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Abstract

Avanafil (AV) is the phosphodiesterase (PDE) type 5 inhibitor drug used in erectile dysfunction, having pyrrolidine,
pyrimidine, carboxamide, and chlorine as functional groups which can easily break by environmental changes and
cause toxicity. Henceforth, in detail, HPLC stability study with the Quality-by-Design (QbD) approach is presented
which leads to recommended storage conditions. The stability of AV was analyzed in hydrolysis, photolysis, and
thermal and oxidative conditions. The application of the QbD approach during the stability method development
comprises steps as screening and optimization. Quality target product profile (QTPP) was defined, and critical
quality attributes (CQAs) were assigned to meet the QTPP requirements. Primary parameters obtained from the
Ishikawa diagram were studied via Placket–Burman, and four critical factors were optimized through the central
composite design (CCD). The finalized method includes mobile phase [10 mM ammonium acetate, pH 4.5 adjusted
by acetic acid:ACN (60:40, v/v)] at 0.9-mL/min flow rate and 239-nm wavelength. A control strategy was set up to
ensure that the method repeatedly meets the acceptance criteria. Overall, 16 degradation product peaks of AV in all
conditions (solid and solution state) were identified with optimized method and evaluated by HPLC-PDA study. A
comprehensive systemic optimization of AV stability study is stated for the first time, which reveals that AV is prone
to degrade in sunlight, moisture, and temperature. Global regulators and manufacturers should take care of the
packaging, handling, and labeling of AV. A fully validated LC–MS compatible stability method can be successfully
applied to monitor AV stability from its formulation which can be wisely extrapolated to assess the AV from
biological samples.

Keywords: Avanafil (AV), Degradation products, Storage condition, Quality by Design (QbD), Chemical stability,
Erectile dysfunction

Introduction
Stability testing is an important step in the drug ap-
proval process to assess a drug substance or drug
product quality, which varies with time under the in-
fluence of environmental factors such as temperature,
humidity, and light. An in-depth stability study for

any new moiety is required for packaging, handling,
retest period, and storage.
The common practice in the past was to develop a

stability-indicating method using a trial and error ap-
proach called as one factor at a time (OFAT). The trials
were taken to get resolved peaks until the best method
was found. It was time-consuming and required a large
number of experiments which often resulted in a non-
robust performance (Maggio et al. 2013). Nowadays, in
the application of experimental design, several
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experiments are carried out in which two or more vari-
ables are altered at the same time called the multiple
factors at a time (MFAT) approach for method
optimization (Patel and Kothari 2018). The stability-
indicating method development using the Quality-by-
Design (QbD) approach offers more accurate and robust
results related to the OFAT approach, which comprises
screening and optimization as steps (Schmidt and Mol-
nár 2013; Tol et al. 2016, 2020; Karmarkar et al. 2011).
Several reports focus on application of the QbD ap-
proach for analytical method development using design
of experiment as one of the element (Hubert et al. 2014;
Gavin and Olsen 2008). In addition, ICH has approved
guideline Q14 with a detailed description of analytical
method development using the QbD approach (Inter-
national Conference on Harmonisation of Technical Re-
quirements for Registration of Pharmaceuticals for
Human Use n.d.-a). Hence, an attempt was made to de-
velop a robust stability-indicating method with the QbD
approach for Avanafil (AV).
Chemically AV is [(s)-(4-[(3chloro-4-methoxybenzyl)

amino]-2-[2-(hydroxymethyl)-1pyrrolidinyl]-N-(2 pyri-
midinyl methyl)-5-pyrimidine carboxamide)] (Fig. 1).
Pharmacologically, AV is a phosphodiesterase type 5 in-
hibitor developed by Mitsubishi Tanabe Pharma Corp.
(Osaka, Japan) and used in the treatment of erectile dys-
function plus explored for the treatment in pulmonary
hypertension. AV is soluble in acetonitrile (ACN),
methanol, and dimethyl sulfoxide (DMSO), and is insol-
uble in water; it has a pKa value of 5.5.
A literature review of AV reveals that numerous reports

