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An enantiospecific RP-HPLC method was developed and validated for the simultaneous determination of 
clopidogrel and four related compounds specified as impurities. Experimental design was applied during the method 
optimization (Full factorial 23 design) and robustness testing (Central Composite Face Centered design). Laboratory 
mixtures of clopidogrel and its impurities in a concentration ratio of 1: 5.0×10–4 were used as an investigation matrix. 
The three independent variables were the acetonitrile content in the mobile phase, pH of the mobile phase, and the 
column temperature. A Chromatographic Response Function (CRF) was used for estimation of the system response 
resolution (Rs). Separation was achieved using mobile phase composition of ACN: Buffer solution pH 6.5 (40:60 v/v) 
at 30oC. A CHIRAL-AGP 4.0 mm × 100 mm, 5.0 μm particle size column was used. The total time for chroma-
tographic separation was approximately 10.0 min. The method was validated for its selectivity, linearity, precision, 
accuracy and robustness. 
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RAZVOJ I VALIDACIJA NA ENANTIOSPECIFI^EN RP-HPLC-METOD  
ZA EDNOVREMENO OPREDELUVAWE NA KLOPIDOGREL I NEGOVITE SRODNI 

SUPSTANCII SO PRIMENA NA EKSPERIMENTALNO DIZAJNIRAWE 

Enatiospecifi~en RP-HPLC-metod be{e razvien i primenet za ednovremeno opredeluvawe na 
klopidogrel i negovi srodni supstancii. Eksperimentalnoto dizajnirawe be{e primeneto vo tekot 
na optimizacija (celosen faktorski 23 dizajn) i utvrduvawe na robusnost (Central Compisite Face Cen-
tered design) na metodot. Medium za ispituvawe be{e rastvor na klopidogrel i ~etiri srodni sups-
tancii vo koncentraciski odnos 1:5,0×10–4, soodvetno. Be{e utvrdeno vlijanieto na udelot na ace-
tonitril vo mobilnata faza, pH na mobilnata faza i temperaturata na kolonata. Procenata na zna-
~ajnosta na vlijanieto od ispituvanite faktori be{e vr{ena preku rezolucijata (Rs) me|u dobieni-
te pikovi i funkcijata na hromatografski odgovor (CRF). Optimalno razdvojuvawe be{e postigna-
to so primena na CHIRAL-AGP 4.0 mm × 100 mm, 5,0 μm kolona, acetonitril : pufer pH 6.5 (40 : 60 v/v) 
kako mobilna faza, na 30oC za vreme od okolu 10 minuti. Metodot be{e validiran preku opredelu-
vawe na selektivnost, linearnost, to~nost, preciznost i robusnost. 

Klu~ni zborovi: eksperimentalno dizajnirawe; hiralna separacija; klopidogrel; one~istuvawa; 
razvoj na metod; validacija 

INTRODUCTION 

Clopidogrel is a selective adenosine diphosphate 
(ADP) receptor antagonist that is indicated in the 

reduction of atherosclerotic events including myo-
cardial infarction, ischemic stroke and vascular 
death in patients with atherosclerosis manifested 
by recent stroke, myocardial infarction or estab-
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lished peripheral vascular disease. Clopidogrel is 
an inactive prodrug and a biotransformation by the 
liver is necessary to induce expression of its 
antiaggregating activity [1, 2]. 

Chemically, clopidogrel hydrogen sulphate is 
methyl (+)-(S)-(2-chlorophenyl)-(6,7-dihydro-4H-
thieno [3,2-c] pyridin-5-yl)-acetate hydrogen sul-
phate. It is a thienopyridine derivative chemically 
related to ticlodipine. The molecule is a thieno-
pyridine derivative containing an asymmetric car-
bon leading to the existence of two enantiomers (R 
and S). Studies showed that the active compound 
clopidogrel is the S-enantiomer [3]. This implies 
that the content of the R-enantiomer must be care-
fully controlled in clopidogrel therapeutically active 
substance. For clopidogrel, four related compounds 
are specified as impurities: (R)-(2-chlorophenyl)-
(6,7-dihydro-4H-thieno[3,2-c] pyridin-5-yl)-ace-
tic acid methyl ester (R-enantiomer), (R,S)-(2-chlo-
rophenyl)-(5,7-dihydro-4H-thieno[2,3-c] pyridin-
6-yl)-acetic acid methyl ester (Imp. 1) and (S)-(2-
chlorophenyl)-(6,7-dihydro-4H-thieno[3,2-c]py-ri-
din-6-yl)-acetic acid (Imp. 2). Impurity 1 is a proc-
ess-related impurity and it may be present in the 
drug substance as racemic mixture (Imp. 1a and 
Imp.1b). Impurity 2 is the main degradation impu-
rity obtained by hydrolysis of the ester group due 
the action of combined moisture and temperature. 
The chemical structure of clopidogrel hydrogen 
sulphate (CLP) and non salified related substances 
is shown in Fig. 1. 
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Fig. 1. Chemical structure of clopidogrel hydrogen sulphate 
and its related compounds 

