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ABSTRACT The enantiomeric separation of some nonsteroidal antiinflammatory
drugs was investigated on an avidin column. An experimental design approach (central
composite design) was used to evaluate the effects of three method parameters (pH,
concentration of organic modifier, and buffer concentration) on the analysis time and the
resolution, as well as to model these responses. This revealed that the organic modifier
concentration and sometimes the pH are significant parameters to control because of
their influence on both analysis time and resolution. Furthermore, the central composite
design results were combined in a multicriteria decision-making approach in order to
obtain a set of optimal experimental conditions leading to the most desirable compro-
mise between resolution and analysis time. Chirality 13:556–567, 2001.
© 2001 Wiley-Liss, Inc.
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A substantial number of pharmaceuticals contain an
asymmetric center. These drugs are generally adminis-
tered as racemates. As the literature1,2 illustrates, the indi-
vidual enantiomers often differ in pharmacological action.
It is thus important that good, robust separation methods
are developed to determine both enantiomers in racemic
mixtures. Moreover, regulatory agencies such as the In-
ternational Conference on Harmonisation (ICH) require
the enantioselective determination of chiral drug sub-
stances.3

Methods to check enantiomeric purity using HPLC have
been extensively developed. To separate a racemic mixture
by HPLC, diastereoisomeric derivatives of the enantiomers
can be prepared, chiral discriminating agents can be added
to the mobile phase, or, most easily, a chiral stationary
phase (CSP) can be utilized.1 After Pirkle et al.4 introduced
the first CSP, numerous CSPs of various natures have been
developed, among them protein-based ones. Early versions
of protein-bonded CSPs suffered from a lack of robustness
and longevity. In the present study, a commercially avail-
able avidin column (Bioptic AV-1) was used as protein CSP
to investigate its enantiomeric resolving power towards
some 2-arylpropionic acids (2-APAs).

The 2-APAs represent an important group of nonsteroi-
dal antiinflammatory drugs (NSAIDs), characterized by a
chiral carbon atom near the carboxylic acid group (Fig. 1).
They are administered for general relief of inflammatory
conditions, more specifically, chronic rheumatoid arthritis
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Fig. 1. Structures of the nonsteroidal antiinflammatory drugs studied
(*chiral carbon center).
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and osteoarthritis. Based on the knowledge that NSAIDs
bind extensively to plasma proteins, numerous bioprotein
CSPs were developed and tested for their enantioselectiv-
ity towards profens, including human serum albumin,5 al-
pha 1-acid glycoprotein,6–11 ovomucoid,12–15 bovine serum
albumin, avidin, and flavoprotein.16

The avidin column investigated has proven to be a pow-
erful chiral selector for a wide variety of acidic, basic, and
neutral compounds.17–21 Avidin-bonded silica was devel-
oped by Miwa et al.22 Avidin, a basic protein (molecular
mass 68,300, isoelectric point 10), is well known because of
its strong binding properties with biotin. Oda et al.23 com-
pared avidin and ovomucoid as chiral selectors for the reso-
lution of drug enantiomers with respect to the effects of
pH, organic modifier, and buffer salts. They also investi-
gated the retention behavior of some racemic drugs on
avidin and modified avidin columns.24 Mano et al.25 com-
pared the retention behavior on avidin, ovomucoid, conal-
bumin, and flavoprotein phases.

The avidin-based CSP has been studied for its enantio-
selectivity toward 2-APAs (ibuprofen, ketoprofen, flurbipro-
fen, fenoprofen, and pranoprofen).26 The effect of base ma-
terial, binding characteristics between protein and base
material, and protein modification on enantioseparation
was investigated. These studies were performed using a
univariate optimization, by changing one factor at a time.

This approach has the disadvantage of being time-
consuming and of examining only a limited part of the
experimental domain. To overcome these problems, mul-
tivariate (chemometric) approaches using experimental
design were developed and are becoming increasingly im-
portant to optimize separations of different natures using
different separation techniques.27–36 In the past, chiral op-
timizations were mostly performed envisaging separation
quality as the only goal, not considering analysis time as a
second optimization criterion. However, good resolving
methods with extreme analysis times need to be avoided.
Thus, a multicriteria decision-making problem (MCDM)
appears, i.e., one has to find a compromise between sepa-
ration quality and analysis time.

The first aim of the present study was to investigate the
influence of some chromatographic variables on the enan-
tiodiscrimination employing a chemometric approach. Sec-
ond, a search for combinations of variables resulting in an
acceptable enantioselective separation of the studied
2-APAs by simultaneously considering analysis time and
separation quality was aimed at. Therefore, a three-factor
central composite design associated with an MCDM ap-
proach was used. Derringer’s desirability function (DDF)37

and pareto optimality plots38 as MCMD approaches are
discussed and compared.