were existing, like AV as a PDE 5 inhibitor (Ferguson and
Carson 2013) and estimation by UV spectroscopy method
(Savaliya et al. 2013). The simultaneous estimation of AV

with dapoxetine was developed by a simple high-
performance liquid chromatography (HPLC) method
(Mangukiya et al. 2013) and UV-chemometrics, the
HPLC–QbD approach (Patel and Kothari 2016). One re-
port emphasized on AV biological estimation, tolerability,
and pharmacokinetic study with liquid chromatography–
mass spectrometry (LC–MS)/MS (Jung et al. 2010). The
few reports focused on a stability method of AV. The re-
port authored by Bhatt et al. (2015) developed a stability
method which can identify merely the AV peak; hence, it
does not fulfill the purpose of the stability-indicating ana-
lytical method (SIAM). The SIAM should detect all pos-
sible degradant and drug without interference. Another
reported method authored by Kumar et al. (2017) dis-
cussed the stability study of AV for certain conditions
using the gradient method. The method reveals the separ-
ation of drugs from the degradation product, but all deg-
radation product peaks were not well separated. Recently
published report focused on the identification of two re-
lated substances and one degradation product of AV by
LC–TOF–MS (Can 2018). The reported method lacks in
sensitivity and proper resolution as it identified only three
degradation product peaks, and certain peaks were par-
tially merged.
Till date, published data for AV estimation seems that

reported methods have several constraint for application
in terms of identification of all possible degradation
products, poor resolution, more run time, use of high-
cost organic solvent, gradient method, and LC–MS in-
compatibility. Hence, the goal of the present study was
to develop novel and fully validated stability-indicating
analytical methods (SIAM) for AV (in API and pharma-
ceutical tablet formulation) using the QbD approach.
Application of the QbD approach will fulfill stability

Fig. 1 Structure of Avanafil
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method standards as appropriate resolution between
peaks, robustness, selectivity, specificity, and precision,
which is beneficial for manufacturers during the drug
approval process and for labeling condition. To the best
of our knowledge, this is the first detailed report of AV
stability method development using the QbD approach
in different stress conditions.

Materials and methods
Chemicals
Analytically pure (99.9 %) Avanafil (AV) was received as
a gratis sample from Sunrise Remedies Pvt, Ltd. (Ah-
medabad) and Om Laboratory (Ahmedabad) along with
a certificate of analysis. Marketed tablet formulation
(Avana) was procured as a gratis sample from Sunrise
Remedies Pvt, Ltd. (Ahmedabad). Acetonitrile, ammo-
nium acetate, and glacial acetic acid used were of HPLC
grade procured from Merck, Mumbai, India. Hydro-
chloride acid, sodium hydroxide, and hydrogen peroxide
(30% w/v) were used for solvent preparation and stress
degradation studies were of analytical grade procured
from CDH chemicals, Delhi, India.

Equipment
Fourier-transform infrared spectrometer (FTIR) (JASCO
FT/IR-6100 series, Jasco, Japan) was used for identifica-
tion. Agilent 1260 Infinity Quaternary HPLC equipped
with a UV detector was used for the chromatographic
separation. Agilent ChemStation software was used for
data acquisition and analysis. Peak purity calculation was
done by Jasco HPLC (Jasco analytical instruments,
USA), which was equipped with a PDA (Photodiode
array) detector. Labindia pH meter (Pico+) was used to
measure the pH of the buffer. The membrane filters
0.22 μm (Axiva Sichem Biotech, Delhi) and syringe filters
0.45 μm were used for filtration. The Stat-Ease Design
Expert Version 9.0.2® software aids in the method devel-
opment through QbD by designing experiments (DoE),
analysing and modelling the data, and establishing a de-
sign space.

Solution preparation
Preparation of standard solution
An accurately weighed 10mg of AV was diluted with ali-
quot (1mL) of ACN, sonicated for 5 min, and volume was
made up to 10mL with respective stressor (1000 μg/mL).

