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Abstract 

Plackett-Burman (P-B) experimental design has been used to optimize the factors affecting separation of Z and 
E isomers of clomiphene (zuclomiphene and enclomiphene respectively) using capillary electrophoresis. The P-B 
design was used to simultaneously investigate the following five factors: buffer ionic strength, buffer pH, heptakis 
(2,3,6-tri-o-methyl) fl-cyclodextrin (TMCD) concentration, methanol concentration and injection time, each at three 
levels. In addition to these, a dummy variable was added to estimate the variability of the system. Effects on 
resolution and analysis time were calculated. 

Based on the information gained from the P-B design, the following set of conditions was chosen: 100 mM 
phosphate buffer pH 2.3, 5 mM TMCD, 5% methanol, and 1.7 s hydrodynamic injection time. These conditions gave 
well-resolved peaks for zuclomiphene and enclomiphene. 
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1. Introduction 

Clomiphene is a non-steroidal compound which 
has both estrogenic and antiestrogenic effect. 
Clomiphene citrate is a mixture of the Z isomer 
(zuclomiphene) and the E isomer (enclomiphene) 
(Fig. 1) and contains not less than 30% and not 
more than 50% of the Z isomer [1]. Clomiphene is 
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primarily used for the treatment of anovulatory 
infertility [2]. It has also been used in the treat- 
ment of male infertility [3], pubertal gynecomastia 
[4] and seizure disorders [5]. Other uses of 
clomiphene are: as an adjuct in in-vitro fertiliza- 
tion, embryo transfer and intrauterine insemina- 
tion [6]. Clomiphene exerts its therapeutic effects 
by increasing the output of pituitary go- 
nadotrophic hormones by blocking the binding of 
endogenous estrogen to hypothalamic and pitu- 
itary estrogen receptors [7]. 

HPLC methods have been reported for the 
analysis of zuclomiphene and enclomiphene [8- 
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Table 1 
Levels of the factors used in the P-B design 

Factor Buffer Buffer ionic TMCD Methanol 
level pH conc. (mM) conc. (mM) conc. (%) 

Injection 
time (s) 

Low 2.2 30 9 5 1.5 
Intermediate 3.12 50 12 10 2.5 
High 4.12 70 15 15 3.5 

11]. NMR has also been reported for the analy- 
sis of these isomers [12]. Capillary electrophore- 
sis (CE) has several advantages which make it a 
method of choice for such analysis. These ad- 
vantages include rapid separation, high resolu- 
tion and high mass sensitivity, small sample 
volumes (1-50 nl) and small mobile phase re- 
quirement. There are several reports in the liter- 
ature which show the use of CE to resolve 
isomers. These include separation of enantiomers 
[13,14], positional substitution isomers [15] and 
Z - E  isomers [16]. In CE analysis many factors 
can be varied to influence separation. These fac- 
tors include buffer composition, ionic strength, 
pH, applied voltage and capillary dimensions. In 
addition, buffer additives such as organic sol- 
vents, cyclodextrins and surfactants (MECC - 
micellar electrokinetic capillary chromatography) 
can be used to effect separation. Given the 
many parameters which can be varied, the usual 
"one-factor-at-a-time" method may not give an 
optimum set of conditions. Factorial design, 
which is usually used to determine the relative 
importance of factors and their interactions, 
would require too many experiments. For exam- 
ple, investigation of five of these factors at three 
levels would require 35 (i.e. 243) experiments. 
Fractional factorial design, which can be used to 
determine the main effects while ignoring inter- 
action effects, is ideal for such analysis. The 
Plackett-Burman (P-B) design [17] is an exam- 
ple of this latter experimental design. The P -B  
design has been used to optimize the silation of 
silicas for RP-HPLC [18], to optimize resolution 
in MECC [19], and in chiral analysis with CE 
[20]. 

In this paper, the P -B  experimental design is 
used to investigate the separation conditions for 
CE analysis of zuclomiphene and enclomiphene. 

With the use of the information from the P -B  
design a set of conditions were obained for the 
analysis of the clomiphene isomers. 