MATERIALS AND METHODS
Chemicals

The chemical structures of the 2-APA analytes are
shown in Figure 1. Racemic (rac) flurbiprofen was ob-
tained from Upjohn (Kalamazoo, MI), rac-calcium fenopro-
fen from Eli Lilly (Indianapolis, IN), rac-tiaprofenic acid
from Erfa (Brussels, Belgium), rac-pirprofen from Pro-
farma (Oud-Turnhout, Belgium), and rac-ketoprofen from
Sigma Aldrich (Bornem, Belgium). Potassium dihydrogen
phosphate (KH2PO4) and sodium hydroxide, used to pre-
pare the buffer solutions were from Merck (Darmstadt,
Germany). HPLC-grade acetonitrile (ACN) was purchased

TABLE 1. Levels of the method parameters

Coded value

Decoded value

pH
Conc.

acetonitrile (%)
Conc.

buffer (M)

−1.68 5.5 4 0
−1 6 5 0.05
0 (nominal value) 6.75 6.5 0.125
+1 7.5 8 0.2
+1.68 8 9 0.25

TABLE 2. Experimental conditions for the central composite design (expressed in coded values) and results from the
different runs (bold = pareto-optimal points)

Exp.

Factor levels Ketoprofen Pirprofen Fenoprofen Tiaprofenic acid Flurbiprofen

ACN (x1) Buffer (x2) pH (x3) tr2 Rs tr2 Rs tr2 Rp tr2 Rp tr2 Rp

1 0 0 0 13.70 1.52 13.36 1.41 12.18 0.89 14.24 0.32 17.51 —
2 −1 −1 −1 19.60 1.54 23.10 2.08 23.52 0.96 28.18 0.48 31.80 —
3 1 1 −1 11.40 1.02 13.77 1.02 13.81 0.38 13.67 0.09 21.33 —
4 −1 1 1 14.40 2.05 12.06 1.48 15.71 0.98 18.61 0.76 21.22 —
5 1 −1 1 6.70 1.31 7.77 1.31 8.64 0.79 9.08 0.36 11.63 —
6 0 0 0 12.70 1.69 13.38 1.77 12.15 0.78 14.53 0.43 17.60 —
7 −1 −1 1 13.90 2.29 14.62 2.88 12.05 0.63 16.89 0.71 19.08 —
8 1 1 1 9.00 1.47 8.73 0.61 9.53 0.50 9.55 0.00 13.10 —
9 −1 1 −1 21.60 1.92 22.91 2.01 20.86 0.87 25.71 0.60 30.55 —

10 1 −1 −1 15.40 1.18 17.58 1.68 15.08 0.48 16.69 0.06 22.09 —
11 1.68 0 0 8.90 1.00 9.16 0.70 9.16 0.02 9.26 0.00 12.68 —
12 0 0 −1.68 21.00 1.19 25.26 1.70 20.60 0.09 23.04 0.14 31.21 —
13 −1.68 0 0 23.00 2.23 23.08 2.58 22.31 0.90 27.95 0.49 28.43 —
14 0 −1.68 0 16.80 1.60 13.09 1.10 15.37 0.68 9.48 0.31 18.79 —
15 0 1.68 0 13.40 1.52 11.16 1.28 13.51 0.42 15.07 0.15 18.88 —
16 0 0 1.68 10.40 1.80 9.48 1.28 10.25 0.58 11.54 0.22 13.49 —
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from Pancreac-Quı́mica (Spain). Deionized water was used
throughout. Methanolic test solutions of the chiral com-
pounds with a concentration of about 1.0 mg ml−1 were
used for all experiments.

Chromatographic Conditions

Chromatography was performed with a Varian 9010 SDS
pump (Varian Associates, Walnut Creek, CA) using a Rheo-
dyne 7125 injector with a 20 µl loop. Detection was per-
formed with a Hewlett Packard series 1050 diode array
detector (Hewlett Packard, Waldbronn, Germany). Inte-
grations of the chromatograms were made with the Hew-
lett Packard software package. The analyses were carried
out on a Bioptic AV-1 avidin column (150 × 4,6 mm i.d., 5
µm) (GL Sciences, Tokyo, Japan). The mobile phase was
pumped at a flow-rate of 0.8 ml min−1. Chromatography
was carried out at 30°C. The column eluate was monitored
at 254 nm.

Buffers were adjusted to the required pH using a Me-
trohm 691 pH-meter (Pleuger, Belgium) by means of a 0.1
M sodium hydroxide solution.

Calculations and Software

As a measure of the analysis time, the retention time of
the last eluting peak (tr2) was recorded. To indicate sepa-
ration quality, the resolution Rs (=1.18 (t1−t2)/(w1+w2),
with t the retention time and w the peak width at half
height) or the Kaiser’s peak separation index (Rp, the ratio
of peak valley height between two peaks and the mean
height of the two peaks) were calculated. The Kaiser’s
peak separation index was measured when for some de-
sign experiments the enantiomeric peaks were very incom-
pletely resolved and the resolution could not be calculated.
This was the case for fenoprofen and tiaprofenic acid.

Statgraphics (v. 3.1 for Windows; Manugistics, Rockville,

USA) was used to model the chromatographic parameters
and to generate response surfaces and contour plots.