Preparation of working solution
From the standard solution of AV (10 mg in 10mL) in
respective stressor, 1 mL was collected at a specific time
interval (as mentioned in Table 4) and made the volume
up to 10 mL with ACN:water (50:50, v/v) to get 100 μg/
mL concentration of the working solution.

Different stressors were used for different degradation
conditions like in acidic hydrolysis hydrochloric acid
(HCl), in an alkaline hydrolysis sodium hydroxide
(NaOH), in neutral hydrolysis water, in oxidative degrad-
ation hydrogen peroxide (H2O2), in thermal and photo-
lytic degradation ACN;water (50:50, v/v) was used as a
stressor. Hydrolytic degradation (acid, alkaline, and neu-
tral) was studied at different temperatures of 60, 70, and
80 °C. Oxidative degradation was studied by 1% H2O2,
6% H2O2, and 10% H2O2. For thermal (dry heat) degrad-
ation, samples in solid state were kept in the oven at
60 °C and in solution form (ACN:water, 50:50, v/v) were
kept in the oven at 60 °C. For photolytic degradation,
samples in solid-state and in solution form (ACN:water,
50:50, v/v) were kept in sunlight (as mentioned in
Table 4).

Preparation of sample solution
Twenty AV tablets (Avana) were weighed and ground in
a clean motor. The amount equivalent to 10mg of AV
was weighed and transferred into a 10-mL volumetric
flask. To this powder, about 3 mL of ACN was added,
and the flask was placed on a mechanical shaker for 10
min. The volume was made up to 10mL with respective
stressor to get 1000 μg/mL concentration. From that
standard solution, 1 mL was collected at a specific time
interval and made the volume up to 10 mL with ACN:
water (50:50, v/v) to get 100 μg/mL concentration of the
working solution.

Implementation of systematic quality by design approach
(Garg et al. 2015; Michael et al. 2015; Ren et al. 2016; Kurmi
et al. 2014; Dharani et al. 2018; Prajapati and Agrawal 2015;
Mohamed et al. 2016; Orlandini et al. 2016; Bhandi et al.
2016; Kalariya et al. 2015a; International Conference on
Harmonisation of Technical Requirements for Registration
of Pharmaceuticals for Human Use n.d.-b, c)
The QbD is a systematic approach to development that
begins with predefined objectives and emphasizes prod-
uct and process understanding and process control. Sys-
tematic optimization of stability-indicating method
includes three stages, viz., primary parameter selection,
secondary parameter screening, and method optimization
with consideration of degradant in forced degraded sam-
ples (Patel and Kothari 2018; Schmidt and Molnár 2013;
Tol et al. 2016, 2020). AV (100 μg/mL) solution was ex-
posed to different degradation conditions. During the ini-
tial trial, considerable degradation (< 20% degradation of
AV to avoid secondary degradation) was found in acidic
condition with respect to other degradation conditions.
Hence, stability method was optimized using acid de-
graded solution (1N HCl at 60 °C for 9 h; 100 μg/mL).
Resolution between drug peak and all degradation peaks
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were key criteria for developing stability method; hence, it
was chosen as the response variable.

Screening for stability method
All quality target product profiles (QTPPs) and critical
quality attributes (CQAs) for stability method were listed
out. The selection of parameters was done using a qual-
ity risk management tool as per ICH Q9. From the Ishi-
kawa diagram and risk assessment tool total, eleven
primary parameters were selected and subjected to sec-
ondary parameter screening by Plackett–Burman design.
Resolution between all peaks was considered as a re-
sponse variable since it is a very significant criterion for
selectivity and specificity of SIAM. Analytical runs were
performed as per Plackett–Burman design. Further half-
normal plots and Pareto charts were derived to deter-
mine significant factors.

Optimization for stability method (International Conference
on Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use n.d.-b;
Kalariya et al. 2015b, c)
The factor having a significant effect on the resolution
of peaks was further identified as a critical method vari-
able during secondary parameter selection. Central com-
posite design (CCD) was applied for selected significant
factors. A total of 30 experimental runs were performed
and analyzed against the response variable (resolution
between peaks). By the use of Design expert 9.0.2®, stat-
istical calculations, models, polynomial equations, p
value, F value, contour plot, 3D plot, and desirability plot
were derived. At last, control strategy was decided,
which shows a planned set of controls, derived from
current product and process understanding that assure
the process performance. An optimized chromato-
graphic condition was used to check the degradation of
the drug in all degradation conditions.

