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Abstract
A specific, robust, and rapid UV-HPLC method was developed for the assay of daclatasvir (DCV) in pharmaceutical for-
mulation in the presence of potential degradation products using quality-by-design approach. The impurity profile of DCV 
was studied via forced degradation procedures with subsequent characterization of the resultant degradation products using 
LC–MS. Central composite design with response surface methodology was utilized to simultaneously optimize four chro-
matographic factors: pH, elution temperature, flow rate, and organic modifier %. The first order, interaction, and quadratic 
effects of those four factors were evaluated for 16 responses of eight peaks “resolution (7), number of theoretical plates (8), 
run time (1)”. Optimum separation was achieved using Eclipse plus RP C18 column, mobile phase consisting of methanol: 
0.025 M phosphate buffer pH 7.0 (58: 42 v/v), flow rate of 1.5 mL min−1at 40 °C, and detection at 303 nm. The optimized 
method was validated according to ICH guidelines and applied to determine DCV in pharmaceutical formulation. DCV 
response was linear (r = 0.9999) in the range 1.5–90 µg mL−1; inter-day and intra-day precisions were 0.28% and 0.25%, 
respectively, and independent t test indicated non-significant difference between inter- and intra-day means; accuracy was 
100.49 ± 0.92%.
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Introduction

Approximately 170 million people worldwide are chroni-
cally infected with the hepatitis C virus (HCV) [1] which 
can lead to cirrhosis, liver failure, hepatocellular carcinoma, 
and liver transplantation [2]. HCV is a small, enveloped, 
single-stranded RNA virus belonging to the Flaviviridae 
family, while, NS5A, a zinc-binding and proline-rich hydro-
philic phosphoprotein, plays a crucial role in HCV RNA 

replication [3, 4]. Daclatasvir (DCV) is a potent NS5A 
replication complex inhibitor with demonstrated antiviral 
activity in HCV genotype 1 patients when co-administered 
with peginterferon and ribavirin [5]; fortunately, its phar-
macokinetic profile supports one-daily dose [6]. DCV is 
commercially supplied as daclatasvir dihydrochloride salt 
which is a white-to-yellow powder, slightly hygroscopic 
with poor solubility in water; aqueous solubility is inversely 
proportional with pH. According to IUPAC system, DCV 
(Fig.  1) is methyl ((1S)-1-(((2S)-2-(5-(4′-(2-((2S)-1-
((2S)-2-((methoxycarbonyl)amino)-3-methylbutanoyl)-
2-pyrrolidinyl)-1H-imidazol-5-yl)-4-biphenylyl)-1H-im-
idazol-2-yl)-1-pyrrolidinyl) carbonyl)-2-methylpropyl) 
carbamate dihydrochloride.

Although DCV is non-pharmacopoeial, several LC meth-
ods were developed for its determination using conventional 
leave-one-out method development approach. Literature 
contains several HPLC methods for determination of DCV: 
non-stability indicating methods [7–9], stability indicat-
ing methods (SIM) [10–13], and methods for application 
in plasma [2, 14–17]. Here, we discuss brief examples of 
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published SIM that claim specificity and robustness. Baker 
et al., have developed a stability indicating method (SIM) 
for DCV in the presence of forced degradation products; 
however, DCV was slightly retained to 5 min, specificity and 
robustness of peak area, and retention time were indicated 
through peak purity and by change in peak area, retention 
time (≤ 3.85%), respectively [11]. However, development of 
UV-HPLC method with DCV retention of 2.6 min, 2.3 min, 
and 1.8 min. Sumathi et al. [10], Othman et al. [12], and 
Ashok et al. [7] have declared specificity and robustness. 
However, Ashok et al. declared insensitivity of DCV to 
forced degradation [7]; Kekan et al., Othman et al. [12], 
and Sumathi et al. [10] indicated the significant degrada-
tion toward forced degradation with relatively similar condi-
tions. Although Gholve et al. [18] indicated photo instability 
of DCV, its photolytic stability was repeatedly reported in 
rest of literature [7, 11]. The most of previously published 
works share one or more of major drawbacks. First, they had 
indicated specificity only via decrease in peak area of DCV 
for forced degradation solutions compared to equi-molar 
standard solution without insight on degradation products 
resolution. Second, robustness of those methods is mini-
mally discussed or studied. Third, retention of DCV in most 
of the published methods including stability indicating ones 
was too short which alert questions about specificity of those 
methods. Fourth, optimization via leave-one-out approach 
does not account for interaction between factors, it provides 
limited information about responses in a given experimental 
domain, and it is a non-structured framework which leads 
to large number of experiments needed to optimize such 
multivariate processes.