Chemometric Approach
Investigated variables and their ranges. Several chro-

matographic variables may play a role in chiral separations
on the avidin column: mobile phase pH, buffer type and
concentration, type and concentration of organic modifier,
flow-rate, and temperature. To limit the number of factors
examined, it was decided to keep column temperature
(30°C), buffer type (KH2PO4), type of organic modifier
(ACN), and flow-rate (0.8 ml min−1) constant. This is in
agreement with Haque and Stewart’s rationale,20 which states
that varying buffer pH and organic modifier has the strongest
influence on resolution. In addition, the buffer concentration
was also investigated. Phosphate buffer was used, based on
literature data for this specific column.23

The experimental ranges of the method parameters ob-
tained from preliminary experiments are tabulated in Table
1. Extra consideration has to take into account for pH;
values above 8 are not recommended because of column
lifetime limitations. Thus, the mobile phases consisted of
various mixtures of ACN: KH2PO4 buffer with varying pH-
values and buffer concentrations as required by the experi-
mental design.

Fig. 2. One-sided transformations of the responses of ketoprofen into
desirability values; (a) analysis time (tr2); (b) resolution (Rs).

Fig. 3. Response surface plot of analysis time (a) and resolution (b) for
ketoprofen as a function of percentage CH3CN and pH (buffer concentra-
tion at nominal value (0.125 M)).
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Choice of the design. To choose a response surface
design for three variables, different alternatives are pos-
sible, such as the Box-Behnken,39 Doehlert,40 three-level
full factorial,32,41 and central composite design.32,41 These
response surface designs contain more than two levels for
each factor and allow estimation of quadratic terms during
modeling, i.e., curvature in the response surface. In the
present work a central composite design was used. The
center point was duplicated. The design, expressed in
coded values, is presented in Table 2. Retention times of
the last eluting peak and resolution or Kaiser’s peak sepa-
ration index were recorded for each run. The design ex-
periments were carried out in a randomized order.

Optimization: MCDM approach. The optimization of
(chiral) HPLC methods requires criteria to decide whether
a given chromatogram is superior to another. Often a com-
promise between conflicting goals such as separation qual-
ity and analysis time needs to be found. Therefore, the
responses can be considered in an MCDM process. Vari-
ous strategies for handling such problems in the separa-
tion field have been published.42–46 Until now, MCDM op-
timization methods have received little attention in enan-
tiomeric separations. A number of MCDM procedures are
useful for bicriteria optimizations, e.g., the threshold48–51

and the pareto-optimality approach.38 A pareto-optimal
point is a point where no experiment yields better results
on one criterion without having a worse on another.

The threshold approach defines a threshold value for one
criterion and optimizes the other for all situations in which
the threshold for the first is reached. Presently, the pareto-
optimality approach will be compared to Derringer desir-
ability functions (DDF). In optimization procedures where
more than two criteria are studied, desirability functions
are more appropriate.52 These functions were first pre-
sented by Harrington53 and further developed by Derrin-
ger and Suich.37 In HPLC, Bourguignon and Massart52

were the first to use the DDF to optimize several perfor-
mance goals. In Derringer’s approach the measured re-
sponses are transformed to a dimensionless desirability
(di) scale. Several responses, obtained with different desir-
ability functions, are then combined. The desirability scale
ranges between di = 0, a completely undesirable level of
quality, and di = 1, the level of maximum quality.

Two types of transformations are possible: one-sided or
two-sided.52 A two-sided transformation is used when a
given response value is optimal and deviating ones to ei-
ther side are less desirable. A one-sided transformation is
used to either minimize or maximize a response.

Consider the situation in which one wants to maximize a
response Y, e.g., resolution, while Yi

+ represents the small-
est value of Y which is desirable and Yi

− the largest value
that can be considered undesirable (see Fig. 2b). Assum-
ing that desirability decreases linearly from Yi

+ to Yi
−, the

desirability function di is calculated as:

di = 0 if Yi # Y i
− (1)

di = 1 if Yi $ Y i
+ (2)

di = S Yi − Y i
−

Y i
+ − Y i

−Dr

if Y i
− < Yi < Y i

+ (3)

TABLE 3. Regression coefficients for Eq. 5 (bold coefficient = significant effect at the 5% significance level,
—: not determined)

Variable

Ketoprofen Pirprofen Fenoprofen Tiaprofenic acid Flurbiprofen

tr2 Rs tr2 Rs tr2 Rp tr2 Rp tr2 Rp

b0 13.373 1.601 13.395 1.570 12.214 0.808 14.272 0.358 17.497 —
b1 −3.713 −0.358 −3.533 −0.512 −3.456 −0.203 −5.260 −0.210 −4.466 —
b2 −0.360 0.000 −0.648 −0.185 −0.184 −0.042 0.447 −0.031 0.128 —
b3 −3.063 0.182 −4.448 −0.089 −3.277 0.076 −3.622 0.054 −5.165 —
b1

2 0.570 0.014 0.914 0.065 1.149 −0.069 1.757 −0.006 1.197 —
b12 −0.525 −0.018 −0.012 0.014 −0.172 −0.081 −0.225 −0.062 −0.022 —
b13 0.225 −0.038 0.560 −0.131 0.738 0.081 0.832 −0.022 1.420 —
b2

2 0.269 −0.006 −0.499 −0.094 0.692 −0.037 −0.481 −0.011 0.589 —
b23 0.600 −0.038 0.300 −0.172 1.060 0.031 0.960 −0.058 0.702 —
b3

2 0.481 −0.029 1.359 0.012 1.040 −0.113 1.292 −0.028 1.832 —

TABLE 4. Coefficient of multiple determination R2 of the
different modeled responses (—: not determined)