A literature search has revealed few reported 
methods for determination of clopidogrel hydrogen 
sulphate. A non-stereo specific liquid chromato-
graphic (LC) method for the determination of clo-
pidogrel in oral dosage form has been validated 
and used for degradation studies under stress con-
ditions [4]. An enantiospecific LC method for 

separation of clopidogrel and its R-enantiomer was 
developed and used for analysis of purity in 19 
drug products [5]. For the analysis of the carboxy-
lic acid metabolite of clopidogrel in plasma and 
serum, LC-MS methods [6, 7] and HPLC method 
[8] have been described. To the best of our knowl-
edge, a chemometrics approach for development 
and validation of an enantiospecific HPLC method 
for simultaneous determination of clopidogrel and 
all above mentioned related compounds has not 
been reported thus far. 

This manuscript describes the development 
and validation of a rapid, simple, robust enantio-
specific HPLC method for simultaneous determi-
nation of CLP and its related substances using De-
sign of Experiments (DoE) approach. Develop-
ment and validation of the method were performed 
using experimental design for method optimization 
and robustness resting. The chemometric approach 
requires a relatively limited number of experi-
ments to define the factors which affect the chro-
matographic behavior of investigated substances 
and to obtain optimum conditions for their analysis. 

EXPERIMENTAL 

Chemicals and reagents. All reagents used 
were of at least analytical grade. Acetonitrile, 
ACN (gradient grade, Merck, Darmstadt, Germany), 
water (HPLC grade), di-potassium hydrogen phos-
phate, K2HPO4, (analytical grade, Merck, Darm-
stadt, Germany) and 85% orthophosphoric acid 
were used to prepare the mobile phase. Methanol 
(analytical grade, Merck, Darmstadt, Germany) 
and phosphate buffer solution with pH 4.0 were 
used as solvents. Phosphate buffer solution (0.015 
M) was prepared by dissolving 2.72 g di-potassium 
hydrogen phosphate in 900 ml of water. pH was 
adjusted with 85 % orthophosphoric acid solution 
and the volume was made up to 1000 ml with wa-
ter. Clopidogrel hydrogen sulphate (CLP), R-
enantiomer, Impurity 1 (as racemic mixture) and 
Impurity 2 were kindly supplied by Sanofi-Syn-
terlabo, Sanofi Chemie, Sisterion, France. 

Standard solutions. Standard stock solutions 
were prepared by dissolving the respective work-
ing standard substances in methanol to obtain the 
concentration of 500.0 μg ml−1 for CLP and 
5.0 μg ml−1 for all related compounds (R-enantio-
mer, Imp. 1 and Imp. 2). 
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Validation procedure. In order to study line-
arity of the response, a series of working standard 
solutions (10.0, 20.0, 30.0, 40.0, 50.0, 60.0, 70.0, 
80.0, 90.0 and 100.0 μg ml−1 for CLP and of 5.0, 
10.0, 15.0, 20.0, 25.0, 30.0, 35.0, 40.0, 45.0 and 
50.0 ng ml−1 for each related compound) were pre-
pared. Three determinations were carried out for 
each solution. The linearity of the peak area re-
sponses versus concentration was studied. The cor-
relation graph was constructed by plotting the peak 
areas obtained at the optimized conditions. Preci-
sion and accuracy were assessed using three dif-
ferent working standard solutions in the range of 
50–150 % of the test concentration (20.0 μg ml−1, 
50.0 μg ml−1 and 80.0 μg ml−1 of CLP; 
10.0 ng ml−1, 25.0 ng ml−1 and 40.0 ng ml−1 of each 
related compound). Intra-day accuracy and preci-
sion were evaluated from replicate analysis (n = 6) 
of working standard solutions on the same day. 
Inter-day accuracy and precision were also as-
sessed from the analysis of the same working stan-
dard solutions in replicate, during two separate, 
successive days (n = 12). For wavelength selec-
tion, standard solutions of 50.0 μg ml−1 for CLP 
and 25.0 ng ml−1 of each related compound were 
prepared. The standard stock solution was diluted 
to obtain working standard solutions. Phosphate 
buffer solution pH 4.0: methanol (90: 10 v/v) was 
used as solvent for all preparations. 

