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Abstract

Method development for chiral separations is not easy because it requires experience and many experimental
possibilities can be chosen. In order to help the analyst, a knowledge-based system (KBS) for the rapid determination
of experimental parameters, which allow a baseline separation of enantiomers, has been developed. On the basis of
own laboratory knowledge, completed with literature data, rules were defined and a KBS was built. Five different
techniques are considered in this KBS. This paper describes the capillary electrophoresis (CE) section, in which a
strategy has been defined based on the use of highly-sulfated cyclodextrins as chiral selectors. A structured
representation of the knowledge and its implementation in Toolbook software is presented. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Chirality is an important property for many
synthetic and biological compounds. Analysis of
enantiomers requires the use of chiral separation
techniques. Different techniques are used, such as

(a) chromatographic techniques: reversed phase
liquid chromatography (RPLC) [1–7], normal
phase liquid chromatography (NPLC) [7–12] and
supercritical fluid chromatography (SFC) [13,14];
(b) capillary electrophoresis (CE) [15–23]; and (c)
capillary electrochromatography (CEC) [24–26].
Method development is not evident and requires
experience among others because the enantioselec-
tive recognition mechanisms are not known in
detail and therefore unpredictable.
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In CE, compared to chromatography, a chiral
environment can easily be created by filling the
capillary with an electrolyte solution containing a
chiral selector. However, there are many possibili-
ties to choose the initial experimental conditions.
For example, many different chiral selectors can
be added, such as cyclodextrins (CDs), crown
ethers and antibiotics [15–18]. The most effective
separation strategies in CE have been achieved
with CDs as chiral selectors [18–23,27–30,32],
especially with sulphated CDs [27–30,32].

To help the analyst in making decisions during
method development, a knowledge-based system
(KBS), the chiral KBS, is proposed. A KBS is a
computer program, built similar to a decision
tree, which contains the relevant knowledge about
a specific domain. This knowledge is classified in
such a way that the user (analyst) is guided
through the program by answering questions and/
or performing experiments.

The separation strategies included in the chiral
KBS were derived from published knowledge
[27–30] and our experience [22,23,31,32] about
chiral separations. The chiral KBS will cover the
whole method development of chiral separations
for four of the five above-mentioned separation
techniques. CEC will be considered last, since its
application is not widespread at the present time.
Method development is considered here to consist
of two steps, (i) selection of initial experimental
conditions (= fast screening) and (ii) optimisation

of the most important parameters. A fast screen-
ing strategy allows chiral analysis of large num-
bers of novel molecules (including starting
building blocks, intermediates and final products)
provided, for instance, by conventional, auto-
mated parallel synthesis or in early drug discov-
ery. For quality control of drug substances and
drug products, in the later drug development and
manufacturing stages, method optimisation
(mainly method robustness) steps are needed, e.g.
for determination of unwanted enantiomer impu-
rity (distomer) in the presence of the active enan-
tiomer drug (eutomer). Method optimisation
(mainly method sensitivity) is also required for
stereoselective metabolism and pharmacokinetic
studies, in animal and human, to investigate pos-
sible racemisation or epimerisation of the chiral
drugs in vivo.

The proposed structure of the chiral KBS is
shown in Fig. 1. The two different development
stages are presented: a screening (stage 1) and an
optimisation level (stage 2). Before moving to the
screening level, the KBS proposes a probably
adequate technique of the four separation tech-
niques included: NPLC, RPLC, SFC and CE,
based on the properties of the solute and the
context of the analysis.

In the first stage, the screening level, the aim of
the proposed strategy is to achieve very rapid
separations for large series of compounds with the
proposed strategy. For drug discovery purposes,

Fig. 1. General structure of the KBS.
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an initial rapid optimisation may follow to im-
prove resolution or for better and more accurate
enantiomeric purity determinations. It is expected
that in most cases, a baseline solution (e.g. Rs�
1.5 for CE) will be achieved after the first stage
[30].