Substances Responses R2

Ketoprofen tr2 0.932
Rs 0.942

Pirprofen tr2 0.978
Rs 0.827

Fenoprofen tr2 0.981
Rp 0.700

Thiaprofenic acid tr2 0.967
Rp 0.814

Flurbiprofen tr2 0.997
Rp —

TABLE 5. Yi
+ and Yi

− values as defined for
each compound

Substances

tr2 Rs

Yi
− Yi

+ Yi
− Yi

+

Ketoprofen 25 6 1 2.5
Pirprofen 26 8 0.5 3
Fenoprofen 25 8 0 (Rp) 1 (Rp)
Tiaprofenic acid 29 9 0 (Rp) 1 (Rp)
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The factor r offers the flexibility to model the desirability
function. The r-factor is set at a fixed value (Fig. 2) depend-
ing on the desirability wanted for a certain result. The
r-factor is equal to 1 when the function is linear.

When a minimization of a specific response is required
(Fig. 2a), the transformation becomes:

di = 0 if Yi $ Y i
− (18)

di = 1 if Yi # Y i
+ (28)

di = S Yi − Y i
−

Y i
+ − Y i

−Dr

if Y i
+ < Yi < Y i

− (38)

with now Yi
+ the largest Yi that is considered desirable and

Yi
− the smallest undesirable value. Combination of the de-

sirability (di) functions from the considered responses
leads to the overall desirability, D, a combined response,
defined as the geometric mean of the different di-values:

D = ~d1d2 . . . dk!1/k (4)

The D-values can be modeled as a function of the examined
factors. If one of the di-values equals zero, the overall de-
sirability will be zero, which causes an abrupt change in
the response surface. Therefore, when modeling D it can
be recommended to select Yi

− and Yi
+ in such a way that

the di-values corresponding to the measured Yi-values are
always 0<di<1.

RESULTS AND DISCUSSION
Modeling the Responses

For each compound, the responses tr2 and Rs or Rp
were measured (Table 2). During the entire design no
switch in elution order appeared, which allows modeling
the resolution or Kaiser’s peak separation index. A qua-
dratic model was built for the responses, separation qual-
ity, and analysis time, of each compound:

TABLE 6. di-Values and the overall desirability D (with various r-factors) for the different runs (bold = maximal D-value)

Exp.

Ketoprofen Pirprofen

r = 0.3
d(Tr)

r = 3
d(Rs) D

r = 1
d(Tr)

r = 1
d(Rs) D

r = 0.3
d(Tr)

r = 3
d(Rs) D

r = 1
d(Tr)

r = 1
d(Rs) D

1 0.856 0.043 0.191 0.595 0.350 0.456 0.970 0.066 0.253 0.900 0.404 0.603
2 0.686 0.046 0.177 0.284 0.357 0.318 0.578 0.252 0.382 0.161 0.632 0.319
3 0.905 0.000 0.001 0.716 0.013 0.097 0.890 0.009 0.090 0.679 0.208 0.376
4 0.839 0.338 0.533 0.558 0.697 0.624 0.926 0.060 0.236 0.775 0.392 0.551
5 0.989 0.008 0.092 0.963 0.204 0.444 1.004 0.034 0.185 1.013 0.324 0.573
6 0.878 0.099 0.294 0.647 0.462 0.547 0.899 0.131 0.343 0.701 0.508 0.597
7 0.851 0.631 0.733 0.584 0.858 0.708 0.872 0.863 0.867 0.632 0.952 0.776
8 0.950 0.030 0.170 0.842 0.312 0.512 0.988 0.000 0.009 0.959 0.044 0.206
9 0.597 0.230 0.370 0.179 0.612 0.331 0.589 0.220 0.360 0.172 0.604 0.322

10 0.815 0.002 0.037 0.505 0.119 0.245 0.796 0.105 0.289 0.468 0.472 0.470
11 0.952 0.000 0.000 0.847 0.002 0.040 0.980 0.000 0.022 0.936 0.080 0.274
12 0.627 0.002 0.035 0.210 0.124 0.162 0.381 0.111 0.205 0.040 0.480 0.139
13 0.509 0.545 0.526 0.105 0.817 0.293 0.580 0.576 0.578 0.162 0.832 0.367
14 0.777 0.063 0.221 0.432 0.397 0.414 0.905 0.014 0.112 0.717 0.240 0.415
15 0.862 0.041 0.188 0.610 0.345 0.459 0.944 0.030 0.169 0.824 0.312 0.507
16 0.924 0.150 0.372 0.768 0.531 0.639 0.975 0.030 0.172 0.918 0.312 0.535

Exp.

