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An improved HPLC method with the aid of a
chemometric protocol: Simultaneous analysis of
amlodipine and atorvastatin in pharmaceutical
formulations

Statistical experimental design and Derringer's desirability function were applied to
develop an improved RP-HPLC method for the simultaneous analysis of amlodipine
and atorvastatin in pharmaceutical formulations. Four independent factors were
considered: acetonitrile content in the mobile phase; buffer pH; buffer concentra-
tion; and flow rate. The preliminary screening step was carried out, according to a
24 – 1 fractional factorial design, to identify the significant factors affecting the anal-
ysis time response. Then central composite design was applied for a response sur-
face study, in order to examine in depth the effects of the most important factors.
Subsequently, Derringer's desirability function was employed to simultaneously
optimize the six responses: retention factor of first peak; two resolutions; and three
retention times, each having a different target. This procedure allowed deduction of
two separate optimum conditions, intended for the analysis of quality control and
plasma samples, within the experimental domain. The predicted optimum for the
quality control samples was: methanol–acetonitrile–15 mM K2HPO4 buffer
(pH 5.33) (10:42.08:47.92, v/v/v) as the mobile phase and 1.12 mL/min as the flow
rate. The method using this optimized condition showed higher sensitivity and
shorter analysis time than the previously published reports. The optimized assay
condition was validated according to International Conference on Harmonization
guidelines.
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1 Introduction

Amlodipine (AM) (Fig. 1) is a calcium antagonist that
inhibits the transmembrane influx of calcium ions into
vascular smooth muscles and cardiac muscles and has
been used in the treatment of hypertension and angina
pectoris [1]. Atorvastatin (AT) (Fig. 1) is a potent inhibitor
of HMG-CoA reductase, the rate limiting enzyme in cho-
lesterol biosynthesis and has been demonstrated to be

effective in reducing both cholesterol and triglyceride
[2]. Recently, the treatment of patients with multiple car-
diovascular risk factors with coadministered AM (5 or
10 mg) and AT (10 or 80 mg) benefited the majority of
patients (A80%) with established coronary artery disease
to reach their blood pressure and LDL-cholesterol targets
[2]. Combination drug products of AM and AT are hence
widely marketed and used in the treatment of concomi-
tant hypertension and dyslipidemia.

AM besylate is official with British Pharmacopoeia [3] and
European Pharmacopoeia [4], which describe HPLC methods
for determination of AM, but do not address simultane-
ous determination with AT. A detailed survey of the liter-
ature for AM reveals several methods based on different
techniques, viz. HPLC [5], high performance thin layer
chromatography [6], over pressured liquid chromatogra-
phy [7], supercritical fluid chromatography [8], and UV
spectrophotometry [9] for its determination in pharma-
ceutical dosage forms. Similarly, a literature survey for
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AT calcium reveals methods based on HPLC [10], CE [11],
and UV spectrophotometry [12] for its determination in
pharmaceuticals. Owing to the presence of interferences
or time-consuming analysis, these analytical methods
cannot be applied for the analysis of samples containing
mixtures of AM and AT. However, an intensive literature
search revealed to the best of our knowledge that only
five methods [13–17] are available for the determination
of these analytes in pharmaceutical mixtures. Khan et al.
[13] developed two simple UV spectrophotometric meth-
ods for the estimation of these drugs in commercial tab-
lets based on a simultaneous equation solving method
and a dual wavelength method, but these methods lack
assay sensitivity and accuracy. Although the RP-HPLC
method proposed by Rajkondawar [14] provides the
required sensitivity and accuracy for the estimation of
these drugs in tablets, the excess analysis time (8.4 min)
may limit its application to routine analysis. Rajeswari et
al. [15] reported an RP-HPLC method that provides a rea-
sonable analysis time of 5.1 min, but the retention factor
of the first eluting analyte (AM) may not be acceptable
(k1 = 0.06) for its accurate quantitation especially in bio-
logical matrices. Generally, the k range of 0.5 to 20 (0.5 a

k a 20) avoids problems arising from the initial baseline
disturbance or the solvent front overlapping the analyte
peak at t0 [18]. The RP-HPLC method proposed by Freddy
and Chaudhari [16] offered a reasonable analysis time of
7.0 min and acceptable k1 for AM (0.68), but its use is lim-
ited to the analysis of stability indicating and plasma
samples because of the possible interference of analytes
with degradants and plasma components, respectively.