2. Experimental 

2.1. Chemicals and reagents 

Zuclomiphene (MDL 16,312F) and enclomi- 
phene (MDL 16,289F) were supplied by Marion 
Merrel Dow Research Institute, Marion Merrel 
Dow Inc. (Cincinnati, OH). Sodium dihydrogen 
phosphate, methanol and phosphoric acid were 
purchases from Baker (Phillipsburg, N J). Hep- 
takis (2,3,6-tri-o-methyl)fl-cyclodextrin (TMCD) 
was obtained from Sigma (St. Louis, MO). 

2.2. CE system 

An analytical CE system model 270A (ABI, 
San Jose, CA) was used. A fused silica capillary 
of dimensions 50 pm x 72 cm (50 cm to the 
detector) was employed. On-column UV detec- 
tion at 254 nm was used for all analyses. Sam- 
ples were injected hydrodynamically and a 
constant voltage of 30 kV and a constant tem- 
perature of 30°C were used throughout this 
work. Migration times and peak areas were 
measured by a Hewlett Packard hp 3392A inte- 
grator. 

2.3. Methods 

Phosphate buffers were prepared by adjusting 
the pH of sodium dihydrogen phosphate solu- 
tion with phosphoric acid solution of the same 
concentration to the desired pH. The modified 
buffer solutions were made by adding the re- 
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Table 2 
The P B design 

Experiment Buffer Buffer T M C D  Methanol Injection Dummy 
pH conc (mM) conc (mM) conc (raM) time (s) 

1 2.2 50 12 5 2.5 - 0  
2 2.2 30 12 10 1.5 0 
3 2.2 30 9 10 2.5 - 0  
4 3.12 30 9 5 2.5 0 
5 2.2 50 9 5 1.5 0 
6 3.12 30 12 5 1.5 - 0  
7 3.12 50 9 10 1.5 - 0  
8 3.12 50 12 10 2.5 0 
9 3.12 50 15 10 3.5 + 0  

10 3.12 70 12 15 3.5 + 0  
11 4.12 50 15 15 3.5 0 
12 3.12 70 15 15 2.5 0 
13 4.12 70 15 10 2.5 0 
14 4.12 70 12 10 3.5 + 0  
15 4.12 50 12 15 2.5 + 0  

quired amount of the modifers (TMCD and 
methanol) to the prepared buffer solution. 
Modified buffers were vaccum-filtered used a 0.2 
/tm membrane filter to remove particles and to 
degas the solutions. Analyte solution (5/ lg ml 1) 
was made in water-methanol (50:50) solution 
because limited amounts of the modified buffer 
components were available at the time. The capil- 

Table 3 
Results of  the P B design for resolution and analysis time 

Experiment Resolution Analysis time (rain)" 

1 1.15 13.70 
2 0,46 11.53 
3 0.69 11.38 
4 1.70 9.70 
5 1,50 13.30 
6 1,31 8.90 
7 1,89 15.28 
8 1,29 15.47 
9 0,89 15.91 

10 1,49 17.60 
11 0,36 6.83 
12 1,37 15.82 
13 0,44 5.94 
14 0.62 5.81 
15 0,34 5.18 

a Analysis time is taken as the migration time of the later-elut- 
ing isomer. 

lary was washed with 0.1 M NaOH for 4 min 
followed by another 4 min wash with the modified 
buffer solution before starting each run. The 

Table 4 
P - B  effects (E)": (a) low vs. intermediate level; (b) intermedi- 
ate vs. high level 

Factor Resolution Analysis time 

(a) 

Dummy - 0.02 0.19 
pH 0.60 - 0.07 
Buffer ionic conc. 0.42 4.06 
T M C D  conc. - 0 . 3 9  - 0 . 0 2  
Methanol conc. - 0 . 3 3  2.02 
Injection time - 0 . 0 8  0.31 
Range b 1.43 5.77 

(b) 
Dummy - 0.03 0.11 
pH - 0 . 8 2  - 10.26 
Buffer ionic conc. 0.26 0.45 
T M C D  conc. - 0 . 1 7  0.11 
Methanol conc. - 0 . 0 8  0.58 
Injection time - 0 . 0 3  0.52 
Range b 1.15 12.42 

a E is calculated as the difference between the means  of the 
responses at low and high levels of  a particular factor (see Eq. 
(2)). 
t, Difference between highest and lowest values of  resolution or 
analysis time calculated from Table 3. 
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Table 5 
Results of the P -B  t-test: (a) low vs. intermediate; (b) interme- 
diate vs. high 