Test solutions. A test solution was prepared 
containing a mixture of clopidogrel hydrogen sul-
phate and related compounds in a concentration 
ratio corresponding to the recommendations by the 
ICH (International Conference on Harmonization 
of Technical Requirements for Registration of 
Pharmaceuticals for Human Use), Topic Q3A(R2), 
[9]. The test solution containing 50.0 μg ml−1 CLP 
and 25.0 ng ml−1 of each related compound (corre-
sponding to 0.05 % of the concentration of CLP) 
was prepared using standard stock solutions. In all 
experiments, the test solution was used to acquire 
the chromatograms. Injection of individual work-
ing standard solutions (containing only one com-
pound) was used for peak identification. Only 
chromatograms acquired with the test solution 
were used in the calculation of the chromatogra-
phic responses. 

Apparatus. Agilent Rapid Resolution HPLC 
system, 1200 series (consisted of a Binary pump 
SL, a Diode Array Detector SL, Column compart-
ment TCC SL) was used. The samples were intro-
duced through a High Performance Auto sampler 

SL (HIP-ALS SL). A single UV absorbance was 
measured at 220 nm. The peak areas were inte-
grated automatically with Windows NT based LC 
ChemStation Software. The MODDE 8.0 Software 
for design of experiments and optimization (Umet-
rics, Umea, Sweden) was used for generation and 
evaluation of the experimental designs. 

Chromatographic conditions. Separations 
were performed using a CHIRAL-AGP 4.0 mm × 
100 mm, 5.0 μm particle size column. The wave-
length was selected by scanning working standard 
solutions of all investigated compounds over 200 
to 400 nm wavelengths. All measurements were 
made with 10 μl injection volume and UV detec-
tion at 220 nm because all components showed rea-
sonable good response at this wavelength. Mobile 
phases were prepared using acetonitrile and 0.015 
M phosphate buffer solution. All mobile phases 
were filtered through a 0.2 μm Millipore filter. 

Optimization. For the optimization procedure, 
a Full factorial 23 design was applied. Acetonitrile 
(ACN) content in the mobile phase, pH value of 
the mobile phase, and the column temperature 
were investigated in three different levels of each. 
ACN content was varied from 25 ± 0.5 % to 55 ± 
0.5 % (v/v). The pH values of the buffer solution 
were varied between 3.0 ± 0.1 and 6.5 ± 0.1. pH val-
ues were adjusted with 85 % ortophosphoric acid 
before mixing with ACN. The temperature of the 
column was varied from 20 ± 0.1 oC to 40 ± 
0.1 oC. 

Robustness. Robustness testing was per-
formed in accordance with a Central Composite 
Face Centered (CCF) Design. Three basic compo-
sition of the mobile phase were tested where the 
ACN content in the mobile phase was varied from 
25 ± 0.5 % to 35 ± 0.5 % (v/v) and the pH values 
of the buffer solution were varied from 6.0 ± 0.1 to 
7.0 ± 0.1. The column temperature was varied be-
tween 25 ± 0.1 oC and 35 ± 0.1 oC. For estimation 
of the system response during optimization proce-
dure and robustness testing, resolution (Rs) and a 
Chromatographic Response Function (CRF) were 
used as response factors. 

RESULTS AND DISCUSSION 

Chromatographic behavior of CLP and its re-
lated substances was examined using CHIRAL-
AGP column. The chiral selector in the stationary 
phase is alpha1-acid glycoprotein (AGP). This 
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very stable protein has been immobilized onto 
spherical 5 μm silica particles. The protein toler-
ates high concentrations of organic solvents, high 
and low pH (2.0 – 7.0), and high temperature. The 
column can be used for direct resolution of enanti-
omers without derivatization [10]. During the pre-
liminary investigation, several mobile phases were 
examined containing ACN – buffer solution at 
various ratios, with pH values of the buffer solu-
tion between 3.0 and 6.5. The column temperature 
was varied between 20 oC and 40 oC. It was ob-
served that pH variations between 3.0 and 6.5 did 
not significantly affect retention or resolution, as 
expected considering the pKa value of CLP 
(pKa = 4.5) and structure similarity of the related 
compounds. In general, on the chiral stationary 
phase, enantiomers are better separated when they 
are not in ionic form. Therefore, acidic compounds 
are usually better resolved in acidic conditions. On 
the other hand, CLP is a weak base, thereby at pH 
values below 3.0 its retention is decreased due to 
protonation. From the preliminary investigations it 
was confirmed that enantioselectivity was ob-
served, but the obtained separation was insuffi-
cient. Acetonitrile content (v/v %) in the mobile 
phase, pH value of mobile phase and column tem-
perature were the important factors affecting sepa-
ration. Increasing the ACN content in the mobile 
phase and column temperature had significant in-
fluence on retention and separation. Temperature 
variations can change the viscosity of the mobile 
phase and ionization extent of the investigated 
compounds, and influence the retention mecha-
nism. 