Hence, recently Mohammadi et al. [17] developed a stabil-
ity indicating method for simultaneous determination
of AM and BH in the presence of their degradants. In spite
of the stability indicating nature and acceptable k1 for
AM (0.68), the excessive analysis time (10 min) of this
method may present a limitation to routine use. Further,
none of the above methods applied a systematic optimi-
zation procedure for the separation and quantitation of
these drugs, but employed a time-consuming trial-and-
error approach resulting only in an apparent optimum
and information concerning the sensitivity of the factors
on the analytes separation and interaction between fac-
tors is not available. To realise this objective, any one of
the chemometric methods which include the overlap-
ping resolution maps [19], factorial design [20], and
response surface methodology [21] can be applied. In gen-
eral, the chemometric methods can be used to accom-
plish a variety of goals in the chromatography labora-
tory: (i) speeding method development (ii), making better
use of chromatographic data, and (iii) explaining the
chromatographic process [22]. This kind of knowledge
provides important clues in the attainment of optimum
experimental conditions in the development of chroma-
tographic methods [23].

The best chemometric method for the purpose of mod-
eling and optimization is the response surface methodol-
ogy. However, in the HPLC method intended to be
applied for the pharmaceutical or industrial environ-
ment, there is a need to optimize analysis time and reso-
lution simultaneously [24]. When one needs to optimize
more than one response at a time the use of multi-crite-
ria decision making (MCDM) is the best choice. The com-
monly employed MCDM approaches (NIST/SEMATECH e-
Handbook of Statistical Methods, http://www.itl.nist.gov/
div898/handbook/07/18/2006) include Pareto optimality,
utility function, and Derringer's desirability function.
The Pareto-optimality method can basically identify the
Pareto optimal region by graphical means, but requires
some additional criteria or expert advice to select one
particular Pareto optimum point [25]. The Pareto-optimal
method and Derringer's approach have their own advan-
tages and the decision on which method to use depends
on the problem and the availability of chromatographic
expertise. There are many ways in which the individual
desirabilities can be combined. If the combined criterion
is a simple arithmetic average, it is called a utility func-
tion and if it is a geometric mean it is referred to as Der-
ringer's desirability function. The idea of combining
desirabilities as geometric mean was first presented by
Harrington [26] but it was put into a more general form
by Derringer [27]. The advantage of the Derringer's desir-
ability function is that if one of the criteria has an unac-
ceptable value, then the overall product will also be
unacceptable, while for the utility functions, this is not
the case. Further, Derringer's method offers the user flex-
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Figure 1. The chemical structures of analytes and internal
standard (IS).
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ibility in the definition of desirability functions. Der-
ringer's desirability function was introduced in chroma-
tography by Deming [24], implementing resolution and
analysis time as objective functions to improve separa-
tion quality. We have recently [28] employed the same
methodology for the development and optimization of a
new HPLC method for the simultaneous estimation of
domperidone and pantoprazole from pharmaceutical
formulations and plasma samples.

The aim of this work is to (i) develop an improved HPLC
method suitable for the routine quality control analysis
of AM and AT in a pharmaceutical laboratory and (ii) pro-
vide information on the sensitivity of chromatographic
factors and their interaction effects on the separation
characteristics. In the first step, the fractional factorial
design was employed to identify the factors that had sig-
nificant effects on the selected chromatographic
responses. Subsequently, the chromatographic factors
that had significant effects on analysis time were opti-
mized using a central composite design and response
surface analyses. Eventually, Derringer's desirability
function was applied to explore its user flexibility in
selecting optimum chromatographic conditions for the
determination of drugs in a variety of sample matrices
(i. e., quality control and plasma samples).

2 Experimental

2.1 Chemicals and reagents

Working standards of AM besylate (99.82%) and AT cal-
cium (99.89%) were donated by M/S The Madras Pharma-
ceuticals (Chennai, India). Acetonitrile (MeCN) and meth-
anol (MeOH) were of HPLC grade and the internal stand-
ard (IS)-propyl paraben (F99%), K2HPO4 and H3PO4 were
of analytical-reagent grade supplied by M/S SD Fine
Chemicals (Mumbai, India). AvasAM tablets containing
AM-5 mg and AT-10 mg were purchased from Micro Labs
Limited (Pondicherry, India). HPLC grade water was
obtained following distillation in glass and passage
through a Milli-Q Academic system (Millipore, Bangalore,
India) and was used to prepare all solutions.

2.2 Apparatus

Chromatographic measurements were performed on a
Shimadzu (Tokyo, Japan) model which consisted of a
LC10AD and LC10 ADvp solvent delivery module, an SPD
10A UV-Visible detector, a Rheodyne injector (model
7125, USA) valve fitted with a 20-lL loop, and a UV detec-
tor (SPD-10A). The system was controlled through a sys-
tem controller (SCL-10A) and a personal computer run-
ning Shimadzu chromatographic software (LC Solution,
Release 1.11SP1). The mobile phase was degassed using a
Branson sonicator (Branson Ultrasonics Corporation,

USA). Absorbance spectra were recorded using a UV-Visi-
ble spectrophotometer (Model UV-1601PC, Japan)
employing a quartz cell of 1.00 cm path length.