Factor Resolution Analysis time 

(a) 
Dummy 
pH 30.0 ( _ )a 0.4 
Buffer ionic conc. 21.0 21.4 
TMCD conc. ( - )  19.5 ( - )  0.1 
Methanol conc. ( - )  16.5 10.63 
Injection time ( - )  4.0 1.6 

(b) 
Dummy 
pH ( - ) 2 7 . 3  ( - ) 9 3 . 3  
Buffer ionic conc. 8.7 4.1 
TMCD conc. ( - )  5.7 1.0 
Methanol conc. ( - )  2.7 5.3 
Injection time ( - )  1.0 4.7 

( - )  Indicates reduction in resolution or analysis time. Criti- 
cal values are: 3.08 (80% CL), 6.31 (90% CL), 12.71 (95% CL) 
and 63.66 (99% CL). 

washing step was found to significantly improve 
migration time reproducibility. 

2.4. The P -  B design 

Table 1 shows the levels of the five factors-- 
buffer pH, buffer ionic concentration, TMCD 
concentration, methanol concentration and hy- 
drodynamic injection time [20J--which were 
used in the P -B  design. With regard to the in- 
jection time, the essence was to determine the 
optimum volume of the analyte solution that 
could be introduced into the capillary without 
adversely affecting the resolution of the two iso- 
mers. In order to maintain the same buffer com- 
position, phosphate buffer was used for the 
"high" level of pH in spite of the fact that 
phosphate has reduced buffer capacity at this 
pH. The intermediate levels of all the factors 
(Table 1) were based on results of preliminary 
investigations done on separation of these iso- 
mers. A "dummy" variable was added to these 
factors. There is no physical difference between 
the three levels of this variable so any deter- 
mined effects will be an estimate of the variance 
of the system. Hence the effect calculated (see 

Eq. (2)) for the dummy can be used in statistical 
determinations of the significance of the other 
variables. 

The P -B  design is shown in Table 2. The 
design is used in this case to investigate the ef- 
fect of increasing or decreasing each of the five 
factors (from the intermediate level) on resolu- 
tion of the isomers and on the analysis time 
measured as the migration time of the later-elut- 
ing peak. Resolution (Rs) in this case is calcu- 
lated using the following formula: 

2(t2 - -  tl) 
Rs (1) 

(w2 + wl) 

where tl and t2 are the migration times of the 
first and second peaks respectively, and wl and 
w2 are the respective peak widths (measured at 
the base). The effect (E) of increasing a particu- 
lar factor from a lower level to a higher level is 
given by the difference between the average re- 
sult (resolution or analysis time) at the higher 
level and the average result at the lower level: 

E = z R ( H )  z R ( L )  (2) 
n n 

where R(H) and R(L) are the results at high 
and low levels respectively and n is the number 
of experiments in which the factor is at a low 
level (or at a high level). The significance of a 
factor may be determined using the t-test. An 
observed effect for any factor is said to be sig- 
nificant if 

tcalc /> tldf, X% CL 

where qaf.:v,/,, ce is the critical value of the t-test 
and X is the chosen confidence level. The criti- 
cal values are: 3.08 (80% CL), 6.31 (90% CL), 
12.71 (95% CL), and 63.66 (99% CL). 

tc.,c =--IEI (3) 
o" 

where a = Edummy. Edummy is the effect (E) calcu- 
lated for the dummy variable using Eq. (2). 

3. Results and discussion 

Fig. 2 shows examples of electropherograms 
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from the P-B design experiments. Even though 
some of the conditions gave separated peaks for 
the two isomers, peak shapes are distorted and 
hence none of the conditions used in the design 
are adequate for the analysis of the isomers. 
However, information gained from analyzing the 
effects of each of the factors is valuable for de- 
termining suitable separation conditions. The ef- 
fects of the factors on the analysis time and 
resolution (Table 3) are discussed below. 