The hold-up time (t0) for the column used was 
estimated by replicate injection of methanol under 
three different column temperature values (20 oC, 
30 oC and 40 oC) . It was found that to variations 
were not more than 5 s over the range of tempera-
ture from 20 to 40 oC. These changes in t0 were in 
the same direction as the corresponding changes 
obtained for the retention of the investigated com-
pounds. Hence, for calculation of the capacity fac-
tors of the compounds eluted from given column, 
uniform values of t0 (0.9 min) was used. 

The optimum chromatographic conditions for 
enantioselective separation are usually selected by 
trial and error, which is tedious and troublesome. 
As the objective of the method was to resolve CLP 
and related impurities in short analysis time with 
no compromise in resolution, selectivity and ro-
bustness, a Full factorial 23 design for simultane-

ous three factor optimization of the separation of a 
mixture of CLP and its impurities was used. The 
method is based on modeling the resolution (Rs) 
using a polynomial of three-factors according to a 
rectangular design. The three factors varied were: 
(x1) acetonitrile content (v/v %) in the mobile 
phase, (x2) pH value of mobile phase, and (x3) col-
umn temperature, and they were investigated in 
three different levels of each. A zero-level (center) 
in which all variables are fixed at their mean value, 
is included in order to minimize the risk of missing 
non-linear relationships. This experiment is not 
included in the calculation of coefficients [11]. For 
estimation of the system response, the resolution 
(Rs) between peak pairs was chosen. A minimum 
obtained value of individual Rs-values of 1.5 as a 
selection criterion was used [12]. Selecting Rs for 
measuring the response was done in order to avoid 
inaccurate conclusions, e.g. selecting wrong sepa-
ration parameters in case of overlapping peaks. 
Fifteen experiments (including three zero-level 
experiments) were carried out and the Rs values for 
all consecutive peak pairs were calculated. The 
total number of detected peak pairs was four: (I) 
Imp.2/Imp.1a; (II) Imp.1a/CLP; (III) CLP/Imp.1b; 
(IV) Imp.1b/R-enantiomer. The elution order did 
not change with the mobile phases tested. These 
results are presented in Table 1. 

In Full factorial 23 experimental design a lin-
ear mathematical model of the measured response 
is often applied for the evaluation of the influence 
of the investigated factors. An often used linear 
model is: 

y = bo,o + b1x1 + b2 x2 + b3 x3 + b1,2 x1x2 +  
      + b1,3 x1x3 + b2,3 x2x3 + b1,2,3 x1x2x3  (1) 

Where y represents the estimated response, bo 
is the average experimental response, coefficients 
b1, b2, and b3 are the estimated effects of the factors 
considered. The extent to which these terms affect 
the performance of the method is called the main 
effect. The coefficients b1,2, b1,3, b2,3 and b1,2,3 are 
called interaction terms. In this way, the factorial 
design provides information about the importance 
of interaction between the factors. The zero-level 
experiment was not included in the calculation of 
the coefficients. Also, bo is the intercept of the lin-
ear model, b1, b2 and b3 are the main effects, b1,2, 
b1,3 and b2,3 are two-factor interactions, and b1,2,3 
are a three-factor interaction [13]. The values of 
the obtained coefficients are listed in Table 2. 
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T a b l e  1  

The Rs values of the eluted peak pairs 

    Eluted peak pairs* 

    1 2 3 4 CRF 

Exp. No x1 (%) x2 x3 (oC)  