2.3 Standard solutions

Stock standard solutions of AM and AT (1 mg/mL) were
prepared in mobile phase. The prepared stock solution
was stored at 48C and protected from light. Working
standard solutions were freshly obtained by diluting the
stock standard solutions with mobile phase during the
analysis day. Calibration curves reporting peak area
ratios of AM or AT to that of the IS versus drug concentra-
tions were established at five levels; 0.5, 1.0, 2.5, 3.5,
5.0 lg/mL for AM and 1.0, 2.0, 5.0, 7.0, 10.0 lg/mL for AT,
in the presence of propyl paraben (2.0 lg/mL) as IS. Stand-
ard solution was prepared for the optimization proce-
dure containing the analytes at the same concentration
as in the investigated pharmaceutical formulation, i. e., it
consisted of a mixture of AM (2.5 lg/mL), AT (5.0 lg/mL),
and IS (2.0 lg/mL) in the mobile phase.

2.4 Sample preparation

Twenty tablets were weighed and finely powdered. An
amount of tablet powder equivalent to 5 mg of AM and
10 mg of AT was accurately weighed and transferred to a
50-mL volumetric flask; an appropriate quantity of IS was
added followed by 25 mL of mobile phase. This mixture
was subjected to sonication for 10 min for complete
extraction of drugs and the solution was made up to the
mark with mobile phase to obtain a concentration of
AM, AT, and IS as 2.5, 5.0, and 2.0 lg/mL, respectively.
The solution was centrifuged at 4000 rpm for 10 min;
the clear supernatant was collected and filtered through
a 0.2-lm membrane filter (Gelman Science, India) and
20 lL of this solution was injected for HPLC analysis.

2.5 Chromatographic procedure

Chromatographic separations were carried out on a Phe-
nomenex C18 analytical column (15064.6 mm id, 5 lm)
connected with a Phenomenex C18 guard cartridge
(463 mm id, 5 lm). A ternary mobile phase consisting of
a mixture of MeOH–MeCN–K2HPO4 buffer was used. The
aqueous phase of the mobile phase was adjusted to the
desired pH using 10% H3PO4. In order to increase the sen-
sitivity for the less concentrated compound (i. e., AM) and
to decrease the background from the mobile phase a
wavelength of 240 nm was selected for detection. The
injection volume of the sample was 20 lL. The HPLC sys-
tem was used in an air-conditioned laboratory atmos-
phere (20 l 28C).
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2.6 Experimental design and data analysis

The experimental design approach to HPLC method
development relies on two stages of experimentation:
screening, and optimization. The purpose of screening
design is to identify the factors that had significant
effects on the selected chromatographic responses. Opti-
mization experiments are designed to provide in-depth
information about identified variables during the screen-
ing stage. Experimental design and data analysis were
performed by using Design-Expertm trial version 7.0.0.
(Stat-Ease Inc., Minneapolis).

2.6.1 Screening design

The effects of MeCN concentration (A), buffer pH (B), buf-
fer concentration (C), and flow rate (D) on six chromato-
graphic responses (the retention factor of AM (k1), the
retention times of AM (tR1), IS (tR2), and AT (tR3), and the
resolution between two pairs, AM-IS (Rs1,2), and IS-AT
(Rs2,3)) were studied using a 24 – 1 fractional factorial
design (FFD). The experimental results of the FFD were fit-
ted with a first-order model. The significance of each fac-
tor was determined using analysis of variance (ANOVA).
The factors significantly affecting the analysis time (tR3)
were selected for the subsequent optimization design.

2.6.2 Optimization design

Once the factors having the greatest influence on the
responses were identified, a central composite design
(CCD) was performed to optimize these factors. To pro-
vide a CCD for the three remaining factors, a full 23 facto-
rial design was combined with six replications of the cen-
ter points and six axial points where one factor is set at
an extreme level (la) and the other two factors are at
their center point levels. The axial distance a was chosen
to be 1.6818 to make this design rotatable. The second
order model was fitted to the experimental results. The
qualities of the fitted polynomial models were examined

on the basis of the coefficient of determination R2. Only
the estimates of coefficients with significance levels
higher than 95% (i. e., ,Prob A F’ a 0.05) were included in
the final models. The location of the true optimum was
established by applying Derringer's desirability function,
where all six objective responses were simultaneously
optimized.

2.7 Validation

The optimized assay conditions were validated to meet
current pharmaceutical regulatory guidelines Q2A, Text
on Validation of Analytical Procedures: Definitions and Terminol-
ogy [29] and Q2B, Validation of Analytical Procedures: Methodol-
ogy [30]. The validation parameters addressed were linear-
ity, limit of detection and quantitation, specificity, accu-
racy, precision, and robustness.