Application of the method to marketed formulation
The forced degradation condition and developed
stability-indicating method was applied to the marketed
tablet formulation. The assay was performed to check
the selectivity of the developed method for the estima-
tion of AV in tablet formulation (AVANA).

Method validation (International Conference on
Harmonisation of Technical Requirements for Registration
of Pharmaceuticals for Human Use n.d.-c)
The developed stability-indicating method was vali-
dated as per ICH guidelines Q2 (R1) (International
Conference on Harmonisation of Technical Require-
ments for Registration of Pharmaceuticals for Human
Use n.d.-c). The system suitability of the developed
method was checked by evaluating percentage of

relative standard deviation (% RSD) values of system
suitability parameters like area, asymmetry, theoretical
plate, and retention time of five standard replicates.
Linearity was estimated by preparing serial dilutions
in a concentration range between 10 and 70 μg/mL
from the stock solution. The analysis was done, six
times (n = 6) for each concentration. The precision
(Interday and intraday) were assessed at three differ-
ent concentrations; 10 μg/mL, 30 μg/mL, and 70 μg/
mL in triplicates on different three times/days. Accur-
acy was performed at three different concentrations
(80%, 100%, and 120% of the intended content of
active ingredient) at three-time intervals, followed by
the addition of a known amount of drug to the
sample and % recovery was calculated for each
concentration. Accuracy concentration levels were
54 μg/mL, 60 μg/mL, and 66 μg/mL for AV. Each con-
centration level solution was prepared and injected in
triplicate. The percentage of recovery was calculated.
LOD (limit of detection) and LOQ (limit of quantifi-
cation) values were calculated with the standard devi-
ation method. Serial dilutions of standard solutions
were prepared and injected in descending order. Spe-
cificity study was used to determine the ability of the
method to determine analyte in the presence of
different other components (degradant, excipients,
impurities, etc.).

Results and discussion
Quality by Design instability method
Identification of QTPP and CQAs
It is considered as the first step in QbD-based stability
method development. Various QTPPs, CQAs, and process
parameters for stability-indicating HPLC method were
identified and listed as in Supplemental Table 1. The sys-
tematic QbD approach includes primary parameter
screening, secondary screening, and optimization. Primary
parameter screening was done by the Ishikawa diagram
(Fig. 2) and risk assessment (Fig. 3). A systematic risk as-
sessment is performed to identify critical method parame-
ters and critical process parameters whose variability may
affect potential CQAs. The relative risk due to each par-
ameter was ranked as high, medium, or low. High risk
means those quality attributes that could have a high im-
pact on the stability method. Low risk means those quality
attributes that had a low impact on the stability method.
The high-risk factors were necessary to study for the de-
velopment of the robust method.
From the Ishikawa diagram and risk assessment, a

total of eleven primary parameters were selected which
are called primary critical parameters for SIAM. Selected
primary parameters were subjected to secondary screen-
ing with the application of the Plackett–Burman design.
The selected response variable for the stability method is
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resolution between peaks. The Plackett–Burman design
was applied for 11 selected factors at two levels (low,
high) as shown in Table 1. The levels of factor (param-
eter) were decided based on preliminary trials and from
the literature review. The mobile phase ratio was studied
at two levels (50:50, v/v and 70:30, v/v). The organic
phase was studied for two widely used organics ACN
and MeOH for method development. The temperature
of the column oven can affect the viscosity of the mobile
phase; hence, it was studied at 10 °C and 30 °C. The de-
gassing of the mobile phase during HPLC method devel-
opment is required to reduce the interference of air
bubbles. During initial trials, slight baseline drift was
found due to air bubble entrapment; hence, degassing
time was studied for 10 min and 25min. Further, the ef-
fect of mobile phase pH on the method was studied at 3
and 5. Flow rate was studied at 0.5 mL/min and 1.2 mL/
min, and injection sample volume was studied for 5 μL
and 20 μL. The selection of column (C18 and C8) was
based on column chemistry and availability. The differ-
ent buffer ammonium acetate (AA) and ammonium for-
mat (AF) were selected for study with strength at 5-mM
and 10-mM levels. The detection wavelength selection
was based on wavelength maxima of AV and studied for
230 nm and 250 nm (Table 1).
The statistical calculation for Plackett–Burman design