Literature contains redundant publications utilizing qual-
ity-by-design and experimental design approaches in diverse 
applications [19–23]. Analytical quality-by-design (AQbD) 
was applied in development of chromatographic [24–30], 
spectrophotometric, mass spectrometric [21, 22], and capillary 
electrophoretic [31] methods. The major advantage in using 
a multivariate approach to optimize an analytical method is 
maximization of knowledge gained with respect to number of 
experiments done. Furthermore, interactions between param-
eters can be investigated with multivariate experiments, which 
would be impossible to do with a leave-one-out approach [32]. 
Response surface methodology (RSM) was developed by Box 
and Collaborators in the 50s [33]. This term was originated 

from the graphical perspective generated after fitness of the 
mathematical model [34]. As one of the popular response sur-
face designs, central composite design (CCD) can be used to 
investigate the relationship between one or more responses 
from one side and experimental factors from other side, it per-
mits estimation of the coefficients of the main factors, interac-
tions, and second-order terms, i.e., it can model polynomial 
response surfaces up to second order.

As the chromatographic process is a multi-response tech-
nique with conflicting goals, Derringer’s desirability func-
tion (DDF) for multi-criterion optimization (an objective 
function ranges from zero outside limits to one at the target) 
can be employed to optimize such process. This function 
searches for a combination of factor levels that jointly opti-
mize a set of responses by satisfying the requirements for 
each response in the set. To do so, it transforms the meas-
ured properties to a dimensionless desirability scale for each 
response, so that values of several responses, obtained from 
different scales of measurement, may be combined [35]. 
The desirability scale ranges between d = 0, corresponding 
to a completely undesirable level of quality, to d = 1, which 
indicates an ultimate level of quality beyond which further 
improvements would have no value [36]. Concisely, the 
optimization is accomplished via calculating the individual 
desirability for each response; define the geometric mean of 
the individual desirability to obtain the composite desirabil-
ity (D), and finally by maximizing the composite desirability 
and identifying the optimal factor settings [32].

The main objective of this work was to develop and vali-
date a specific and robust stability indicating HPLC method 
for determination of DCV in the presence of potential deg-
radation products inferred from forced degradation studies. 
To achieve this objective, a CCD combined with RSM and 
DDF were utilized to study the experimental domain and to 
simultaneously optimize 16 dependent variables using four 
independent chromatographic variables.

Experimental

Materials

Daclatasvir dihydrochloride (99.69%) was supplied by 
Orchid Pharmaceuticals, (Orchid Pharma Ltd., Tamil Nadu, 

Fig. 1  Chemical structure of 
daclatasvir dihydrochloride
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India). All reagents used were of analytical grade, solvents 
were of HPLC gradient grade. Methanol (Labscan analytical 
sciences, Gliwice, Poland); Potassium dihydrogen phosphate 
and sodium hydroxide (E. Merck, Darmstadt,Germany); 
purified water, ≤ 17.3 MΩ cm [Milli-Q purification system 
(Branstead, USA)].