Fenoprofen Tiaprofenic acid

r = 0.3
d(Tr)

r = 3
d(Rs) D

r = 1
d(Tr)

r = 1
d(Rs) D

r = 0.3
d(Tr)

r = 3
d(Rs) D

r = 1
d(Tr)

r = 1
d(Rs) D

1 0.888 0.047 0.204 0.674 0.360 0.492 0.913 0.033 0.173 0.738 0.320 0.486
2 0.481 0.885 0.652 0.087 0.960 0.289 0.384 0.111 0.206 0.041 0.480 0.141
3 0.882 0.055 0.220 0.658 0.380 0.500 0.923 0.001 0.242 0.766 0.086 0.257
4 0.834 0.941 0.887 0.546 0.980 0.732 0.822 0.439 0.601 0.520 0.760 0.628
5 0.989 0.493 0.698 0.962 0.790 0.872 0.999 0.047 0.216 0.996 0.360 0.599
6 0.919 0.475 0.660 0.756 0.780 0.768 0.907 0.080 0.269 0.723 0.430 0.558
7 0.922 0.250 0.480 0.762 0.630 0.693 0.860 0.358 0.555 0.606 0.710 0.656
8 0.972 0.125 0.349 0.910 0.500 0.674 0.992 0.000 0.000 0.973 0.000 0.000
9 0.655 0.659 0.656 0.244 0.870 0.460 0.582 0.216 0.354 0.164 0.600 0.314

10 0.851 0.111 0.307 0.584 0.480 0.529 0.864 0.000 0.015 0.616 0.063 0.197
11 0.979 0.000 0.003 0.932 0.020 0.136 0.996 0.000 0.000 0.987 0.000 0.000
12 0.667 0.001 0.022 0.259 0.089 0.152 0.695 0.003 0.044 0.298 0.140 0.204
13 0.575 0.729 0.648 0.158 0.900 0.377 0.413 0.118 0.221 0.052 0.490 0.160
14 0.843 0.314 0.515 0.566 0.680 0.621 0.993 0.030 0.172 0.976 0.310 0.550
15 0.889 0.074 0.257 0.676 0.420 0.533 0.897 0.003 0.055 0.696 0.150 0.323
16 0.958 0.195 0.432 0.868 0.580 0.709 0.960 0.011 0.101 0.873 0.220 0.438
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Y = b0 + b1x1 + b2x2 + b3x3 + b12x12 + b13x13 + b23x23
+ b11x1

2 + b22x2
2 + b33x3

2 (5)

where Y is the considered response, x1 represents the per-
centage ACN, x2 the pH, x3 the buffer concentration, and bi
a multiple regression coefficient. No (nonsignificant) coef-
ficients are excluded in the finally applied models. The
same modeling procedure was applied to the overall desir-
ability, D. The resulting equations (Table 3) enabled pre-
dictions for resolution and analysis time in the studied do-
main and could be used to produce response surface plots.
As an example, for ketoprofen response surface plots of the
resolution and the analysis time as a function of the mobile
phase composition (percentage ACN and pH) are pre-
sented in Figure 3.

The goodness of fit of the model was evaluated by means
of R2, the coefficient of multiple determination.54 This co-
efficient R2 (Table 4) indicates the proportion of variation
of Y explained by the model. From Table 4 it could be
concluded that a quadratic model fits analysis time and
separation quality to the design results with good statistical
reliability.

Evaluation of the Models for Separation Quality

As flurbiprofen usually was not or very badly separated,
it is not considered further. For tiaprofenic acid and feno-
profen, Kaiser’s peak separation index was considered the
criterion for separation quality.

The regression coefficients (Table 3) were evaluated for
their significance by an ANOVA at the 5% significance
level.54 This reveals that for the four NSAIDs investigated,
the percent organic modifier (x1) significantly influences
the separation quality in the domain studied. The negative
coefficient indicates that separation quality (resolution or
Kaiser’s peak separation index) decreases as the ACN per-
centage increases. This effect is common in reversed
phase LC and is in agreement with the findings of Hagi-
naka et al.26 on ketoprofen and fenoprofen separations.
This effect is reported to be due to a hydrophobic interac-
tion competition of ACN with the drugs for hydrophobic
regions of the protein, such as the (-CH2) stretches of the
phenyl rings.

The pH of the buffer (x3) was also a significant variable,
but only for the separation of ketoprofen. Resolution of
ketoprofen enantiomers increase while pH increases. The
influence of the buffer concentration (x2) in the ranges
investigated was not significant for any of the four NSAIDs.
Neither interactions nor quadratic terms were found to be
of any significance. This results in fairly planar, not-twisted
response surfaces (Fig. 3).

Evaluation of the Models for Analysis Time

From Table 3, the importance of two variables on the
analysis time of the compounds studied (including flur-
biprofen) can be seen: percentage ACN (x1) and pH (x3).
While increasing the pH and the percentage of ACN in the

Fig. 4. Contour plots of the overall desirability with an r-factor of 0.3 for
the analysis time and r = 3 for the separation quality (a) ketoprofen, (b)
pirprofen, (c) fenoprofen, and (d) tiaprofenic acid. Buffer concentration in
all cases kept at nominal value (0.125 M).
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Fig. 5. Chromatogram of each compound at the optimal conditions obtained by using the DDF approach, with r = 0.3 as r-factor for the analysis time
and r = 3 for the separation quality. (a) Ketoprofen (1 mg ml−1); CH3CN 5%, pH 7.5; (b) pirprofen (1 mg ml−1); CH3CN 5%, pH 7.5; (c) fenoprofen (1 mg
ml−1); CH3CN 5%, pH 7.5; (d) tiaprofenic acid (1 mg ml−1); CH3CN 5%, pH 7.5.



mobile phase, analysis time is shortened. From the mag-
nitude of the regression coefficients, it can be concluded
that tiaprofenic acid was most influenced by the change in
percentage ACN in the mobile phase. Buffer concentration
(x2) did not play a significant role in the analysis time.
Some quadratic terms are also significant (mainly those for
ACN, x1

2, and pH, x3
2), indicating curvature in the corre-

sponding response surface.