For quality control, a more stringent optimisa-
tion will be proposed to the user. This second
stage is not always necessary. It may be used to
optimise separations that require the distinguish-
ing of one enantiomer as impurity in the presence
of the other enantiomer (e.g. a concentration of
0.1% in the presence of 99.9% of the main com-
pound). This situation could require a better sepa-
ration (e.g. Rs�6) than in the first stage where
quantification is less stringent.

Simple charts, which may assist the analyst in
chiral method development, in general [33] or
chiral CE specifically [34,35], have been published
previously. In the last years, the importance of
highly-sulfated CDs (HS-CDs) in chiral separa-
tions has grown significantly [27–30,32]. An ap-
proach, based essentially on the use of HS-CD,
has not been published yet. In this paper, the
implementation in the chiral KBS of the first stage
of a capillary electrophoresis strategy, based on
the use of HS-CDs as chiral selectors, is de-
scribed. The strategy used will be demonstrated
for some molecules.

2. Experimental

2.1. Software and hardware

The chiral KBS is implemented using a soft-
ware tool called Toolbook (Asymetrix Toolbook,
Ver. 1.5, Bellevue, WA, DC). Toolbook is an
object-oriented hypermedia tool, written in open-
script, which runs under Microsoft Windows, ver-
sion 3.0 or higher.

2.2. Capillary electrophoresis

The CE system consists of a SpectraPHORE-
SIS Ultra capillary electrophoresis instrument
(Thermo Separation Products, San Jose, CA) with
a fast scanning UV-VIS detector. Separations

were performed in a 6 cm (for short-end injection)
or a 24 cm effective length (30 cm total length)
uncoated fused silica capillary, 50 �m ID (Polymi-
cro Technologies Inc., Phoenix, AZ). Sample in-
jections were performed using a positive pressure
of 0.5 psi for 3.5 s (injected volume 7.4 nl).
Voltage, chiral selector concentrations, pH of
background electrolyte, temperature and percent
organic modifier can vary depending on the
proposed experimental design or strategy
requirements.

2.3. Chemicals

Ibuprofen, N-carboxybenzyl(CBZ)-L-proline
and N-CBZ-D-proline were purchased from
Sigma (Saint Louis, MO). Pindolol was a gift
from Novartis (Basel, Switzerland). (S)-(+ )-2-
phenylglycinmethylester hydrochloride and (R)-
(− )-2-phenylglycinmethylester hydrochloride
were obtained from Aldrich (Steinheim,
Germany).

Highly sulphated-�-CD, -�-CD and -�-CD were
purchased from Beckman (Fullerton, CA).

Water for preparation of separation buffers and
samples was produced in-house by the Milli-Q
System (Millipore, Milford, MA).

2.4. Electrolytes

All phosphate buffers with pH 2.5, 3.25 and 4,
were prepared with orthophosphoric acid 85%
(w/w) (Merck, Darmstadt, Germany) and Milli-
Q-water and adjusted to the desired pH with
triethanolamine.

2.5. Procedures

The chiral selector solutions were prepared by
dissolving the required cyclodextrin in the appro-
priate buffer. All racemic sample solutions were
prepared in Milli-Q water at a concentration of
�240 �g/ml, except pindolol, which was dis-
solved in water/methanol (70/30).

After each run, the capillary was first washed
with 0.1 N NaOH for 2 min. Then, it was rinsed
for 1 min with phosphate buffer of the appropri-
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Fig. 2. General scheme of the CE method development strategy in stage 1 of the chiral KBS.

ate pH and equilibrated for 1 min with the chiral
selector solution.

3. Results and discussion

3.1. Hypermedia tools

A hypermedia tool is used to represent and
structure the knowledge into knowledge based
systems. Some applications in the chemical do-
main are described [36–39]. In a hypermedia doc-
ument, the information is structured as objects
linked by means of object-oriented languages,
which allow guiding the user through the informa-
tion needed.

To develop the chiral KBS, the hypermedia tool
Toolbook is used. Creating applications with
Toolbook is relatively easy due to its graphical
user interface and object-oriented programming
features.