3 Results and discussion

3.1 Screening stage

Preliminary experiments were carried out to screen the
appropriate parameters and to determine the experi-
mental domain. For instance, the concentration of
MeOH in the mobile phase was fixed at 10%, and only the
MeCN content was varied. The levels of each factor and
the results obtained from the experiments are given in
Table 1. As can be seen in this table, the ranges of each
factor used were: MeCN concentration (38–43%), buffer
pH (4.5–5.5), buffer molarity (10–20 mM) and flow rate
(0.8–1.2 mL/min). A 24 – 1 FFD consisting of eight factorial
runs along with four other experiments at the center of
the design was carried out to estimate the experimental
error. The design experiments were produced in random
order and a first-order model was fitted to the experi-
mental data.
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Table 1. Experimental design and results of the 24 – 1 fractional factorial design.

Design
points

Factors Responses

A (vol%) B C (mM) D (mL/min) k1 tR1 (min) tR2 (min) tR3 (min) Rs1,2 Rs2,3

1 38 4.5 10 0.8 2.07 5.75 9.16 22.15 11.45 22.55
2 43 4.5 10 1.2 1.4 3.01 4.9 8.44 10.23 12.54
3 38 5.5 10 1.2 2.17 3.96 6.19 9.21 10.05 9.67
4 43 5.5 10 0.8 1.33 4.37 7.3 8.09 11.76 2.63
5 38 4.5 20 1.2 2.02 3.77 6.05 14.91 10.61 21.13
6 43 4.5 20 0.8 1.16 4.06 6.68 11.63 11.31 14.09
7 38 5.5 20 0.8 2.1 5.81 9.17 14.34 11.37 11.87
8 43 5.5 20 1.2 1.23 2.79 4.47 5.48 9.54 4.56
9 40.5 5.0 15 1.0 1.51 3.77 6.23 10.18 11.11 12.01

10 40.5 5.0 15 1.0 1.52 3.78 6.17 10.15 11.08 12.31
11 40.5 5.0 15 1.0 1.52 3.78 6.23 10.21 11.2 12.09
12 40.5 5.0 15 1.0 1.53 3.8 6.27 10.27 11.19 12.06
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ANOVA was performed for the first-order models to
identify the factors that had significant effects on the
chromatographic responses. However, the factors pre-
dominantly affecting tR3 or the analysis time were
selected for the further optimization design. Table 2
presents the sum of squares (SS) as the information that
was used to estimate the effects of the main factors, the F-
value as the ratio of the respective mean square effect
(MS) and the mean-square error, and the statistic ,Prob A

F ’ shows the probability that a higher F-ratio could arise
due to chance. The ANOVA reveals that the factor C was
not a significant factor ( ,Prob A F ’ a 0.001) while the fac-
tors A, B, and D were significant for analysis time. The
probability values for these significant factors are very
low ( ,Prob A F’ a 0.0001), in this case, the high F-value is a
true indication to find the order of significance which
was found to be A, B, and D. The order of significant fac-
tors was also confirmed by the half normal probability
plot and Pareto chart (figures not shown). Further, the
FFD model of tR3 shows a significant ( ,Prob A F’ a 0.05) cur-
vature effect, suggesting a higher order design, such as a
CCD be employed for the subsequent optimization stage.
Nevertheless, the optimum values of the individual fac-
tors are still unknown and are determined by the follow-
ing CCD.

3.2 Optimization stage

Based on the results of the FFD, the key factors selected
for optimization process were A, B, and D. Since the fac-
tor C was not significant, it was fixed at the correspond-
ing center value (15 mM) of the FFD. In the optimization
design, additional experiments (axial points) were incor-
porated into the two-level factorial design to obtain a
CCD. The range of the factors, the experimental design
matrix, and the results are presented in Table 3. The
experimental results of the CCD were fitted with a sec-
ond-order polynomial expression:

Y = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3

+ b11X1
2 + b22X2

2 + b33X3
3 (1)

where Y is the response to be modeled, b is the regression
coefficient, and X1, X2, and X3 represent factors A, B, and
D, respectively. To obtain a simple and yet a realistic
model, the insignificant terms ( ,Prob A F’ A 0.05) are elim-
inated from the model through a ,backward elimination’
process. The statistical parameters obtained from the
ANOVA for the reduced models are given in Table 4. For
all the reduced models, ,Prob A F’ a 0.05 are obtained,
implying that these models are significant. The adequate
precision value is a measure of the “signal (response) to
noise (deviation) ratio”. A ratio greater than four is desir-
able [31]. In this study, the ratio was found to be in the
range of 13.84 to 73.56, which indicates an adequate sig-
nal and therefore the model is significant for the separa-
tion process. The %CV is a measure of reproducibility of
the model and as a general rule a model can be consid-
ered reasonably reproducible if it is less than 10% [31].
The CV for all the models was found to less than 10%.
Since R2 always decreases when a regressor variable is
eliminated from a regression model, in statistical model-
ing the adjusted R2, which takes the number of regressor
variables into account, is usually selected [32]. In the
present study, the adjusted R2 for all the response models
(except Rs1,2) were well within the acceptable limits of
R2 = 0.80 [33], which revealed that the experimental data
shows a good fit with the second-order polynomial equa-
tions. Hence, the diagnostic plots, (i) a normal probabil-
ity plot of residuals [34] and (ii) a plot of residuals vs. pre-
dicted values [35], were analyzed for response Rs1,2. Since
the assumptions of normality and constant variance of
the residuals were found to be satisfied, the fitted model
for the Rs1,2 was accepted.

