flow-rate of 1.5 ml/min and UV
detection at 215 nm.

2.3. Analytical methods

Chloroform-methanol-0.2% CaCl, (60:35:8,
v/v) was used as the mobile phase for HPTLC.
Spots were revealed with orcinol—-iron(II) chlo-
ride (Sigma) and resorcinol-HCI spray reagents
[8], ninhydrin and a solution of sulphuric acid in
ethanol.

Sialic acid was measured quantitatively with
resorcinol-HCI reagent [9]. Pure N-acetylneur-
aminic acid was used as the standard.

3. Results and discussion

Several methods for the separation of gan-
gliosides by preparative HPLC have been de-
veloped [10-13]. 2-Propanol-hexane—water and
chloroform-methanol water are used as eluents
with HPTLC control of the collected fractions. -
Unfortunately, on-line monitoring of the sepa-
ration by short-wavelength UV detection cannot
be used in these procedures, because gradient
elution and highly absorbing eluents were used.
The aim of this study was to establish appro-
priate conditions for the rapid preparative HPLC
separation of ganglioside GM; with UV flow-
through detection.

Gazzotti et al. [14] presented an HPLC meth-
od with an aminopropyl-modified silica gel
stationary phase and UV detection at 215 nm.
However, the eluent used (acetonitrile—phos-
phate buffer) is not suitable for preparative
purposes because of the low solubility of the
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gangliosides. Replacement of acetonitrile by
methanol, in which gangliosides show better
solubility, resulted in a significant decrease in the
capacity factor (k'). That is why we introduced a
component with a smaller elution strength than

0.4 A

Absorbance at 215 nm.

Absorbance at 215 nm.

A

Absorbance at 215 nm,
(=]
3

2.00 4.00 5.00 8.00 10.00  12.00 min

Fig. 1. Application of the preparative HPLC method to the
purification of ganglioside GM,-NeuGe. Amount: (A) 1; (B)
10; (C) 20 mg. The substance was dissolved in 2-propanol-
water (1:2, v/v) to give a 10 mg/ml concentration and 0.1,
1.0 and 2.0 ml of sample solution were injected.

185

methanol-2-propanol. The proportions of the
components in the eluent were optimized to
achieve the maximum and rapid yield of gan-
glioside with 99% purity. An example of the
purification of 1, 10 and 20 mg of ganglioside
GM,-NeuGc is shown in Fig. 1. The recovery of
ganglioside after HPLC purification and desalt-
ing was more then 96% by measurement of the
sialic acid content.

Fig. 2 illustrates the preparative separation of
the equine erythrocyte monosialoganglioside
fraction. A 4.5-mg amount of mixture was sepa-
rated within 14 min using 250 ml of eluent. The
3.1-mg yield of pure GM;-NeuGc was homoge-
neous according to analytical HPLC under the
same conditions (Fig. 4) and HPTLC (Fig. 5).

The optimum capacity factor for the prepara-
tive isolation of ganglioside GM;-NeuAc from
rat liver was obtained with a small change in the
eluent composition. Fig. 3 illustrates the pre-
parative separation of GM;-NeuAc from a mix-
ture containing non-ganglioside impurities. The
collected substance was homogeneous according
to analytical HPLC and HPTLC (Figs. 4 and 5).

Both gangliosides obtained by the developed
preparative HPLC method did not contain im-

GM3 —NeuGc

Absorbance at 215 nm.
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Fig. 2. Application of the preparative HPLC method to the
isolation of the ganglioside GM,-NeuGc from 4.5 mg of
monosialoganglioside fraction of equine erythrocytes. The
substance was dissolved in 2-propanol-water (1:2, v/v) to
give a 10 mg/ml concentration and 0.45 ml of sample solution
was injected.



186

124

£
c |
wn
-
L Y-
b
©
é 0.6
_"!_’ § GM3—NeuAc
S -
S E
£
< -
o T T T
5.00 10.00 15.00 min

Fig. 3. Application of the preparative HPLC method to the
isolation of the ganglioside GM,-NeuAc from 3 mg of
monosialoganglioside fraction of rat liver. The substance was
dissolved in 2-propanol-water (1:2, v/v) to give a 10 mg/ml
concentration and 0.3 ml of sample solution was injected.

purities detectable with ninhydrin and sulphuric
acid reagents.

In conclusion, we have demonstrated the ap-
plication of an aminopropyl-modified silica gel
column for the preparative separation of gan-
glioside GM, from equine erythrocytes and rat
liver with methanol-2-propanol-acetonitrile—30
mM sodium phosphate buffer as eluent and UV
detection. The same combination of stationary
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Fig. 5. HPTLC of gangliosides 1 = Standard of GM,-NeuAc;
2 = monosialogangliosides from rat liver; 3= mono-
sialogangliosides from equine erythrocytes; 4 = GM,-NeuGc
purified by HPLC; 5 = GM;-NeuAc purified by HPLC. Spots
were revealed using both resorcinol-HCl spray reagent and a
solution of sulphuric acid in ethanol.

phase and eluent can be used for the analytical
HPLC of ganglioside GM;.
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