3.2. CE strategy implemented in the chiral KBS

The global structure of the chiral KBS is shown
in Fig. 1. At the first stage, there are two different
levels for each of the four different techniques: (a)
screening, consisting of a few experiments to
achieve an initial enantioseparation; and (b) base-
line enantioseparation optimisation. In this paper,
the strategy of the first stage will be elaborated
only for CE methods.

The strategy for method development of CE
methods, as defined for stage 1 of the chiral KBS,
is shown in Fig. 2. A screening is applied in the
early method development stage. The aim of the
screening strategy is to achieve acceptable separa-
tions, if necessary for many molecules, in as few
experiments as possible. Experimental design is
applied in the baseline separation optimisation to
improve the initial separation observed in the
screening step.
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3.2.1. Screening
The separation strategy (Fig. 2) is based on the

use of highly-sulphated cyclodextrins (HS-CDs)
because these selectors give, in general, very good
results for chiral separations by CE [27–30,32].
Mixtures of a highly-sulphated and a neutral cy-
clodextrin sometimes yield to still better results,
but in a general strategy, simplicity is important
and therefore, the use of mixtures is considered
here only when the use of HS-CDs alone does not
lead to an acceptable separation.

Short-end injection is systematically applied to
achieve short migration times (Mt). For this, the
sample is injected at the end of the capillary
closest to the detection window. Although the
separation length is reduced, good separations are
usually obtained due to the high selectivity of
HS-CDs. The HS-CDs are fully negatively
charged in the whole pH range and, in the ab-
sence of the EOF (electroosmotic flow), they mi-
grate to the anode. Three HS-CDs are available,
�-, �- and �-HS-CD. In a first experiment (screen-
ing), a selection among those selectors is per-
formed. It is recommended to test all three and
select the one that yields the best results. How-

ever, when saving experiments is important, ex-
periments should be carried out in the order: (1)
HS-�-CD, (2) HS-�-CD and (3) HS-�-CD. In
many cases, only the HS-�-CD will then be tested
and in relatively few cases, it will be necessary to
investigate the � derivative. Perrin et al. [32]
found that for a series of 67 substances, the
HS-�-CD led to the best separations in 54% of the
cases, followed by the HS-�-CD (33%) and HS-�-
CD (12%).

The conditions for the first experiment are
given in a table produced by the KBS: 50 mM
phosphate buffer, pH 2.5, 5% cyclodextrin, 300
V/cm electric field, 20 °C (Fig. 3).

After this screening step, three results are dis-
tinguished (Fig. 2): (1) no enantioselectivity (Rs=
0) is shown with any of the three CDs; (2) a
beginning separation (0�Rs�1.5) with at least
one of the selectors is achieved; or (3) a good
separation (Rs�1.5) is obtained with one or
more selectors.

To show the implemented strategy and the
functioning of the KBS, a few examples will be
followed throughout the paper, namely the devel-
opment of methods for the chiral separation of

Fig. 3. First screening conditions screen in chiral KBS.
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Fig. 4. Electropherograms obtained after the first screening: (a) pindolol (Rs=0.77; chiral selector: HS-�-CD); (b) N-CBZ-proline
(Rs=0.60; chiral selector: HS-�-CD); (c) phenylglycine methylester (Rs=2.20; chiral selector: HS-�-CD).
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Table 1
Best results of the first screening experiment

Compound RsHS-CD Mt (mm)

0.60� 16.6N-CBZ-proline
0.77Pindolol 2.0�
2.20� 3.5Phenylglycine methyl ester
0.00Ibuprofen 10.8*�,�,�

* Longest Mt for Ibuprofen (observed with HS-�-CD). Rs,
resolution; Mt, migration time. Conditions as defined in the
text and Fig. 3.

recommended for drug development and manu-
facturing analysis purposes. For all optimisations,
an experimental design methodology is applied.