3.1. Analysis time 

Analysis time, measured as the migration time 
of the later-eluting peak should preferably be 
short without compromising resolution of the 
isomers. Tables 4(a) and 4(b) show the effects of 
the factors used in the design on resolution and 
analysis time. These effects were statistically an- 
alyzed (using the t-test) to determine the factors 
which significantly affect resolution and/or anal- 
ysis time. The results of the t-test are shown in 
Tables 5(a) and 5(b). Buffer ionic concentration, 
pH and methanol concentration are the most 
important factors affecting analysis time. In- 
creasing ionic concentration or methanol con- 
centration result in increased analysis time. This 
is due to the decrease in electroosmotic flow 
(EOF). This is explained by the fact that in- 
creasing concentration of electrolyte decreases 
the zeta potential which is directly related to 
EOF [21]. Low pH values do not have a signifi- 
cant effect on analysis time (at 80% CL), but a 
dramatic reduction in analysis time results if pH 

OCH2CH2N(C2Hs)2 .OCH2CH2N(C2Hs)2 

- ' - C  ~ C  

I II 

Fig. 1. Structures of enclomiphene (1) and zuclomiphene (I!). 

is increased above the intermediate level used in 
the P-B design. This is also related to the effect 
of pH on the ionization of the silanol groups on 
the surface of the fused silica capillary. The in- 
creased ionization of these silanol groups at 
high pH results in increased EOF and hence in 
the reduction in analysis time. 

3.2. Resolution 

Resolution of the two isomers of clomiphene 
is very important in analytical determination 
of clomiphene since the isomeric content of 
the drug is regulated. From Tables 4 and 5, the 
factors found to significantly affect resolu- 
tion (at 80% CL) are pH, buffer ionic con- 
centration and TMCD concentration. Also 
methanol in low concentrations (<10%) and 
injection time have a significant effect on resolu- 
tion at this level of confidence. As shown in 
Table 5, pH had the most significant effect 
on resolution. An increase in pH from a low 
to an intermediate level improves resolution 
but a further increase to the higher pH value 
results in a dramatic loss in resolution. The 
latter observation may be due to incomplete 
ionization of the clomiphene isomers. This 
is further confirmed by the peak distortion and 
tailing observed at the higher pH. Again the 
sharp decrease in migration time (increase 
in EOF) at the higher pH may also explain the 
observed effect on resolution. High buffer ionic 
concentration signficantly enhances resolution 
of the isomers. This may also be the result 
of the long analysis time (decrease in EOF) 
observed under these conditions. The slow 
EOF allows adequate time for analyte TMCD 
interaction. This is based on the fact that 
formation of the TMCD-clomiphene complex 
requires some time, the magnitude of which 
depends on such factors as the size of the 
molecule and the extent of ionization [22]. High 
concentrations of TMCD have a negative effect 
on the resolution of the isomers. This is ex- 
pected as resolution is expected to go through 
the maximum as the TMCD concentration 
is increased [20]. 
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Fig. 2. Typical electropherograms from the P-B design experiments. 

Q 2 4 

Mig. Time (rain.) 

The following factors and ranges were selected 
based on the results of  the P - B  design experi- 
ments: TMC D 5 mM, pH 2.3 and buffer ionic 
concentration 100 mM. Injection time and 
methanol concentration have the most signficant 
effects on analysis time (from Table 5). These 
factors increase analysis time so their levels were 

kept low at 1.7 s and 5% respectively, The elec- 
tropherogram obtained under these conditions is 
shown in Fig. 3(a). It must be mentioned that 
even though a low concentration of  cyclodextrin 
is required, buffer solutions containing no 
TMCD gave zero resolution of  the two isomers 
as shown in Fig. 3(b). 
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Fig, 3. (a) Electropherograms of zuclomiphene and enclomiphene obtained under the following conditions: 100 mM phosphate 
buffer, pH 2.3 and 5 mM TMCD. Other conditions: 72 cm x 50 pm capillary (50 cm to detector), UV detection at 254 rim, +30 
kV applied voltage, 1.7 s hydrodynamic injection time and temperature 30°C. (b) Electropherogram showing zero resolution of 
zuclomiphene and enclomiphene when no TMCD is added. Other conditions are as given in (a). 
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