Simultaneous Optimization of Two Criteria by Means of
an MCDM Approach

First, Derringer’s desirability approach was applied to
select the experimental conditions with the most desirable
analysis time and separation quality combination. Derrin-
ger’s method requires the definition of the Yi

− and Yi
+ value

for each response. Those used are described in Table 5.
Both Yi

+ and Yi
− were chosen in such a way that for none

of the runs the di-value became equal to zero. For the
transformation into desirability values of values between
Yi

− and Yi
+, an r-exponent is to be defined. The most obvi-

ous way of transforming responses into di-values is by
drawing a straight line between the Yi

− and Yi
+, i.e., r = 1.

The transformations for retention time and resolution
when r = 1 are illustrated, for ketoprofen, in Figure 2.
Sometimes, however, it is more reasonable that a result

higher or lower (depending on if a response needs to be
maximized or minimized) than Yi

− rapidly becomes more
desirable. This is illustrated in the curve in Figure 2a when
r = 0.3. On the contrary, in some cases the choice is made
that responses lower or higher (depending on if a response
needs to be maximized or minimized) than Yi

+ makes the
separation rapidly less desirable, leading to a curve such as
that obtained with r = 3 (Fig. 2b).

In this work, the di-values were calculated in two ways.
To transform the resolution, or Rp, Eq. 3 was used, once
with an r-value of 1 and once with r = 3. For the retention
time, the one-sided transformation of Eq. 38 is used, once
with r equal to 0.3 and once with r = 1. The di-values ob-
tained with r = 3 for Rs (or Rp) and those with r = 0.3 for the
retention time were combined to the overall desirability D
according to Eq. 4. These curved transformations result in
a D-function that gives a higher importance to separation
and a lower to analysis time. The same procedure was
followed to obtain the overall desirability D with r = 1 for
both responses. In this latter situation, both criteria have
equal importance. The results obtained using these desir-
ability functions are shown in Table 6.

Figure 4 shows the contour plots of the models for the
overall desirability when the r-values for analysis time and
separation quality are equal to 0.3 and 3, respectively. Since
the buffer concentration does not contribute significantly
to either analysis time or separation quality, it was kept at

Fig. 6. Response surface plot of (a) analysis time and (b) resolution, for
tiaprofenic acid as a function of percentage CH3CN and pH (buffer con-
centration at nominal value (0.125 M)).

Fig. 7. Best chromatogram of flurbiprofen (1 mg ml−1), out of all design
runs (mobile phase composition: pH 7.5; CH3CN 5%; buffer 0.2 M).
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nominal level in the contour plots of Figure 4. The highest
overall desirability is obtained in the region with low per-
centage ACN and high pH. The experimental runs with the
highest D (Table 6) fulfil this requirement. For each com-
pound, with the exception of fenoprofen, a relatively small
area with maximal overall desirability can be selected. For
fenoprofen, high D-values (above 0.7) are obtained in a
broader region. A chromatogram of each compound at op-
timal conditions obtained using this DDF approach is given
in Figure 5. It should be noted that due to column failure
shortly after finishing the experimental design, no confirm-
ing experiment could be performed for fenoprofen in the
region with predictions above 0.74 for D.

Excellent separations within a short analysis time were
obtained on the avidin column for ketoprofen, pirprofen,
and fenoprofen (Fig. 5). Tiaprofenic acid and flurbiprofen
were not baseline separated in the examined domain. One
could note that for those two compounds the experimental
range of some factors was perhaps badly chosen. From the
response surface plot for tiaprofenic acid it can be seen that
Rp can be increased by lowering the content of ACN (Fig.
6b), but then the analysis time becomes too long (Fig. 6a).
The best chromatogram of all runs for flurbiprofen is given

in Figure 7. It can be observed that the separation is very
incomplete.

The contour plots of the overall desirability models when
the desirability functions had a linear path (r = 1) for both
responses are presented in Figure 8. Again, optimal con-
ditions can be predicted, showing for all compounds larger
optimal zones than in the situation of r = 0.3/3. Almost all
optimal zones found here include the zone selected in the
situation of r = 0.3/3. Examining Table 6 reveals that for
both approaches, with the exception of fenoprofen, maxi-
mal D-values are noticed in runs 7 or 4, corresponding with
pH 7.5 and percentage of ACN 5%.

Where the r-exponent is equal to 3 for Rs or Rp and 0.3
for tr2, the difference between what is desirable and what
is not is greater. It favors good separations and disadvan-
tages long analysis times more than the situation in which
the desirability function has a linear path. This is also the
approach an expert usually would follow and can therefore
be preferred.