was done by a Pareto chart and half normal plot; from
these, significant secondary parameters were decided as
shown in Fig. 4. Factors which cross t limit were consid-
ered as significant variable for all responses [Resolution

(1–2) (I), (2–3) (II), (3–4) (III), (4–5) (IV), (5–6) (V), and
(6–7) (VI)]. The Pareto charts were derived, and it was
observed that values for Organic phase type (B), Degase
time (D), Sample volume (G), Column type (H), Buffer
(I), Buffer strength (J), and Detection wavelength (K)
were taken as constant for further analysis, and mobile
phase ratio (A), the temperature of column oven (C), pH
of buffer (E), and flow rate (F) were significant factors so
they need to optimize. The selected four parameters
(factors) were further used for the optimization of the
method by design expert 9.0.2®.

Method optimization by CCD
Response surface methodology can be used for
optimization of four critical factors at more than three
levels to reduce the number of experimental runs with-
out loss of orthogonal nature of the model; hence, cen-
tral composite design (CCD) was designed by Design
expert 9.0.2® and studied for n = 30 experiments as
shown in Table 2. The objective of designing these ex-
periments was to achieve optimal separation between
the critical pairs in the shorter possible run time. Levels
of values for design and responses were found as below.
The level of four independent factors was decided as dis-
cussed below. Initially, ACN with water in different ra-
tios was tried, but the better separation was achieved by
the addition of buffer. In chromatography, the buffer pH
should be ± 2 of pKa as between that range 100% drug is
in ionized or unionized form which gives better separ-
ation. Here, AV has pKa value 5.54, and for better

Fig. 2 Ishikawa diagram for a cause–effect relationship
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separation, studied buffer pH range was between ± 2 of
pKa. Subsequently, change in organic phase ratio affects
retention time of degradation peaks. And the
temperature affects elution time due to change in viscos-
ity of mobile phase. All the listed parameters had indi-
vidual and interaction effects during SIAM development.
The SIAM focused on selectivity and specificity of ana-
lyte without interference, which can estimate by

resolution; hence, resolutions between degradation peaks
were considered as response variables (Table 2).
The four critical factors (mobile phase ratio, pH of the

buffer, flow rate, and temperature of column) were stud-
ied at two levels (Low, High) using CCD. The decided
levels for factors were mobile phase ratio, ACN:buffer
[40:60, (v/v); 80:20, (v/v)], pH of buffer (2.5, 6.5), flow
rate (0.25 mL/min, 1.25 mL/min), and temperature (0 °C,
40 °C). The levels for mobile phase ratio, flow rate, and
column temperature were chosen from the preliminary
trials. The level for buffer pH was studied according to
the AV pKa value. The preliminary study emphasized on
the selection of acidic degradation condition due to the
required % degradation of drug and presence of more
merged degradation peaks with respect to other degradation
conditions. Hence, the scrutinized dependent variables were
the resolution between the merged peaks, where Rs (1–2)
[resolution between DP I and DP II], Rs (2–3), Rs (3–4), Rs
(4–5), Rs (5–6), and Rs (6–7) were chosen.
The mathematical model was generated for each re-

sponse, and statistical calculations were done for all fac-
tors from ANOVA results (Supplemental Table 2). The
statistical values as p, R2, and adjusted R2 were studied,
and the polynomial equation was derived for each factor.
Calculated R2 for all CQAs were ranged between 0.752
and 0.999, indicating that a high proposition of variation
in the responses could be attributed to the models. The
mathematical model (quartic and quadratic) summary
data indicated a reasonably good agreement between the
adjusted R2 and R2 values for all response variables. The
magnitude of the coefficients in the polynomial equation