Instruments

An Agilent 1200 HPLC system (Agilent technologies, Santa 
Clara, California, USA) equipped with Quaternary Pump 
(Agilent LC 1200, model G1311A); UV-DAD (Agilent LC 
1200, model G1315); Autosampler (Agilent LC 1200, model 
G1329A); Eclipse plus RP C18 column 100 × 4.6  mm, 
3.5 µm particle size (Agilent technologies, Santa Clara, 
California, USA); 0.45 μm nylon Millipore membrane fil-
ter. Chemstation software for LC systems: Rev B.03.01. 
Experimental design, data analysis, modeling, and desir-
ability calculations were performed by Design expert soft-
ware package Version 9.0.0 (Stat-Ease Inc., Minneapolis, 
Minnesota, USA).

Standard Solutions

A stock standard solution 600 µg mL−1 of DCV was pre-
pared by dissolving 60  mg of DCV in solvent mixture 
(methanol:water, 1:1, v/v). A working standard solution 
60 µg mL−1 of DCV was prepared by dilution of stock stand-
ard solution in the same solvent.

Pharmaceutical Formulation

A pharmaceutical formulation of daclatasvir 30 mg tablet, 
Andodacla BN.17102015 (Al-andalous pharmaceuticals, 
Egypt).

Preparation of Degradation Products

Into a series of 50 mL conical flask, 15 mL from 10 mg mL−1 
DCV in solvent, was diluted to 30 mL using; 0.1 M sodium 
hydroxide; 0.1 M hydrochloric acid; 5% hydrogen perox-
ide, and then, each solution was refluxed for 2 h at 80 °C. 
The resultant degradation solutions were neutralized with 
suitable solvent, if any, and injected in HPLC in semi-pre-
parative way; where fractions were collected to obtain the 
major degradation products in pure form. Photodegradation 
was assessed by exposing similar solution of DCV to UV 
chamber equipped with 254/365 nm lamps for 6 h. Finally, a 
development mixture was made via mixing different aliquots 
according to concentration of previously separated degrada-
tion products with DCV to prepare a single solution contain-
ing well-detected amounts of each compound.

Chromatographic Conditions

Chromatographic separation was conducted, using Eclipse 
plus RP C-18 column (100 mm × 4.6 mm, 3.5 µm), using 
methanol:phosphate buffer 0.025 M, pH 7.0 (58:42, v/v) as 
a mobile phase which was degassed and filtered through a 
0.45 mm nylon membrane filter. Detection wavelength was 
303 nm; elution was operated with flow rate 1.5 mL min−1 
at 40 °C.

Experimental Design and Derringer’s Desirability 
Function

A typical analytical quality-by-design (AQbD) methodology 
was employed. During optimization step, a CCD with six 
replicates at center point and total 30 runs was used to opti-
mize four chromatographic factors “methanol %, pH, flow 
rate, elution temperature” by mapping the response surface 
of multi-criteria chromatographic responses of “retention 
time of last eluted peak, number of theoretical plates (N), 
and resolution of each chromatographic peak”. The core of 
optimization process is the definition of individual desir-
ability function for each individual attribute of the chroma-
tographic response according to the predefined analytical 
target profile as described earlier in introduction section, fol-
lowed by definition of composite desirability as a function of 
method factors that can be easily maximized, Design expert 
software was utilized to handle mathematical modeling and 
desirability optimization.

Method Validation

The optimized method was validated as per the ICH Q2 (R) 
guidelines for following parameters: Specificity, linearity, 
accuracy, precision, limit of detection (LOD), and limit of 
quantitation (LOQ) [37]. After robustness has been built in 
method through development, it has been assessed within 
the design space.

Specificity and System Suitability

Specificity has been indicated through injection of placebo 
solution (blank formula extracted in methanol:water, 1:1, 
v/v), DCV fortified degradation mixture in the same solvent. 
For system suitability determination, a solution consists of 
DCV and seven degradation products were used. Six repli-
cate injections of this solution were analyzed. From these 
replicate injections, the asymmetry factor, resolution, num-
ber of theoretical plate, and retention time of last eluted peak 
were studied.
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Linearity

Stock standard solution (600 µg mL−1) of DCV was further 
diluted with solvent mixture to obtain seven solutions in 
the ranges of 1.5–90 µg mL−1. Column was equilibrated 
with mobile phase before injection, 10.0 µL injections on 
duplicate base were chromatographed for each solution. 
The peak areas were regressed against the correspond-
ing concentrations and the regression parameters for DCV 
were calculated.