As can be seen in Table 4, the interaction term with
the largest absolute coefficients among the fitted models
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Table 2. ANOVA results for tR3 response of the 24 – 1 fractional factorial design.

Source Sum of squares d.f. Mean squares F-Value Prob A F

Model 198.98 7 27.85 10610.97 a0.0001
A–MeCN conc. 90.92 1 90.92 34637.19 a0.0001
B–pH 50.05 1 50.05 19066.67 a0.0001
C –Buffer conc. 0.29 1 0.29 111.47 0.0018
D –Flow rate 41.27 1 41.27 15721.38 a0.0001
AB 6.14 1 6.14 2340.00 a0.0001
AC 0.90 1 0.90 344.58 0.0003
AD 5.40 1 5.40 2055.47 a0.0001
BC 0.000 0
BD 0.000 0
CD 0.000 0
Curvature 6.65 1 6.65 2532.01 a0.0001
Pure error 7.88610 – 3 3 2.63610 – 3

Cor Total 201.63 11
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is AB (+0.34) of the tR3 model. The positive interaction
between A and B is statistically significant (P = 0.001) for
tR3. The study reveals that changing the fraction of MeCN
from low to high results in a rapid decline in tR3 both at
the low and at the high level of buffer pH. Further, at the
low level of factor A, an increase in the buffer pH results
in a marginal decrease in the retention time. Therefore,
when the MeCN concentration is set at its lowest level,

the buffer pH has to be at its highest level to shorten the
analysis time. Especially this interaction is synergistic, as
it led to a decrease in analysis time. The existence of such
interactions emphasizes the necessity to carry out active
multifactor experiments for optimization of the chroma-
tographic separation.

In order to gain a better understanding of the results,
the predicted models are presented in Fig. 2 as a pertur-
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Table 3. Experimental design and results of the central composite design.

Design
points

Factor levels Responses

A (vol%) B D (mL/min) k1 tR1 (min) tR2 (min) tR3 (min) Rs1,2 Rs2,3

1 39.0 4.7 0.88 1.87 4.88 7.67 16.95 10.72 19.86
1.85 4.85 7.66 16.86 10.88 20.05

2 42.0 4.7 0.88 1.15 3.66 6.02 10.58 10.93 13.94
1.15 3.66 6.04 10.72 10.98 14.01

3 39.0 5.3 0.88 1.79 4.75 7.77 12.6 11.43 12.15
1.8 4.76 7.82 12.73 11.52 12.37

4 42.0 5.3 0.88 1.17 3.68 6.18 7.94 11.21 6.06
1.17 3.68 6.17 7.94 11.23 6.12

5 39.0 4.7 1.12 1.92 3.92 6.16 13.72 10.28 19.45
1.9 3.88 6.13 13.76 10.31 19.48

6 42.0 4.7 1.12 1.18 2.92 4.85 8.57 10.39 13.17
1.18 2.92 4.84 8.57 10.41 13.22

7 39.0 5.3 1.12 1.86 3.84 6.28 10.19 10.87 11.51
1.85 3.82 6.22 10.12 10.82 11.65

8 42.0 5.3 1.12 1.15 2.89 4.83 6.22 10.43 5.73
1.15 2.88 4.8 6.21 10.24 5.77

9 38.0 5.0 1.00 1.95 4.43 7.25 14.94 11.33 17.84
1.97 4.46 7.31 14.87 11.4 17.46

10 43.0 5.0 1.00 1.13 3.19 5.35 7.86 10.95 9.13
1.14 3.2 5.4 7.95 11.03 9.17

11 40.5 4.5 1.00 1.45 3.67 6.07 13.45 11.26 19.52
1.45 3.68 6.11 13.68 11.18 19.33

12 40.5 5.5 1.00 1.53 3.79 6.33 8.92 11.3 8.32
1.54 3.81 6.36 8.96 11.3 8.35

13 40.5 5.0 0.80 1.61 4.89 7.99 13.54 11.52 13.51
1.6 4.88 8 13.58 11.59 13.56

14 40.5 5.0 1.20 1.55 3.19 5.24 8.97 10.46 12.49
1.55 3.19 5.24 8.99 10.44 12.53

15 40.5 5.0 1.00 1.61 3.91 6.41 10.87 11.36 13.22
16 40.5 5.0 1.00 1.53 3.8 6.24 10.63 10.94 12.93
17 40.5 5.0 1.00 1.52 3.77 6.32 10.83 10.75 13.19
18 40.5 5.0 1.00 1.53 3.8 6.24 10.64 10.99 12.92
19 40.5 5.0 1.00 1.5 3.74 6.27 10.78 11.41 13.17
20 40.5 5.0 1.00 1.52 3.77 6.22 10.62 11.02 12.97

Table 4. Reduced response models and statistical parameters obtained from ANOVA (after backward elimination).