1 25 3.0 20 4.32 1.12 1.11 8.48 13.76 

2 55 3.0 20 3.13 1.03 1.08 8.57 29.69 

3 25 6.5 20 5.48 1.30 1.42 8.56 34.45 

4 55 6.5 20 4.69 0.94 1.06 7.93 17.81 

5 25 3.0 40 5.31 1.23  1.39 7.68 22.89 

6 55 3.0 40 3.98 1.09 1.15 8.30 25.56 

7 25 6.5 40 5.79 1.35 1.47 8.51 34.67 

8 55 6.5 40 4.53 1.27 1.36 7.89 35.67 

9 25 5.5 20 5.27 1.34 1.29 8.53 31.42 

10 55 5.5 20 4.32 1.28 1.16 7.79 29.42 

11 25 5.5 40 4.41 1.13 1.13 7.95 27.97 

12 55 5.5 40 3.87 1.07 0.99 6.98 21.03 

13 40 5.5 30 4.98 1.46 1.51 8.38 31.49 

14 40 5.5 30 5.02 1.45 1.50 8.40 31.55 

15 40 5.5 30 5.01 1.46 1.51 8.39 31.55 

(x1) acetonitril content (v/v, %) in the mobile phase; (x2) pH of the mobile phase and (x3) column temperature   
*Eluted peak pairs refer  the text. 

 

T a b l e  2  

Values of the obtained coefficients (Eq.1). 

The values of the obtained coefficients 
 bo b1 b2 b3 b12 b13 b23 b123 

The peak pairs         

Imp.2/Imp.1a 1.66 0.54 0.07 –0.12 0.12 –0.08 –0.03 0.09 

Imp.1a/CLP 2.76 –1.96 0.19 –1.18 –0.04 0.64 –0.01 0.05 

CLP/Imp.1b 3.22 –1.41 0.13 –1.05 –0.05 0.45 –0.08 0.07 

Imp.1b/R–enantiomer 1.21 –0.37 0.06 –0.20 –0.02 0.03 –0.01 0.01 

 

The values of coefficients b3 for the second 
(Imp.1a/CLP) and the third (CLP/Imp.1b) peak 
pair, and especially values of coefficients b1 for all 
peak pairs, demonstrate that separation of the in-
vestigated substances as measured by the Rs values 
is most affected by the (x1) acetonitril content (v/v %) 
in the mobile phase and (x3) column temperature. 
The value of the coefficients for the two-factor 

interaction, b1,3 for the second (Imp.1a/CLP) and 
the third (CLP/Imp.1b) peak pair, confirmed the 
main factor effects. The pH value of the mobile 
phase had the lowest influence on the investigated 
system responses. In order to investigate the chro-
matographic behavior of the investigated sub-
stances for the given experimental range, and to 
define the optimum separation conditions, further 
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optimization of the method was performed using 
Response Surface Methodology (RSM). This is a 
collection of mathematical and statistical tech-
niques useful for analyzing problems where sev-
eral independent variables influence a dependent 
variable or a response, and the goal is to optimize 
this response [14]. A response surface can be de-
fined as a graph in one dimension (one factor of 
interest) or a surface in two dimensions (two fac-
tors of interest) when a response variable is plotted 
as a function of one or more (quantitative) factors. 
A Chromatographic Response Function (CRF) was 
used for optimizing the separation quality of CLP 
and its impurities in such a way that a maximum 
resolution with the minimum assay time was ob-
tained. The CRF is a coefficient which character-
izes the quality of the separation in quantitative 
manner, preferably, a flexible function that allows 
resolution criteria to be specified [15]. The corre-
sponding terms in the chromatogram are then 
compared to these criteria. In this work a very 
simple but useful CRF was used: 

 ∏ +=
−

=

1

1
)1,(

L

i
s iiRCRF       (2) 

where )1,( +iiRs is the resolution between peak 
No. i and peak No. i + 1. 

A minimum obtained value of individual Rs-
values of 1.5 as a selection criterion was used. The 
total number of detected peaks pairs (L) was four. 
CRF values were calculated for all fifteen experi-
ments (Table 1), and contour diagrams were con-
structed (Fig. 2). Contour diagrams presents the 
CRF values as a function of (x1) acetonitril content 
(v/v,%) in the mobile phase and (x3) column tem-
perature on the separation of the investigated sub-
stances while (x2) pH value of mobile phase was 
kept constant at 3.0 (Fig. 2a) , at 5.5 (Fig. 2b) and 
at 6.5 (Fig. 2c). 