Precision

Precision of the developed method was evaluated by per-
forming repeatability, six replicate sample preparations 
(60 µg mL−1 of DCV); whereas the intermediate preci-
sion study was performed by repeating another six dif-
ferent sample preparations with similar concentration on 
different day by different analyst. For each data set, the 
recoveries were calculated and percent relative standard 
deviation (% RSD) was calculated. In addition, a statisti-
cal testing of significant difference in mean recovery of 
the two data sets was evaluated using independent t test, 
via comparing calculated t value with critical t  value0.05 
2.228. Statistical comparison of significant difference in 
variance between data set was assessed by F test and the 
calculated F value was compared to critical F  value0.05 
(5.05 at df1 = 5, df2 = 5).

Accuracy

The DCV standard in the range of 50%, 100%, and 150% 
of the sample’s concentration (60 µg mL−1) was separately 
mixed with placebo solution to prepare three final concen-
trations of 30, 60, and 90 µg mL−1, the same process has 
been performed in triplicate and the resulting solutions 
were chromatographed using the optimized method and 
then recoveries were calculated. One-sample t test was used 
to test significance of difference between the grand mean 
and 100%, via comparing calculated t value with critical t 
 value0.05 2.306.

Assay of Pharmaceutical Formulation

Ten tablets were grinded into fine powder, mix, and then, 
an amount of the powder equivalent to 60 mg DCV was 
transferred into 100-mL volumetric flask, and dissolved 
in solvent. A 5.0 mL aliquot of the previous solution was 
transferred into 50-mL volumetric flask, and the volume was 
made up using the solvent, and then chromatographed.

Results and Discussion

The pharmaceutical industry is constantly facing increas-
ing expectations of taking suitable measures to ensure the 
specificity and robustness of the analytical procedures. 
Therefore, the current work will illustrate and discuss 
the successive use of statistical and mathematical tools to 
develop specific and robust analytical HPLC method for 
DCV in presence of possible degradation products.

Specificity is one of the most crucial properties of any 
analytical procedure, yet it is the hardest to be achieved. In 
development phase, very limited amount of information is 
always available including stability related part. Unfortu-
nately, it is hard to claim knowledge of exact real degrada-
tion pathways for a pharmaceutical product unless acceler-
ated and long-term stability studies have been conducted. 
Therefore, forced degradation studies were presented as an 
alternative to gain some knowledge about possible degrada-
tion pathways; however, the space of degradation products 
(DPs) resulted from such studies is very large and may or 
may not include the real degradation products, but it still 
widely acceptable approach. Although realistic degradation 
products is more likely to be obtained with relatively mild 
degradation conditions; it is hard to define mild degradation 
conditions as it depends on the drug. However, we acclaim 
that mild degradation procedure is the one that produces 
minor detachment/alteration of terminal groups. Mild deg-
radation could be inferred practically from spectral charac-
teristics of DP relative to that of parent drug, where the more 
similar the spectral profile, the more probable the DP to fall 
in the space of realistic DPs and vice versa.

Robustness is another fatal property of a given ana-
lytical procedure, and it requires great awareness during 
development of the procedure. Unless response is affected 
by on factor or interactions of underlying factors are not 
suspected; robustness is not achievable with ordinary 
univariate method development and optimization espe-
cially, when factor interaction is suspected as the case in 
chromatographic process. From chromatographic point of 
view, robustness should be built for crucial responses like 
resolution between different peaks, efficiency of separation 
rather than peak area or retention time which we think 
about as of less importance. We acclaim that development 
of specific and robust method by definition infers preci-
sion and if linearity of response is assured; confidently, 
successful validation could be expected.