3.2.2.1. Optimisation 1: beginning separation in
first screening experiment. To achieve baseline sep-
aration, the factors to vary are concentration of
CD, pH and percent of organic modifier (Fig. 5).
Two different optimisation approaches are avail-
able, depending on the migration time obtained in
the first experiment. When a long migration time
is obtained (e.g. �15 min), no organic modifier is
included in the experimental design.

Experimental design is used here only as a way
of efficiently mapping the experimental domain.
The best result is selected from the design. No
statistical computations are carried out to deter-
mine the variables that have an influence or to
obtain response functions.

Methanol is considered as a variable in the
experimental design because, in some cases, or-
ganic solvents can improve resolution [40–42].

ibuprofen, pindolol, N-CBZ-proline and 2-
phenylglycin methylester hydrochloride.

For these substances, the results shown in Table
1 were obtained in the screening step. A beginning
of separation (0�Rs�1.5) is obtained for pin-
dolol (Fig. 4a) and N-CBZ-proline (Fig. 4b),
whereas good resolution is obtained for 2-phenyl-
glycine methylester (Fig. 4c).

Ibuprofen did not show enantioselectivity with
any of the three HS-CDs. The recommendations
of the KBS are to switch to another recommended
alternative technique, e.g. RPLC, or to try a
mixture of HS-CD and neutral CDs. We found
that, indeed, enantioselectivity is obtained in
RPLC using the Chiralcel OJ-R column (Daicel
Chemical Industries, Sakai City, Osaka, Japan), a
polysaccharide based (cellulose Tris (4-methylben-
zoate)) column. For a simplistic and time-saving
reason, it is more economical to switch to a
second choice recommended in the KBS.

3.2.2. Baseline separation optimisation
Three different optimisation strategies are avail-

able (Fig. 2). Optimisation 1 is performed when
the compound is not fully resolved with the HS-
CD that gave the best separation in the previous
rapid screening step. This first optimisation (opti-
misation 1) can be followed by a second optimisa-
tion (optimisation 2) to further improve efficiency
and peak shape. The third optimisation (optimisa-
tion 3) is proposed when the compound is fully
resolved after the screening step, but the optimisa-
tion of other criteria (i.e. peak shapes, analysis
times) seem useful. Optimisation 1 is used when
necessary for drug discovery analysis objectives,
whereas optimisations 2 and 3 are optional and

Fig. 5. Optimisation 1: optimisation strategy for compounds
with a beginning separation after screening.
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Table 2
Experimental conditions for optimisation 1, long migration
times

PHExperiment % CD

1 42.5
2 2.52.5

453
2.54 5
45 10

10 2.56

the objective of the separation. For separation of
racemic mixtures, a resolution of 1.5 is sufficient.
For the quantification of enantiomeric impurities,
the resolution should be, for instance, 3 or more,
depending on whether the impurity occurs in the
front or after the main peak. In this paper, the
emphasis is placed on rapidly separating enan-
tiomeric mixtures (screening), thus baseline reso-
lution will be defined as 1.5.

After performing the experimental design, the
conditions that give the best results for Rs and Mt
(Pareto optimal experiments) are determined. An
experiment is Pareto optimal if there is no other
experiment which has a better result on one crite-
rion without having a worse result on another
[45].

If these conditions still give insufficient resolu-
tion (Rs�1), the user is recommended to try a
mixture of HS-CD and neutral CD or to switch to
another recommended technique (Fig. 2). How-
ever, when the user investigates only HS-�-CD, it
is preferred to first investigate the �- and �-HS-
CD before switching to another technique. When
baseline resolution is obtained, the user can go to
the end of the separation module.

Of the four example substances mentioned pre-
viously, pindolol and N-CBZ-proline give a be-
ginning separation in the first screening
experiment and therefore, the user is directed
towards optimisation 1 for these substances. In
the screening step, pindolol and N-CBZ-proline
show, respectively, a short Mt (2.0 min) and a
long Mt (16.6 min). For pindolol, the experimen-

The effect of organic solvents on the separation is
rather unpredictable because it interacts in differ-
ent ways. Wren et al. [40] and Wan et al. [41] state
that an organic modifier behaves as a competitor
because the solvent can be included in the cy-
clodextrin cavity. The less interacting enantiomer
is then discriminated even more. Consequently,
migration times increase and resolution sometimes
improves.