Response Reduced response modelsa) Adjusted R2 Model P-value %CV Adequate precision

k1 1.52 – 0.30A 0.952 0.000 4.06 68.17
tR1 3.76 – 0.46A – 0.46C + 0.08C2 0.970 0.000 2.73 51.33
tR2 6.21 – 0.67A – 0.75C + 0.098C2 0.969 0.000 2.63 50.42
tR3 10.99 – 2.33A – 1.51B – 1.26C + 0.34AB

+ 0.23AC
0.981 0.000 3.52 62.87

Rs1,2 10.97 + 0.11B – 0.32C 0.571 0.000 2.42 13.84
Rs2,3 13.06 – 2.82A – 3.63B – 0.40C 0.984 0.000 4.09 73.56

a) Only significant coefficients with P a 0.05 are included. Factors are in coded levels.
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bation plot [36]. For an optimization design, this graph
shows how the response changes as each factor moves
from a chosen reference point, with all other factors held
constant at the reference value. A steep slope or curva-
ture in a factor indicates that the response is sensitive to
that factor. Hence, the plot shows that factor A mostly
affected the analysis time (tR3), followed by factor B and
then D.

3.3 Derringer's desirability function

We decided to improve the chromatographic separation
according to two main objective criteria: the resolution
as a measure of the quality of the separation and the
analysis time as a measure of economy. Our goal was to
maximize resolution and to minimize analysis time.
Therefore, when there are multiple responses to opti-

mize with different targets, Derringer's desirability func-
tion is suitable. The Derringer desirability function is
defined as the geometric mean, weighted, or otherwise,
of the individual desirability functions. The expression
that defines Derringer's desirability function is:

D ¼
Yn

i¼1

dri
i

 !1=n

ð2Þ

where D is the value of the global desirability function, di

is the partial desirability function for each of the n
responses and ri is the relative importance assigned to
the response i. Relative importance ri is a comparative
scale for weighting each of the resulting di in the overall
desirability product and it varies from the least impor-
tant (ri = 1) to the most important (ri = 5). The characteris-
tics of a goal may be altered by adjusting the importance
or weight. Weights lower than 1 give less emphasis to the
goal, whereas weights greater than 1 give more emphasis
to the goal (in both cases, di varies in a non-linear way
while approaching the desired value). But with a weight
of 1, di varies in a linear way. In the present report we
chose weights equal to 1 for all the six responses. A value
of D different from zero implies that all responses are in
a desirable range simultaneously and consequently, for a
value of D close to 1, the combination of the different cri-
teria is globally optimal, so that the response values are
near target values.

Derringer's desirability functions defined for the
different responses are shown in Table 5. Criteria I have
been proposed for selecting an optimum experimental
condition for analyzing routine quality control samples.
As can be seen under criteria I, three responses Rs1,2, Rs2,3,
and tR3 were minimized, in order to shorten the analysis
time. On the other hand, k1 was targeted at 1.2, in order
to separate the first eluting peak (AM) from the solvent
front. As a short analysis time is usually preferred for rou-
tine analysis, a high importance value of 4 was assigned
to tR3 response. Following the conditions and restrictions
above, the optimization procedure was carried out. The
response surface plot obtained for the maximum desir-
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Figure 2. Perturbation plot showing the effect of each of the
independent factors on tR3 while keeping other factors at
their respective mid-point levels.

Table 5. Optimization of the individual responses for the analysis of quality control samples (Criteria I) and plasma samples (Cri-
teria II).

Response Lower limit Upper limit Weight Criteria I Criteria II

Goal Relative
importance

Goal Relative
importance

k1 1.13 1.97 1 Target = 1.2 3 Target = 1.9 4
tR1 2.88 4.89 1 Range 1 Range 1
tR2 4.80 8.00 1 Range 1 Range 1
tR3 6.21 16.95 1 Minimize 4 Minimize 2
Rs1,2 10.24 11.59 1 Minimize 1 Minimize 1
Rs2,3 5.73 20.05 1 Minimize 1 Minimize 1
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ability function (D = 0.948) is presented in Fig. 3. The
coordinates producing the maximum desirability value
were MeCN concentration = 42.08%, buffer pH = 5.33,
and flow rate = 1.12 mL/min (optimum condition I). The
predicted response values corresponding to the above
optimum condition are given in Table 6.