Fig. 3 Risk assessment for stability method of AV

Table 1 Plackett–Burman design for screening of Primary
parameters

Sr no. A B C D E F G H I J K

1 70 MeOH 10 25 5 1.2 5 c18 AF 10 230

2 50 MeOH 30 10 5 1.2 20 c18 AF 5 250

3 70 ACN 30 25 3 1.2 20 c8 AF 5 230

4 50 MeOH 10 25 5 0.5 20 c8 AA 5 230

5 50 ACN 30 10 5 1.2 5 c8 AA 10 230

6 50 ACN 10 25 3 1.2 20 c18 AA 10 250

7 70 ACN 10 10 5 0.5 20 c8 AF 10 250

8 70 MeOH 10 10 3 1.2 5 c8 AA 5 250

9 70 MeOH 30 10 3 0.5 20 c18 AA 10 230

10 50 MeOH 30 25 3 0.5 5 c8 AF 10 250

11 70 ACN 30 25 5 0.5 5 c18 AA 5 250

12 50 ACN 10 10 3 0.5 5 c18 AF 5 230

A =Mobile phase ratio (Organic phase:Aqueous phase, v/v); B = Organic phase
type, C = Temperature of column oven, °C; D = Degase time, min; E = pH of
buffer; F = Flow rate, mL/min; G = Sample volume, μL; H = Column type; I =
Buffer (AA ammonium acetate, AF ammonium formate); J = Buffer strength,
mM; K = Detection wavelength, nm
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and the p value indicate that the studied four factors
have a significant effect. The polynomial equation ex-
presses the response variables in terms of the addition
and subtraction of factors.
The response surface plots (contour plot and 3D

plots) were generated for resolution between each
peak to study individual effect and interaction effects
(Supplemental Figure 1). As a brief of response sur-
face plots, there are increases in the pH of mobile
phase (A: 3.5 to 5.5) and mobile phase composition
(B: 50:50 to 70:30, v/v) and resolution increases of up
to optimum level (A: 4.5, B: 60:40) than resolution
decreases. To achieve the desirability (di), the re-
sponse criteria were established as “maximum” for the
resolutions. The Derringer’s desirability was calculated
from contour and 3D plots as shown in Supplemental
Figure 1. Design expert software suggests three pre-
dictions (global solutions) from the data of desirability
and surface graphs. The high desirability value indi-
cates maximum value of response. All three software-
suggested predictions were experimentally checked.

The optimum conditions were derived as mobile
phase composition, buffer:ACN (60:40, v/v), pH 4.5,
the flow rate 0.90 mL/min, and column oven
temperature 20 °C, and desirability 0.956. The same
desirability results were achieved by contour and 3D
plots (Supplemental Figure 2). The overlay of all
experimental runs gives the working design space as
shown in Fig. 5. To locate the optimum analytical
conditions in the design space, numerical
optimization was carried out by applying constraints
on the variables. This region considered as the most
robust and operable region to work to develop the
SIAM for AV. From all statistical calculations and ex-
perimental work, a risk assessment table was updated.
Updated risk assessment shows the application of a
systemic approach, factors with high severity con-
verted into less severity (Supplemental Figure 3). The
software-suggested method and predictions for resolution
were checked experimentally; the found resolution was
greater than 2 for all studied response variables [Rs (1–2),
Rs (2–3), Rs (3–4), Rs (4–5), Rs (5–6), and Rs (6–7)].