Forced Degradation Study

A mild degradation process for DCV was performed 
to generate realistic degradation products. A forced 
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degradation study using photolytic, alkaline, acid, and 
oxidative conditions was applied to DCV, with fractions 
of major degradation products (DPs) for each stress path-
way collected chromatographically in a semi-preparative 
way. However, the studies revealed photolytic stability of 
DCV; seven major DPs were observed: Two alkaline, one 
acid, and four oxidative degradation products. Previous 
DPs were outsourced for external facility to suggest an 
identity using LC–MS for these compounds. The sug-
gested degradation products are summarized in Table 1; 
for more information, please refer to supplementary data.

For an alkaline hydrolytic pathway, two different major 
degradation products were observed with m/z of 681.3 
and 581.9, respectively. Figure 2 illustrates a proposed 

degradation pathway, appearance of m/z 681.3 suggested the 
loss of –CH2 (− 14) followed by loss of  CO2 (− 44). This can 
be achieved by hydrolysis of one of the terminal ester bonds 
followed by decarboxylation of the resulted carboxylic acid 
producing degradation product  OH2  (C38H48N8O4). The sec-
ond degradation product (581.9) may indicate the hydrolysis 
of one of the amide bonds where three amide bonds exist in 
 OH2, the only possible hydrolysis to yield loss of a fragment 
whose mass is 99 is the hydrolysis of the amide bond linked 
to a pyrrolidine ring resulting in second alkaline degradation 
product  OH1.

In the acid hydrolysis process, a single degradation prod-
uct with molecular mass of 452.6 was observed. This sug-
gested that the two amide bonds linked to the pyrrolidine 

Table 1  Origin and LC–MS 
(ESI) observed mass of 
degradation products under 
study

Compound name Origin Mass Observed m/z Major observed 
fragment(s)

Retention time

OX1 H2O2 degradation 478 478  [M]+ 437, 415 0.762
OX2 512.6 513 [M + H]+ 130, 338, 415 1.022
OX3 488.54 490.1 [M + H]+ 490 1.809
OX4 560.6 560  [M]+ 533, 491 2.892
OH1 NaOH degradation 581.71 581.9 [M + H]+ 291  [M]2+ 4.503
H1 HCl degradation 452.6 453.1  [M]+ 437,453 5.641
OH2 NaOH degradation 680.84 681.3 [M + H]+ 341  [M]2+ 6.771
DCV – 738.88 739.3 [M + H]+ 370  [M]2+ 10.468

Fig. 2  Proposed alkaline hydrolytic degradation pathway of DCV and resultant degradation products
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rings were hydrolyzed resulting in the core structure 
 (C26H28N6). This hydrolysis was followed by condensation 
reaction with residual methanol, resulting in an observed 
mass of 452.6 corresponding to the acid degradation product 
(H-1). A proposed acid hydrolytic pathway was illustrated 
in Fig. 3.

The highly water soluble n-oxides are possible products 
of the reaction between  H2O2 and tertiary amino moieties 
in DCV; n-oxides may further undergo n-dealkylation reac-
tion. Due to the presence of primary and secondary amine 
moieties in DCV hydroxyl amines, products may be another 
possible products of the reaction. The process of oxidative 
degradation resulted in four major products OX-1–OX-4 
with molecular mass of 479, 513, 490, and 560, respec-
tively. In general, the oxidative degradation products were 
the least chromatographically retained among all degrada-
tion products indicating high aqueous solubility relative to 
hydrolytic degradation products. The product of the mass 
479 (OX-1) was the least retained, which may be explained 
by the formation of n-oxide. The other three products (OX-2, 
OX-3, and OX-4) were of moderate retention suggesting the 
lack of n-oxides. Figure 4 illustrates the suggested chemical 
structures of the oxidative degradation products.

According to the captured online spectra Fig. 5, obvi-
ously UV spectral profiles of DPs are very close to that of 
DCV which means according to our definition for mild deg-
radation that those DPs are highly probable to be realistic 
degradation products. Unfortunately, unless specificity is 
chromatographically built through method development; 
method may be still nonspecific due to the fact that peak 

purity calculations may conclude erroneous purity due to the 
high spectral similarity between degradation products and 
DCV. Previous issue becomes of major concern if DCV is 
not chromatographically retained enough or if the resolution 
robustness was not considered enough in method develop-
ment as the case in most of previously published works.