There was no significant influence of pH 
value of the mobile phase in the range 3.0 – 6.5 on 
the considered response. Acetonitrile content (v/v, 
%) in the mobile phase and column temperature 
had the largest influence on resolution. At pH 3.0 
sufficient resolution was obtained at 36–42 % 
ACN (v/v,) and column temperature 26–33 oC 
(CRF from 20.7 to 26.3) (Fig. 2a), while at pH 5.5 
sufficient resolution was obtained at 39 – 46 % 
ACN (v/v,) and column temperature 28–33 oC 
(CRF from 30.5 to 35.1) (Fig. 2b).  

 

 

 
Fig. 2. A contour diagram of the CRF as a function of ACN 
content in the mobile phase, pH value of the mobile phase  

and column temperature 
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The best result, which corresponds to high 
values of the CRF (41.3–42.8), was obtained using 
buffer solution pH 6.5, ACN content from 40 to 45 
% and column temperature from 30 to 35 oC. The 
mobile phase composition of ACN:Buffer solution 

pH 6.5 (40:60, v/v) at a temperature of 30 oC was 
chosen as optimum conditions for separation. The 
representative chromatogram of the test solution 
obtained under optimized conditions is presented 
in Fig. 3. 

 
Fig. 3. Representative chromatogram of the test solution (ACN: Buffer solution pH 6.5 (40:60, v/v) at 30oC; flow rate of 1.0 ml/min) 

The resolution values between peaks of 
Imp.1a/CLP and CLP/Imp.1b were 1.53 and 1.56, 
respectively. All respective compounds were 
clearly separated and their corresponding peaks 

were sharply developed. Separation was obtained 
in 10.0 min. The chromatographic parameters for 
the representative chromatogram are given in Ta-
ble 3. 

T a b l e  3  
The chromatographic  parameters for the representative chromatogram 

 Eluted peaks 

 Imp. 2 Imp. 1a CLP Imp. 1b R-enantiomer 

tr (min) 2.29 4.82 5.26 6.06 9.15 
k 3.13 1.21 3.12 2.61 2.46 

                    Eluted peak pairs  

 Imp. 2/Imp1a Imp. 1a/CLP CLP/Imp. 1b Imp.1b/R-enantiomer 

Rs 5.23 1.53 1.56 8.47 

α 2.14 1.58 1.70 2.46 

                  tr − retention time, k – capacity factor, α – selectivity, Rs – resolution  

The results obtained using this methodology 
clearly shows that it was possible to simultaneously 
systematically optimize the influence of: (x1) ace-
tonitril content (v/v, %) in the mobile phase, (x2) 

pH value of mobile phase and (x3) column tem-
perature on the separation of the investigated sub-
stances. 
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Validation. After establishing the optimal 
conditions for the separation, the selectivity, line-
arity, precision, accuracy, limit of detection, and 
limit of quantification were determined for all the 
investigated substances. The assay is selective as 
all peaks were baseline separated with Rs values 
above 1.5 and no significant interfering peaks were 

observed at the retention time of the investigated 
substances. The peak purity for CLP and each re-
lated substance was assessed by comparing the 
spectra across a peak over 200 to 300 nm wave-
lengths, as shown in Fig. 4. Spectra were acquired 
at the upslope, the apex, and at the down slope of 
the peak. 

 
(a) (b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 4. Peak-purity evaluation by overlaying spectra of (a) clopidogrel (S – enantiomer); (b) clopidogrel (R – anatiomer);  
(c) impurity 1a; (d) impurity 1b and (e) impurity 2 

The results show that spectra overlay nicely, 
each point of the similarity ratio was below the 
threshold limit, and the difference between the 
spectra did not show a systematic pattern. 

Linear relationships were obtained for the 
peak areas over the concentration range from 10 to 
100 μg ml−1 for CLP and from 5 to 50 ng ml−1 for 
each related substance. The linear regression 
analysis indicated that the response of the HPLC 
system was linear for all investigated substances. 

Limit of detection and limit of quantification val-
ues were attained according the IUPAC definition, 
LOD(k=3) = k × Sd(a) /b, LOQ(k=10) = k × Sd(a) /b, where 
b is the slope of the calibration curve and Sd(a) is 
the standard deviation of the intercept. The impor-
tant calibration curve parameters: intercept (a), 
slope (b), Sd(a)-standard deviation of the intercept, 
Sd(b)-standard deviation of the slope, correlation 
coefficient (R2), limit of detection (LOD) and limit 
of quantification (LOQ) are presented in Table 4. 
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              T a b l e  4  
Calibration parameters 