Another MCDM technique used here is the pareto-
optimality approach. Figure 9 shows pareto-optimality plots
for the separation quality and the analysis time. Pareto-
optimal points were derived for the situation where sepa-

Fig. 8. Contour plots of the overall desirability with r = 1 for the analysis time and the separation quality. Ketoprofen (a), pirprofen (b), fenoprofen
(c), tiaprofenic acid (d). Buffer concentration in all cases kept at nominal value (0.125 M).
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ration quality is to be maximized and analysis time mini-
mized. Pareto-optimal points are indicated in Figure 9. One
of the pareto-optimal points corresponds with the run hav-
ing the maximum D-value in Table 6, i.e., for all com-
pounds either run 7 or 4 is indicated as pareto-optimal.
Therefore, the results obtained from the pareto-optimality
approach or from Derringer’s desirability functions lead to

similar experimental optimal conditions. In practice, the
best pareto-optimal point is selected by the researcher after
inspection of the chromatograms at the different pareto-
optimal conditions. For ketoprofen, the chromatographer
will, for instance, prefer good separation (Rs: 2.29, run 7),
with an acceptable analysis time of 13.9 min (chromato-
gram similar to Fig. 5a) while the pareto-optimal point with
a much worse separation (Rs = 1.31, run 5) but with a
shorter analysis time (6.7 min) is undesirable. In this
MCDM approach, no a priori definition of desirable values
has to be made. This approach is easy to use in an optimi-
zation procedure where only two optimization criteria are
involved. In cases where more criteria are to be optimized
it rapidly becomes complex and DDF could be preferred.43

A disadvantage of the pareto-optimality approach is that
only the results of the experiments performed are plotted
and no predictions are made for the results of the experi-
mental domain covered. A situation as, for example, in Fig.
4c, where somewhere in the experimental domain better
results (D > 0.74) are predicted than those found for the
design experiments do not occur with pareto-optimality.

In summary, it could be recommended to start with the
pareto-optimality approach. It immediately allows evaluat-
ing the suitability of one or some of the pareto-optimal
points for practical purposes. If none of the pareto-optimal
points is acceptable, a DDF approach can be used to see if
some better conditions can be predicted elsewhere in the
domain covered by the experimental design.

ACKNOWLEDGMENT

Y. Vander Heyden is a postdoctoral fellow of the Fund
for Scientific Research (FWO) – Vlaanderen.

LITERATURE CITED

1. Ahuja S. Chiral separations by chromatography. Washington, DC:
American Chemical Society; 2000. p 3–5, 74–75.

2. Aboul-Enein HY, Abou-Basha LI. Chirality and drug hazards. In: Aboul-
Enein HY, Wainer IW, editors. The impact of stereochemistry on drug
development and use. New York: John Wiley & Sons; 1997. p 1–9.

3. ICH, Harmonised Tripartite Guideline, Specifications: test procedures
and acceptance criteria for new drug substances and new drug prod-
ucts: chemical substances, recommended for adoption at step 4 of the
ICH process on 6 October 1999 by the ICH steering committee
(http://www.pharmweb.net/pwmirror/pw9/ifpma/ich5q.html#
specifications).

4. Pirkle WH, House DW, Finn JM. Broad-spectrum resolution of optical
isomers using chiral high-performance liquid-chromatographic
bonded phases. J Chromatogr 1980;192:143–158.

5. Noctor TAG, Felix G, Wainer IW. Stereochemical resolution of enan-
tiomeric 2-arylpropionic acid non-steroidal anti-inflammatory drugs on
a human serum albumin based high-performance liquid-chromato-
graphic chiral stationary phase. Chromatographia 1991;31:55–59.

6. Hermansson J, Eriksson M. Direct liquid-chromatographic resolution
of acidic drugs using a chiral alpha1-acid glycoprotein column (Enan-
tioPac). J Liq Chromatogr 1986;9:621–639.

7. Menzel-Soglowek S, Geisslinger G, Brune K. Stereoselective high-
performance liquid-chromatographic determination of ketoprofen, ibu-
profen and fenoprofen in plasma using a chiral alpha1-acid glycopro-
tein column. J Chromatogr B 1990;532:295–303.

8. Pettersson KJ, Olsson A. Liquid-chromatographic determination of the
enantiomers of ibuprofen in plasma using a chiral AGP column. J
Chromatogr B 1991;563:414–418.

Fig. 9. Pareto-optimality plots for the separation quality and the analy-
sis time: (a) ketoprofen, (b) pirprofen, (c) fenoprofen, and (d) tiaprofenic
acid (solid square = pareto-optimal point; the indicated numbers are the
corresponding experiment numbers from Table 2).

CHIRAL OPTIMIZATION ON AN AVIDIN COLUMN 565



9. Geisslinger G, Menzel-Soglowek S, Schuster O, Brune K. Stereoselec-
tive high-performance liquid-chromatographic determination of flur-
biprofen in human plasma. J Chromatogr B 1992;573:163–167.

10. Hermansson J, Hermansson I. Dynamic modification of the chiral
bonding properties of a CHIRAL-AGP column by organic and inorganic
additives. Separation of enantiomers of anti-inflammatory drugs. J
Chromatogr 1994;666:181–191.

11. De Vries JX, Schmitz-Kummer E, Siemon D. Analysis of ibuprofen
enantiomers in human plasma and urine by high-performance liquid
chromatography on an alpha1-acid glycoprotein chiral stationary
phase. J Liq Chromatogr 1994;17:2127–2145.