Fig. 4 Pareto and half-normal plots for stability method of AV

Patel and Kothari Journal of Analytical Science and Technology           (2020) 11:29 Page 7 of 14



Control strategy
The control strategy was decided as a final step in QbD,
as shown in Table 3. It summarizes the proven accept-
able ranges for each analysis by stability and critical
process parameters for AV.
The optimized condition was derived as nucleosil,

C18 column (250 × 4.6 mm, 5 μm) and mobile phase
composed of 10 mM ammonium acetate buffer:ACN
(60:40, v/v), pH 4.5, a flow rate of 0.90 mL/min, and
column oven temperature of 20 °C. The optimized
chromatographic condition with quality by approach
was used to check the degradation of the drug in all
degradation conditions. Overlay chromatograms of

AV in acid hydrolysis, alkaline hydrolysis, peroxide
degradation, photolytic degradation, and thermal deg-
radation are shown in Fig. 6. In different degradation
conditions, various DPs were found. Nomenclature of
formed degradation products in different condition
were given based on their Rt (retention time). The
optimized condition resolves the AV from sixteen
degradation products in different degradation condi-
tions with required system suitability parameters as
resolution (> 2), theoretical plates (> 2000), and
tailing factor (≤ 1.5), which is crucial for the chem-
ical stability method.
The optimized method was applied for all degradation

conditions and found DPs were in the acid condition
DPs I, III, IV, VIII, XI, XIII, and XIV; in alkaline condi-
tion DPs I, III, IV, VIII, XI, XIII, XIV, and XV; in neutral
degradation of the drug formation of DPs I, III, IV, VIII,
XIII, and XIV; in oxidative degradation of the drug for-
mation of DPs VI, XII, XIII, and XIV; in photolytic deg-
radation DPs II, V, VII, X, XIII, XIV, and XVI; and in
thermal degradation DPs II, V, IX, XIII, and XIV. Found
common DPs for acid and alkaline hydrolysis were I, III,
IV, VIII, XI, XIII, and XIV as shown in Fig. 6.

Stress degradation behavior of AV
The stress degradation studies for all conditions were
performed to demonstrate that the developed method
is specific, selective, robust, and precise. The % AV
degradation obtained in different conditions listed in
Table 4. From the result of stress degradation of AV,
it was found that AV is sensitive towards thermal,
photolytic, oxidative, and hydrolytic conditions. It was
confirmed from the additional peaks achieved in the
respective chromatography and also by the reduction
in the area of AV in each condition when compared
with their area at zero time. The mass balance was
calculated from the responses obtained in AV and all
the degradation products obtained after stress studies.
Mass balance was found greater than 90 for alkaline,
photolytic, and thermal degradation. For acid and
oxidative degradation, mass balance was 89 and 82,
respectively, due to loss of certain mass during deg-
radation. AV % degradation in different degradation
condition is as shown in Table 4.
Based on the degradation data, the order of degrad-

ation behavior observed was

Thermal > Photolytic > Oxidative > Hydrolytic (acid,
alkaline, and neutral)

From the result of the degradation behavior of AV,
recommended labeling condition was “Store in a cool
and dry place. Protect from light and moisture”.

Table 2 Optimization by central composite design

Run A B C D Rs
(1–2)

Rs
(2–3)

Rs
(3–4)

Rs
(4–5)

Rs
(5–6)

Rs
(6–7)