Eluted peaks 
Parameter Imp. 2 Imp. 1a CLP Imp. 1b R-enantiomer 

a –0.162 –0.193 1.342 –0.273 2.646 

b 3.332 76.325 0.391 11.023 107.4 

Sa x10–3 2.531 4.413 0.230 6.034 34.141 

Sb 0.008 1.100 0.007 0.213 1.659 

R2 0.9999 0.9998 0.9999 0.9998 0.9998 

LOD ng ml–1 1.4 1.9 194.6 1.79 1.04 

LOQ ng ml–1 4.2 5.7 589.7 5.44 3.17 

a – intercept, b – slope, Sa – standard deviation of the intercept, Sb – standard deviation of the slope,  
R2 – coefficient of correlation, LOD – limit of detection, LOQ – limit of quantification 
 
 

The important statistical values obtained from 
intra and inter-day precision and accuracy deter-
minations, such as standard deviation (S) and coef-
ficient of variation (CV), as well as the good re-
coveries, indicate that the assay was precise (stan-
dard deviations are very small; CV range from 
1.48 to 2.61 % for CLP and from 1.19 to 2.63 % 
for its related compounds) and accurate (recovery 
values from 99.5 to 101.6 % for CLP and from 
98.9 to 101.7 for the related compounds). The ac-
curacy was calculated as a percentage of the nomi-
nal concentration. The results for precision and 
accuracy of the proposed enantiospecific HPLC 
method are given in Table 5. 

Robustness testing. As defined by the ICH 
(International Conference on Harmonization of 
Technical Requirements for Registration of Pharma-
ceuticals for Human Use), Topic Q2 (R1) [16], the 
robustness of an analytical procedure refers to its 
capability to remain unaffected by small and de-
liberate variations in method parameters. In order 
to study the simultaneous variations of the factors 
on the considered responses, a multivariate ap-
proach using experimental design is recommended 
for robustness testing. The experimental design 
was carried out to investigate the behaviour of the 
response around the nominal values of the factors. 
The Design of Experiments (DoE) methodology 
has the advantages that it allows a complete study 
where all interaction effects are estimated and 
gives a description of an experimental region 
around a centre of interest with reliable interpola-
tion [17, 18]. Three factors were considered: (x1) 
acetonitril content (v/v, %) in the mobile phase, 
(x2) pH of the mobile phase, and (x3) column tem-
perature. The Central Composite Face Centered 

(CCF) Design is widely employed because of its 
high efficiency with respect to the number of runs 
required. The design required 2k + 2k + n = 17 
runs, where k is the number of parameters studied 
(k = 3) and n the number of central points included 
(n = 3). Three repetitions are generally carried out 
in order to know the experimental error variance 
and to test the predictive validity of the model [11, 
18]. The experimental plan is reported in Table 6. 

The values used at the low (–), central (0) and 
high (+) level, for x1 correspond to values of 25, 
30 and 35 (v/v, %), for x2 to values of 6.0, 6.5 and 
7.0, and for x3 to values of 25, 30 and 35 oC, re-
spectively. All experiments were performed in 
randomized order so as to minimize the effects of 
uncontrolled factors that may introduce a bias on 
the response and drift of the analytical method. 
The ranges examined were small deviations from 
the method settings, and the considered response 
was the measured resolution (Rs) between each 
peak pair. A Chromatographic Response Function 
(CRF) was calculated for all 17 runs and it was 
used for evaluating the influence of the factors 
variation on the separation quality of CLP and its 
impurities. Multiple linear regressions were used 
to estimate the coefficients of the model represent-
ing the relationship between the response variables 
measured and the chromatographic parameters 
studied. Single coefficients describe the quantita-
tive effect of a variable on the response, cross 
products the interaction between variables, and 
squared coefficients the non-linear effects. The 
coefficients are significant (different from the 
noise) when the confidence interval does not cross 
zero. The results are shown in Fig. 5. 
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T a b l e  5  
Precision and accuracy of the proposed HPLC method 

  Intra-day  (n = 6)   
 Injected (μg ml–1) Determined (μg ml–1) CV(%) Accuracy (%) 
 20.0   20.24±0.3* 1.48 101.2 

CLP 50.0 50.90±0.8 1.57 101.8 
 80.0 79.84±1.2 1.50 99.8 
 Injected (ng ml–1) Determined (ng ml–1) CV(%) Accuracy (%) 
 10 9.89±0.2 2.02 98.9 

Imp. 1a 25 25.42±0.4 1.57 101.6 
 40 40.40±0.7 1.73 101.0 
 10 10.12±0.2 1.97 101.2 

Imp. 1b 25 24.90±0.3 1.20 99.6 
 40 39.88±0.7 1.75 99.7 
 10 10.09±0.2 1.98 100.9 