Optimisation of pH is essential to achieve ionic
states which best favour the interactions govern-
ing enantioselectivity because ionisation of the
analyte is controlled by the operating pH. In our
case, triethanolamine (TEA) is added to the buffer
to adjust pH. TEA has been used in chiral separa-
tions because it tends to reduce the adsorption of
basic analytes to the capillary walls and conse-
quently, reduces peak tailing [43]. The CD con-
centration is included at three levels (or two
levels+central point) in both designs because res-
olution as a function of the CD concentration
may pass through a maximum, depending on the
type of CD and the analyte [40,44].

The designs recommended for long and short
migration times are, respectively, a 2×3 factorial
design and a 23 full factorial design with one
centre point. The investigated factors in the 2×3
full factorial design are the CD concentration and
pH of the background electrolyte (BGE), respec-
tively at three and two levels, as given in Table 2.
In the centred 23 full factorial design, the same
factors as in the previous design plus the percent-
age of methanol are investigated (Table 3).

To interpret the results of this first optimisa-
tion, the user has to determine what is meant with
a satisfying baseline resolution. This depends on

Table 3
Experimental conditions for optimisation 1, short migration
times

Experiment [CD]% PH % MeOH

2.5 02.51
2.5 152 2.5

02.5 43
4 154 2.5
2.5 05 10

152.56 10
4 07 10

10 158 4
7.53.259 6.25
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Table 4
Results obtained for pindolol after optimisation 1 (short Mt),
performed with a 23 full factorial design with one center point

Mt (mm)Experiment Rs

1 0.98 3.0
4.72 1.08
3.40.913
7.24 1.22
1.81.415

1.316 4.3
2.61.307

1.388 5.0
9 3.81.50

The conditions of each experiment are given in Table 3.

with a higher resolution than the non-Pareto opti-
mal experiments. The same is true for experiment
9. The two experiments are not Pareto compared
to each other because experiment 5 has a shorter
migration time and experiment 9, a higher resolu-
tion. The choice between these two Pareto opti-
mal experiments is up to the user and will depend
on the requirements.

For pindolol, we decided that the optimal con-
ditions were situated at the centre point (experi-
ment 9) of the design (6.25% of HS-�-CD, 50 mM
phosphate buffer pH 3.25, 7.5% MeOH, electric
field strength 300 V/cm and temperature of
20 °C), because it showed the highest resolution
and still an acceptable Mt.

For N-CBZ-proline the optimal conditions
were found at 10% HS-�-CD concentration, 50
mM phosphoric acid buffer pH 2.5, 20 °C and
300 V/cm. Both compounds achieved baseline
resolution (Rs�1.5). Further peak shape and effi-
ciency optimisation (optimisation 2) could be per-
formed, if considered beneficial by the user.

3.2.2.2. Optimisation 2: peak shape and efficiency
optimisation. For the peak shape and efficiency
optimisation, a 23 full factorial design was applied
(Fig. 7). The factors to vary were temperature,
ionic strength and voltage (Fig. 8).

Responses to control during the peak shape
and efficiency optimisation depended on the user’s
requirements. Resolution was always considered
as a response. Other possible responses were Mt,
plate number (N) and asymmetry factor (As).
Multicriteria decision methods, such as Pareto
optimality were then used to select the best com-
bination. There are other multicriteria decision
methods possible, such as the Derringer method
and the Promothee method [46]. We will, in a
later stage, investigate which of these is to be
preferred, but actually the Pareto approach is
used in the KBS. In many cases the requested
baseline resolution (Rs�1.5) was already
achieved when entering optimisation 2 and, if not,
it is usually the case at this stage. When it is not,
the user can try a mixture of HS-CD and neutral
CDs or switch to another recommended
technique.

tal design of Table 3 is used, whereas for N-CBZ-
proline, the design of Table 2 is used.