To substantiate the flexibility of the optimization
strategy and to search for an optimum experimental con-
dition for analyzing plasma samples, criteria II were
established by varying the response goals and their
importance values (Table 5). For instance, a large value of
k1 has to be selected for the separation of AM from the ini-
tial disturbances of plasma components. Therefore, k1

was targeted at 1.9 and high importance value of 4 was
assigned. Following the conditions and restrictions
above, the optimization procedure was carried out. The
desirability function is maximized at an overall desirabil-
ity of about D = 0.878, producing optimum condition II
as MeCN concentration of 38.66%, buffer pH of 5.50, and

flow rate of 1.20 mL/min. The predicted response values
corresponding to both the D values were confirmed
experimentally. It is observed that the experimental k1

value (1.3) is well within the acceptance limit and the
analysis time (6.45 min) is shorter than in the existing
methods. The observed difference between the predicted
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Table 6. The comparison of experimental and predictive values of different objective functions under optimal conditions.

Optimum
conditions

A (vol%) B D (mL/min) k1 tR1 (min) tR2 (min) tR3 (min) Rs1,2 Rs2,3

I Desirability value (D) = 0.948
42.08 5.33 1.12

Predicted 1.20 2.88 4.82 6.19 10.75 5.73
Experimental 1.30 3.08 5.08 6.45 10.29 5.79

II Desirability value (D) = 0.878
38.66 5.50 1.20

Predicted 1.90 3.79 6.06 8.01 10.61 9.95
Experimental 1.92 3.65 6.00 8.71 11.05 10.31

Average error 4.69% 5.05% 3.28%

Figure 3. Graphical representation of the overall desirability
function D. MeCN concentration (A) is plotted against pH (B)
with flow rate (D) held constant at 1.12 mL/min.

Figure 4. Chromatograms corresponding to A) a placebo
solution; B) a real sample of Avasm AM tablets containing
AM, IS, and AT under optimum condition I (MeCN = 42.08%,
pH = 5.33, and flow rate = 1.12 mL/min); C) a synthetic mix-
ture of AM, IS, and AT under optimum condition I; and D) a
synthetic mixture under optimum condition II
(MeCN = 38.66%, pH = 5.50, and flow rate = 1.20 mL/min).
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and experimental responses is found to be in good agree-
ment [37], with a difference of 1–6% (Table 6). The chro-
matograms obtained under optimum conditions I and II
are also presented in Fig. 4C and 4D, respectively. This
approach offers flexibility to the chromatographer to
slide k1 values depending upon the environment of the
analyte under consideration.

3.4 Assay method validation

3.4.1 Linearity

Linearity was established at five levels over the concen-
tration ranges of 0.5–5.0 lg/mL for AM and 1–10 lg/mL
for AT (approximately from 20 to 200% of nominal range
of analyte [38]). Peak areas (y) of PP or DP were plotted ver-
sus their respective concentrations (x) and linear regres-
sion analysis performed on the resultant calibration
curves (n = 6). Correlation coefficients were found to be
more than 0.999 for both the analytes. Typically, the
mean regression equations were: y = 0.364x + 0.012 for
AM and y = 0.457x + 0.021 for AT, respectively. Since the
correlation coefficients are not good indicators of linear-
ity performance of an analytical procedure [39], a one-
way ANOVA was performed. For both analytes, the calcu-
lated F-value (FCalc) was found to be less than the theoreti-
cal F-value (FCrit) at 5% significance levels, indicating that
there was no significant difference between replicate
determinations for each concentration levels (Table 7).
The homoscedasticity for the calibration curves was veri-
fied by applying Cochran's test and in that no statistical
difference (P A 0.05) was found between variances [40,
41].

3.4.2 Limit of detection and quantitation

The International Union of Pure and Applied Chemistry
(IUPAC) recommends employing false positive and false
negative probabilities to compute limits of detection and
quantitation [42–44]. However, since the study was being
done in a pharmaceutical context, LOD and LOQ for both
AM and AT were determined according to ICH guideline

Q2B [30]. LOD was defined as 3.3 r/S and LOQ as 10 r/S
based on ,standard deviation of the response and slope'
of the calibration curve constructed at five levels ranging
0.05 to 1.0% of the nominal analyte concentration [45].
The residual standard deviation of the regression line
was used as r (the standard deviation of the response)
and S is the slope of the calibration curve. Using the
above equations, LOD and LOQ were estimated as 2.65
and 8.02 ng/mL for AM, and 1.86 and 5.64 ng/mL for AT,
respectively.