Imp. 2 25 24.7±0.4 1.62 98.9 
 40 40.24±0.9 2.23 100.6 
 10 10.10±0.2 1.98 101.0 

R-enantiomer 25 25.17±0.3 1.19 100.7 
 40 39.96±0.8 2.00 99.9 
  Inter-day (n =1 2)   
 Injected (μg ml–1) Determined (μg ml–1) CV(%) Accuracy (%) 
 20.0 20.32±0.4 1.96 101.6 

CLP 50.0 49.75±1.3 2.61 99.5 
 80.0 80.67±1.2 1.49 100.8 
 Injected (ng ml–1) Determined (ng ml–1) CV(%) Accuracy (%) 
 10 10.71±0.20 1.87 100.7 

Imp. 1a 25 24.93±0.4 1.53 99.9 
 40 40.25±0.7 1.75 100.5 
 10 10.43±0.3 2.42 100.4 

Imp. 1b 25 24.95±0.4 1.48 99.7 
 40 39.91±0.7 1,66 99.8 
 10 10.24±0.2 2.32 100.2 

Imp. 2 25 24.82±0.5 2.16 99.4 
 40 39.63±0.6 1.67 99.0 
 10 9.93±0.3 2.63 99.3 

R-enantiomer 25 25.43±0.4 1.48 101.7 
 40 40.21±0.8 1.91 100.6 

       * S – standard deviation  

T a b l e  6  
Experimental plan for robustness testing 

 Exp. No 

Factors 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

x1 – + – + – + – + 0 0 0 – + 0 0 0 0 

x2 – – + + – – + + 0 0 0 0 0 – + 0 0 

x3 – – – – + + + + 0 0 0 0 0 0 0 – + 
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Fig. 5. Regression coefficient plot (%ACN: acetonitrile content in the mobile phase, pH: pH value of the mobile phase,  
temp: column temperature, oC) 

The coefficient plot displays the regression 
coefficients with the confidence intervals. The plot 
consists of bars that correspond to the regression 
coefficients, with the magnitude of the effects pro-
portional to the regression coefficients. The 95% 
confidence limits are expressed by using error 
bars. A regression coefficient smaller than the er-
ror bar interval indicates that the variation in the 
response produced by changing that chroma-
tographic parameter is smaller than the experimen-
tal error. Therefore the effect of that variable is 
considered not significant. The results show that 
the separation under the examined conditions was 
principally influenced by the ACN content in the 
mobile phase and column temperature. They both 
have a negative effect on the CRF, which means 
that an increase in the percentage of acetonitrile in 
the mobile phase or an increase of the column 
temperature decrease the resolution between all 
peak pairs. The influence of the pH value of the 
mobile phase was not significant. No major inter-
actions were found. The statistical analysis of the 
applied design is shown in Fig. 6. 

 
Fig. 6. The statistical analysis of the Central Composite Face 

Centered design 

The R2 value (percent of the variation of the 
response that can be explained by the CCF design) 
of 0.99, Q2 value (percentage of the variation of 
the response predicted by the design), validity of 
0.89 and reproducibility (variation of the response 
at the center point compared to the total variation 
of the response) of 0.98 showed that the model 
represents the phenomenon quite well and the 
variation of CRF was correctly related to the varia-
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tion of the factors, showing a good agreement be-
tween experimental and predicted values. In con-
clusion, the analysis confirmed that the method is 
robust for all factors. 

CONCLUSION 

The determination of the levels of clopidogrel 
hydrogen sulphate related compounds in the thera-
peutically active substances is the most important 
step in the quality control of such substances. The 
linear model obtained demonstrates a large influ-
ence of the amount of acetonitrile in the mobile 
phase and smaller, but significant influence of col-
umn temperature on the resolution between the 
investigated substances. Complete and exact in-
formation of resolution modeling was obtained by 
RSM, giving a possibility for prediction. Valuable 
information about robustness of the method was 
obtained by CCF design, using resolution as an 
important component of the CRF. The methodology 
proposed represents an efficient and easily accom-
plishable approach in resolving the problem of 
searching for optimum HPLC conditions. The pro-
posed enantiospecific RP-HPLC method is simple, 
rapid and robust assay for impurity determination, 
and can provide acceptable linearity, accuracy, 
precision and selectivity. The method permits si-
multaneous determination of clopidogrel hydrogen 
sulphate and its related compounds specified as 
impurities in drug substance. 
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