Chromatographic Optimization

For optimizing a chromatographic method for separation 
of DCV and its degradation products, typical quality-by-
design procedure was implemented where an analytical 
target profile and critical quality attributes (CQAs) were 
initially defined. Next, a central composite design (CCD) 
was implemented to model different responses and then 
identifying a design space followed by desirability mapping 
of the previously identified design space and finally define 
optimum parameters and control space. The analytical target 
profile was made to maximize specificity, accuracy, sensitiv-
ity, reproducibility, and robustness for the analytical method. 
The studied chromatographic CQAs were resolution, num-
ber of theoretical plates, and run time with predefined values 
of NLT 1.5, NLT 2000, and NMT 15 min, respectively.

In the current work, factors like chromatographic col-
umn and organic modifier types were studied in univariate 
mode. Preliminary experiments reveled that C-18 column 
type was superior to C-8 and phenyl columns in terms of 
efficiency and selectivity, methanol was superior to ace-
tonitrile as organic modifier in terms of efficiency; there-
fore, we concluded to use C-18 column and methanol. 

Fig. 3  Proposed acid hydrolytic degradation pathway of DCV and resultant degradation product



1647Multivariate Development and Optimization of Stability Indicating Method for Determination…

1 3

Detection wavelength optimization was based on chro-
matographing the solution of degradation products using 
diode array detector (DAD), where λ = 303 was optimum 
for DCV and most DPs.

On the other hand, method parameters like methanol 
percentage (MeOH %), buffer pH, flow rate, and elution 
temperature were studied in multivariate way using four-
factor CCD as described in Table 2. Analysis of the chro-
matographic responses resulted from application of the 
proposed CCD experiments resulted in construction of 
16 four-dimensional (4D) response polygons in 5D space, 
one for each response. The common intersection space of 
those 4D-response polygons at which all CQAs are satis-
fied constituted a 4D design space (4D-DS). In general, 
some responses were mathematically transformed before 
modeling to meet the normality assumption of residuals. 
The quality of the fitted models were evaluated by apply-
ing the analysis of variance (ANOVA) [34], p values of all 
fitted models were below 0.05 indicating significant mod-
els, adjusted R2 were between 0.999 and 0.801, and finally, 
the obtained high adequate precision values indicate good 
signal-to-noise ratio.

The chromatographic optimization is a multi-criterion 
problem, in which a compromise between conflicting goals 
should be found such as maximizing resolution, number 
of theoretical plates while minimizing the run time [36]. 
Desirability function is a beneficial tool to optimize such 
multi-criterion response, where different importance and 
weight values were assigned to each response according to 
the relative importance from chromatographic point of view. 
The desirability of the 4D-DS was mapped by applying the 

desirability function; Fig. 6 depicts six different perspectives 
of the 4D design space polygon.

The inspection of the design space results in selection of 
the highest desirability region to be the control space of the 
method; the normal operation values of chromatographic 
factors were methanol: phosphate buffer 0.025 M, pH 7.0 
(58:42, v/v) at elution temperature of 40 °C, and flow rate of 
1.5 mL min−1. Application of the optimum parameters illus-
trated in Table 3 resulted in base line well-resolved peaks 
with appropriate peak asymmetry, and number of theoretical 
plates in a reasonable run time of about 12 min, as shown 
in Fig. 7.