12. Iredale J, Aubry AF, Wainer I. Effects of pH and alcoholic organic
modifiers on the direct separation of some acidic, basic and neutral
compounds on a commercially available ovomucoid column. Chro-
matographia 1991;31:329–334.

13. Miwa T, Miyakawa T, Kayano M, Miyake Y. Application of an ovomu-
coid-conjugated column for optical resolution of some pharmaceuti-
cally important compounds. J Chromatogr 1987;408:316–322.

14. Oda Y, Asakawa N, Yoshida Y, Sato T. Online determination and reso-
lution of the enantiomers of ketoprofen in plasma using coupled achi-
ral-chiral high-performance liquid chromatography. J Pharm Biomed
Anal 1992;10:81–87.

15. Banks MC, Fell AF, McDowall RD. Assessment of the performance of
a new protein-based phase in the chiral liquid chromatography of
drugs. Anal Proc 1993;30:98–101.

16. Mano N, Oda Y, Asakawa N, Yoshida Y, Sato T, Miwa T. Development
of a flavoprotein column for chiral separation by high-performance
liquid chromatography. J Chromatogr 1992;623:221–228.

17. Haque A, Stewart JT. Determination of racemic thalidomide in human
plasma by use of an avidin column and solid phase extraction. J Liq
Chromatogr 1998;21:2151–2163.

18. Oda Y, Ohe H, Asakawa N, Yoshida Y, Sato T, Nakagawa T. Resolution
of 1-benzyl-4-[(5,6-dimethoxy-1-indanon)-2-yl]methylpiperidine hydro-
chloride enantiomers in plasma by high-performance liquid chroma-
tography with direct injection into avidin-conjugated column. J Liq
Chromatogr 1992;15:2997–3012.

19. Matsui K, Oda Y, Ohe H, Tanaka S, Asakawa N. Direct determination
of E2020 enantiomers in plasma by liquid chromatography-mass spec-
trometry and column-switching techniques. J Chromatogr A 1995;694:
209–218.

20. Haque A, Stewart JT. Chiral separation of selected pharmaceuticals on
avidin column. J Liq Chromatogr 1998;21:2675–2687.

21. Oda Y, Asakawa N, Abe S, Yoshida Y, Sato T. Avidin protein-
conjugated column for direct injection analysis of drug enantiomers in
plasma by high-performance liquid chromatography. J Chromatogr B
1991;572:133–141.

22. Miwa T, Miyakawa T, Miyake Y. Characteristics of an avidin-
conjugated column in direct liquid-chromatographic resolution of ra-
cemic compounds. J Chromatogr 1988;457:227–233.

23. Oda Y, Mano N, Asakawa N, Yoshida Y, Sato T, Nakagawa T. Com-
parison of avidin and ovomucoid as chiral selectors for the resolution
of drug enantiomers by high-performance liquid chromatography.
Anal Sci 1993;9:221–228.

24. Oda Y, Mano N, Asakawa N, Yoshida Y, Sato T. Investigation of re-
tention behaviour for racemate drugs on avidin- and modified avidin-
column. J Liq Chromatogr 1994;17:3393–3409.

25. Mano N, Oda Y, Asakawa N, Yoshida Y, Sato T, Miwa T. Studies of
ovomucoid-, avidin-, conalbumin- and flavoprotein-conjugated chiral
stationary phases for separation of enantiomers by high-performance
liquid chromatography. J Chromatogr 1994;687:223–232.

26. Haginaka J, Murashima T, Seyama C. Retention and enantioselectivity
of 2-arylpropionic acid derivatives on an avidin-bonded silica column:
influence of base materials, spacer type and protein modification. J
Chromatogr A 1994;677:229–237.

27. Boonkerd S, Detaevernier MR, Vander Heyden Y, Vindevogel J,
Michotte Y. Determination of the enantiomeric purity of dexfenflur-
amine by capillary electrophoresis: use of a Plackett-Burman design
for the optimization of the separation. J Chromatogr A 1996;736:281–
289.

28. de Aguiar PF, Vander Heyden Y, Massart DL, Leardi R, de Beer JO.
Optimization of the isocratic separation of dithranol and related com-
pounds by reversed-phase liquid chromatography. Acta Chromatogr
1997;7:129–148.

29. de Aguiar PF, Vander Heyden Y, Van Oost Y, Coomber TJ, Massart
DL. Optimisation of the reversed phase liquid chromatographic sepa-
ration of atovaquone, proguanil and related substances. J Pharm
Biomed Anal 1997;15:1781–1787.

30. Vargas MG, Vander Heyden Y, Maftouh M, Massart DL. Rapid devel-
opment of the enantioseparation of b-blockers by capillary electropho-
resis using an experimental design approach. J Chromatogr A 1999;
855:681–693.

31. Perrin C, Vargas MG, Vander Heyden Y, Maftouh M, Massart DL. Fast
development of separation methods for the chiral analysis of amino
acid derivatives using capillary electrophoresis and experimental de-
signs. J Chromatogr A 2000;883:249–265.

32. Vander Heyden Y, Perrin C, Massart DL. Optimization strategies for
HPLC and CZE. In: Valko K, editor. Handbook of analytical separa-
tions, vol. 1. Separation methods in drug synthesis and purification.
Amsterdam: Elsevier; 2000. p 163–212.
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