3.4.3 Specificity

The method specificity was assessed by comparing the
chromatograms of standard drugs with those of placebo
solutions obtained from the most commonly used exci-
pients in pharmaceutical formulations, which included
starch, lactose monohydrate, aerosil, hydroxy propyl
methylcellulose, titanium dioxide, and magnesium stea-
rate. There were no excipient peaks co-eluted with the
analytes and IS, indicating that the optimized assay
method is selective and specific in relation to the exci-
pients used in this study (Fig. 4).

3.4.4 Accuracy/recovery

Accuracy of the method was determined by performing
the recovery experiment at 80, 100, and 120% of the
expected assay value or label claim of the analytes in the
commercial formulation. Three replicate samples of
each concentration level were prepared by spiking the
standard drugs with the placebo excipients, left in con-
tact overnight to allow analyte-matrix interactions to
occur, and then analyzed as previously described in the
Section 2.4. The % recovery of analytes at each level
(n = 3) and mean % recovery (n = 9) were determined
(Table 8). The recoveries of AM and AT at each level were
found to lie well within the acceptable criteria of bias
l2% [46]. The mean % recovery (n = 9) for each analyte was
also tested for significance by using Student’s t-test, the
null hypothesis being that the recovery is unity or 100%
[47]. Since the calculated t value (tCalc) is less than the theo-
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Table 7. One-way ANOVA test for linearity of analytes by the proposed method.

Source of variation Degrees of
freedom

Sum of
squares (SS)

Mean sum of
squares (MS)

F-value

FCalc FCrit
a)

Amlodipine
Between group 5 6.99610 – 4 1.40610 – 4 0.0004 2.6207
Within group 24 9.57 3.99610 – 1

Total 29 9.57
Atorvastatin
Between group 5 4.96610 – 4 9.91610 – 5 0.0000 2.6207
Within group 24 60.67 2.53
Total 29 60.67

a) Theoretical value of F (5, 24) at P = 0.05 level of significance.
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retical t value (tCrit = 2.306), at 5% significance level, the
null hypothesis was accepted. These results indicate that
the method is accurate and there was no interference
from placebo excipients used in this study.

3.4.5 Precision

Six injections, of three different concentrations of each
analyte (0.5, 2.5, 5.0 lg/mL for AM and 1.0, 5.0, 10.0 lg/
mL for AT) were given on the same day to determine
intra-day precision. These studies were also repeated on
six consecutive days to determine inter-day precision.
The intra- and inter-assay precision was confirmed since
the %CV were well within the target criteria of f2 and
f3, respectively [46].

3.4.6 Robustness

The robustness of the proposed method was assessed
with respect to small deliberate variations in experimen-
tal parameters such as to provide an indication of its reli-
ability during normal usage. Variations in MeCN concen-
tration (42% l 0.5), the pH value (5.33 l 0.2), and the buf-
fer concentration (15 mM l 2.0) did not alter the reten-
tion times, retention factor, and resolutions more than
4% and therefore it could be concluded that the method
conditions are robust.

3.5 Application of the method

The proposed RP-HPLC method was applied to the quanti-
tative analysis of real samples (AvasAM tablets) contain-
ing AM and AT. Representative chromatograms are pre-
sented in Fig. 4. The mean l SD% recoveries achieved
when analyzing AvasAM tablets were, 100.77 l 1.80 (1.75)
for AM and 100.85 l 1.19 (1.18) for AT, with the values in
parentheses being the %CV of the six replicates. The %CV
of the assay results were a2, indicating the precision of
the analytical methodology.

The mean recoveries for each analyte were also tested
for significance to establish whether the recovery means
are different from the label claim of the tablet by employ-
ing the Student’s t-test. The values of tCalc for AM (1.046)
and AT (1.748) were found to be less than the tCrit = 2.571
at 5% significance levels, suggested that there was no sig-

nificant difference between the mean recoveries of the
analytes and the label claim of the analyzed product.

4 Concluding remarks

Statistically based experimental designs proved to be a
valuable approach in optimizing selectivity-controlling
parameters for the simultaneous determination of AM
and AT in commercial tablets. Fractional factorial design
was used to screen the chromatographic factors that had
significant effects on the analysis time response. The sig-
nificant factors were optimized by applying central com-
posite design and surface response methodology. The
objective responses, resolution and the analysis time,
were then simultaneously optimized by applying Der-
ringer's desirability function, a multi-criteria decision
making tool. The method was validated; the validation
study supported the selection of the assay conditions by
confirming that the assay was specific, accurate, linear,
precise, and robust.

The chemometric procedure provides a better insight
into the sensitivity of chromatographic factors and their
interaction effects on the attributes of separation. It also
gives an opportunity to the chromatographer to custom-
ize the objective responses depending on the nature of
the matrices in which the analyses need to be performed.
The improved method showed higher sensitivity and
shorter analysis time than the existing methods making
it viable to be implemented for routine quality control
analysis in a pharmaceutical laboratory.

The authors thank the anonymous referees for their valuable sug-
gestions and modifications which have enhanced the quality of
this paper.
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