For both compounds, the resolution improves
without a large increase in migration time. For
pindolol, an increase in the resolution from 0.77
to 1.50 is obtained (Table 4, Fig. 6a) and for
N-CBZ-proline, from 0.60 to 1.70. At the same
time, for N-CBZ-proline a decrease in Mt is
achieved, from 16.6 to 8.2 min (Table 5, Fig. 6b).

The optimal conditions to separate pindolol are
selected by a multicriteria method based on
Pareto optimality. Of the nine experiments, exper-
iments 5 and 9 (Table 4) are determined by the
KBS to be Pareto optimal compared to all other
experiments. To do this, all experiments are com-
pared and each time an experiment is found to be
Pareto optimal towards another, the non-optimal
experiment is eliminated, until only Pareto opti-
mal experiments remain. For instance, experiment
1 is compared with the results of experiment 2.
They are not Pareto optimal compared to each
other because experiment 1 shows a shorter mi-
gration time and experiment 2, a higher resolution
than experiment 1. However, experiment 1 is
Pareto optimal to experiment 3 because for both
responses, better results, a higher resolution and a
shorter migration time, are obtained in experi-
ment 1. Consequently, the third experiment is
eliminated. It is found for pindolol that experi-
ment 5 is Pareto optimal to all experiments, ex-
cept to experiment 9. This means that experiment
5 shows a shorter migration time in combination
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Fig. 6. Electropherograms after performing optimisation 1, (a) pindolol and (b) N-CBZ-proline.

3.2.2.3. Optimisation 3: migration time optimisa-
tion and global optimisation. After the first screen-
ing experiments, a good separation (Rs�1.5) was
obtained for 82% of the compounds investigated
by Perrin et al. [32]. The user can stop the method
development at this stage. However, it is possible,
if the user requires it, to include a migration time
optimisation and a global optimisation (Fig. 9),
which are relatively similar to the peak and effi-
ciency optimisation of Section 3.2.2.2. The most
important difference is that in optimisation 3, the
selector concentration was included as a factor,
which was not the case in optimisation 2, because
it was already optimized in optimisation 1, which
precedes optimisation 2.

Resolution is not an important response any-
more. The aim is to improve peak shape, effi-
ciency or/and migration time without loosing

resolution by changing experimental factors in an
experimental design.

Two different optimisations are proposed: a
migration time optimisation and a more general

Table 5
Results obtained for N-CBZ-proline after optimisation 1 (long
Mt), performed with a 2×3 experimental design

Experiment Mt (mm)Rs

0.00 12.41
NP2 NP
0.003 7.2

16.60.604
0.745 4.2

6 1.70 8.2

NP, no peak was observed within 40 mm. The conditions of
each experiment are given in Table 2.
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Fig. 7. Optimisation 2: peak shape and efficiency optimisation.

acceptable, the second type of optimisation could
be performed.

When optimising migration time, efficiency also
improves because changing the factors influence
migration time and efficiency in the same way.
The factors: temperature, voltage and CD concen-
tration are varied in a 23 full factorial. Levels are
taken above the nominal conditions used in the
first screening experiment because increasing tem-
perature, voltage and/or CD concentration will
lower migration time ((a) voltage (V/cm): 350–
400; (b) T (°C): 25–30; and (c) [CD]%: 7.5–10).

For the global optimisation, four factors are
included: temperature, ionic strength, voltage and
concentration of cyclodextrin. To reduce the num-
ber of experiments a 2(4-1) fractional factorial de-
sign. The levels are now taken around the
conditions used previously because migration time
was considered acceptable. The levels of the fac-
tors included are: (a) voltage (V/cm): 250–350, (b)
T (°C): 15–25, (c) ionic strength (mM): 25–75
and [CD]% 2.5–10).