Regarding instantaneous and convenient troubleshoot-
ing purposes of such complex relationship between method 
parameters and different responses, we have used perturba-
tion plots to fully and rapidly describe the system. However, 
for building deeper knowledge, readers are encouraged to 
review graphs in supplementary data. Perturbation plots are 
a beneficial tool to compare the effect of all factors at a par-
ticular point in the design space, and it is plotted by chang-
ing only one factor over its range while holding of the other 
factors constant. The sign and magnitude of the slope for 
lines or curves in perturbation plots determine the relation 
between different factors and given response. High positive 
slope indicates strong direct effect of studied factor on the 
response; low negative slope indicates minor inverse effect 
of studied factor on the response. The effects of method 
parameters on some selected critical responses at optimum 
parameters are illustrated in perturbation plots Fig. 8. In 
general, an inverse proportionality between N and flow rate 
for all analytes was observed (Fig. 8a–d) indicating mass 

Fig. 4  Proposed oxidative degradation pathway of DCV and resultant degradation products
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transfer-controlled chromatographic behavior. Figure 8e 
shows that resolution of OH-1 was inversely proportional 
to methanol % and flow rate which could be counteracted 
by the effect of pH and elution temperature, while Fig. 8f 
demonstrates that pH and elution temperature to less extent 
poses a directly effect on resolution of H-1 which may be 
opposed by the effect of flow rate. Figure 8g indicates that 
methanol % and pH were found to have predominant inverse 
relationship with resolution of OH-2, while elution tempera-
ture and flow rate were of minor effects on resolution of 
OH-2. Finally, in Fig. 8h, retention time (tR) of DCV as an 

indicator of total runtime was found to be inversely related 
to methanol %, pH and to less extent to elution temperature.

The objective of this work was achieved by development 
of an optimized method that satisfies the predefined values 
for CQA regarding DCV and DPs. The method was then 
validated according to the ICH guidelines [37]. Valida-
tion and robustness assessment results are summarized in 
Tables 4, 5, and 6 which indicate that previous objective was 
successfully achieved. The method was successfully applied 
for determination of DCV in pharmaceutical formulation; 
where the results are summarized in Table 7.

Fig. 5  Online spectra of daclatasvir and degradation products

Table 2  Factors and 
corresponding levels used in the 
central composite design

Method parameters Unit Level (−) Level (0) Level (+) − α + α

Methanol % 52.5 57.5 62.5 47.5 67.5
pH – 6.0 6.5 7.0 5.5 7.5
Temperature °C 25 32.5 40 17.5 47.5
Flow rate mL min−1 1 1.5 2 0.5 2.5
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Fig. 6  Design space from different perspectives at optimum parameters showing contour mapped desirability

Table 3  Optimum values for 
chromatographic parameters 
and control space

Parameter Value Control space

Chromatographic column Eclipse plus C-18 100 × 4.6 mm 3.5 µm –
Mobile phase (v/v %) Methanol %/phosphate buffer 0.025 M, pH 

7.0 = 58/42
pH (6.7–7), 

MeOH % 
(56–59)

Temperature (°C) 40 (38–40)
Flow rate (mL min−1) 1.5 (1.3–1.6)
Wavelength (nm) 303 –

Fig. 7  Typical chromatogram of daclatasvir spiked with degradation products
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Conclusion

AQbD approach was successfully implemented and 
resulted in specific, robust analytical method that could 
confidently deliver the intended performance. The HPLC 

method was capable to simultaneously determine DCV in 
the presence of seven potential degradation products, and 
it was validated according to ICH guidelines in addition 
to robustness assessment within the design space. AQbD 
is useful, especially in a multi-factor chromatographic 

Fig. 8  Perturbation plots at optimum method parameters for a–d number of theoretical plates (N) of OH1, H1, OH2, and DCV; e–g resolution 
(Rs) of H1, OH1, and OH2; h retention time (tR) of DCV. Here, A: methanol %, B: pH, C: temperature, and D: flow rate
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process with multi-criterion multi-response outcomes. The 
construction of hyper-dimensional design space in addi-
tion to definition of control space ensures the robustness of 
the proposed method in addition to flexible method trans-
fer and troubleshooting. The perturbation plots and gif 
type animations presented in supplementary data illustrat-
ing the hyper-dimensional design space afford a straight 
forward but deep troubleshooting guidance for method 
performance.
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