Possible responses included are: plate number
(N), asymmetry factor (As), migration time (Mt)
and resolution (Rs). After performing the eight

optimisation. Optimisation of migration time is
proposed when reducing migration time is of most
interest. It is recommended for migration times
�15 min. When peak shape and efficiency are not

Fig. 8. Levels of factors used for the peak shape and efficiency optimisation (optimisation 2).
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Fig. 9. Optimisation 3: migration time optimisation and global
optimisation.

Table 6
Results for two phenylglycine methylester after optimisation 3,
general optimisation performed with a 24-1 experimental design

Mt (mm) AsExperiment N (EP)Rs

1 1.52 4.903 0.54 934
2 1.40 3.694 0.71 3383

3.111 0.642.37 61153
2.274 7.887 0.55 1025
1.845 2.271 0.50 5651

6.190 0.562.52 12676
7 1.65 3.009 0.56 1324

3.943 0.65 31733.018

The conditions of each experiment are given in Fig. 12. As,
asymmetry factor; N (EP), efficiency calculated by the method
given in the European Pharmacopoeia.

ming language. On the pages, objects are placed
which contain information (text, graphics) or
which make it possible for the user to execute an
action (button). A script defines how an object
behaves. By clicking a button the user can, for
example, switch to another page.

Toolbook has two working levels: Reader and
Author level. At the reader level, the user can use
commands to flip through and even add pages, to
type, edit and format text in fields. The Author
level contains all the commands available at the
Reader level plus the possibility to create new
books and scripts.

experiments, Pareto optimal experiments are se-
lected by the KBS, as explained in Section 3.2.2.1.
The selection of the final experiment out of the
Pareto optimal experiments is performed by the
user, dependent on the requirements.

Of the four substances chosen for illustration
purposes, 2-phenylglycin methylester had Rs�1.5
after the first screening (see Table 1). A global
optimisation is performed for 2-phenylglycin
methylester hydrochloride, since in the first
screening, a good Rs and Mt were obtained
(Table 1). Both, plate number and asymmetry
factor improved after performing the 2(4-1) frac-
tional factorial design, respectively from 3067 to
6115 and from 0.58 to 0.64 (results are shown in
Table 6 and Fig. 10).

4. Structuring ‘the chiral KBS’ in Toolbook

A Toolbook application consists of different
books, which are built by creating pages and
linking them by scripts. A script is a series of
statements in Openscript, Toolbook’s program-

Fig. 10. Electropherogram for 2-phenylglycin methylester after
performing optimisation 3.
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Fig. 11. Toolbook user interface of the chiral KBS. (A page on which the results, from a previously required experimental set-up,
can be entered and printed.)

Fig. 12. 24−1 fractional factorial design used for the global optimisation (optimisation 3).
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The implementation of the knowledge in Tool-
book was performed in different stages, at the
Author level. First, different pages were con-
structed on which the objects were placed. Practical
protocols are available to create pages and objects,
such as text, fields and buttons. Later, some specific
tools were included, such as blank pages on which
the user could add comments, save and print
options. The pages included in the CE part of the
chiral KBS contain general information and expla-
nations about the different steps and experiments
(Fig. 3), experimental set-ups (Fig. 8) and also the
possibility to input and print the experimental
results (Fig. 11). Depending on the result received
after performing experiments, a specific path will be
followed in the decision tree.

5. Conclusion

Method development for chiral separations in
CE is time-consuming and requires extensive exper-
imental and theoretical expertise. Therefore, it was
seen as a challenge to develop a knowledge-based
system that can assist the user in the selection of
initial conditions and in optimising the separation
parameters. A KBS is built up by structuring
knowledge in such a way that the user is guided to
a solution for the problem with which he/she is
faced. Some of this knowledge may be textbook or
published knowledge. The basic rationale of this
study is to combine such existing knowledge with
the knowledge obtained in developing the present
method development scheme and with generic
experimental design for parameter optimisation.

Toolbook was found to be a good tool for the
implementation of this knowledge and presents the
structured knowledge in a clear and easily con-
sultable way. The attractive user interface, the
possibility given to the user to add comments and
the easy implementation, make it a powerful tool
for the building of small knowledge-based systems.
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