1 60 4.5 1.25 20 3.571 4.200 16.690 1.200 3.770 0.000

2 60 4.5 0.75 20 3.780 4.950 8.160 1.830 4.323 0.110

3 70 3.5 0.5 30 4.890 1.420 8.800 0.000 0.000 0.200

4 50 5.5 1 30 1.810 3.650 14.630 2.770 2.200 1.860

5 50 5.5 1 10 1.620 3.050 8.220 5.710 3.090 2.680

6 60 2.5 0.75 20 0.000 2.110 0.600 11.100 0.200 4.100

7 50 3.5 0.5 10 1.460 3.790 1.430 1.550 3.320 2.260

8 60 4.5 0.75 20 4.770 5.110 17.530 3.250 1.630 4.450

9 70 3.5 1 10 5.120 1.720 27.140 0.800 8.380 0.000

10 70 5.5 1 10 1.320 1.660 10.710 5.160 1.180 25.00

11 70 5.5 1 30 43.160 1.660 2.041 0.560 0.000 0.100

12 60 4.5 0.75 20 4.740 5.100 17.210 3.140 1.420 4.420

13 60 4.5 0.75 0 2.100 4.590 11.600 2.780 1.290 2.600

14 40 4.5 0.75 20 4.180 11.00 4.015 1.900 6.590 1.820

15 60 4.5 0.25 20 5.150 6.240 23.300 1.800 4.600 0.000

16 70 3.5 1 30 14.750 6.640 1.520 7.920 1.011 4.790

17 60 4.5 0.75 20 5.350 6.440 23.500 1.840 4.610 0.500

18 80 4.5 0.75 20 6.140 1.630 2.510 0.000 0.000 0.950

19 50 5.5 0.5 30 1.510 2.320 15.490 3.007 3.389 0.300

20 50 3.5 1 10 1.920 1.220 4.090 1.110 5.950 1.880

21 70 5.5 0.5 10 1.520 11.990 5.380 1.380 16.00 4.310

22 50 3.5 1 30 1.410 3.320 4.160 6.570 2.370 2.001

23 60 4.5 0.75 20 4.670 5.190 17.330 3.140 1.480 4.310

24 50 3.5 0.5 30 1.220 4.420 1.260 8.710 2.920 0.100

25 70 5.5 0.5 30 0.000 5.070 5.410 32.720 2.650 4.000

26 60 4.5 0.75 40 4.760 5.400 20.400 2.650 1.710 0.800

27 50 5.5 0.5 10 1.990 4.000 10.060 7.280 3.740 2.800

28 60 6.5 0.75 20 0.000 22.160 2.600 3.041 2.000 0.100

29 60 4.5 0.75 20 4.760 5.098 17.410 3.150 1.420 4.410

30 70 3.5 0.5 10 0.000 0.000 3.130 2.330 0.000 0.000

A =Mobile phase ratio, B = pH of buffer, C = Flow rate, and D = Temperature
of column
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Fig. 5 Overlay plot for stability method of AV

Table 3 Control strategy for stability methods of AV obtained by CCD design

Factors Attribute or
parameter

Range studied Optimized
data

Proposed range Purpose of control

Mobile phase ratio
(Buffer:ACN)

Resolution 40:60, 50:50, 60:40, 70:
30, 80:20 v/v

60:40, v/v 60:40 ± 2, v/v Better separation between peaks, to get > 2
resolution

pH of buffer Resolution 2.5, 3.5, 4.5, 5.5, 6.5 4.5 4.5 ± 0.2 Better separation between peaks, to get > 2
resolution

Flow rate of mobile
phase

Resolution 0.75, 0.5, 1, 1.25 mL/min, 0.9 mL/min 0.9 ± 0.2 mL/min Better separation between peaks, to get > 2
resolution

Temperature of
column oven

Resolution 0 °C (no control),
10, 20, 30, 40 °C,

20 °C 20 ± 2 °C Effective parameter for changing band spacing
and improving resolution

Organic phase type Resolution ACN,
MeOH

ACN ACN To improve peak shape and resolution

Degase time Resolution 10–25 min 12–15 min (12–15min) ± 2 To remove air bubble from mobile phase

Sample volume Resolution 5–20 μL 10 μL 10 μL ± 0.1 To reduce chances of more sample loading

Column type Resolution C18, C8 C18 C18 For better separation and resolution

Buffer type Resolution Ammonium formate,
ammonium acetate

Ammonium
acetate

Ammonium
acetate

Ammonium salts are used for LC–MS compatible
method

Buffer strength Resolution 5–10mM 10mM 10mM Buffer used to maintain consistent retention,
reproducibility, and selectivity

Detection
wavelength

Resolution 230–250 nm 239 nm 239 nm More absorbance at wavelength maxima
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Marketed formulation degradation
The marketed tablet formulation of AV was subjected
to acid, alkaline, photolytic, thermal, and oxidative
degradation. The degraded drug product samples were
studied with the optimized method. The marketed
formulation degradation results reveal that drug prod-
uct degradation pattern was found alike as in API
(Fig. 7), which was confirmed by the RRt parameter
and peak purity data.

Validation
The developed method was validated as per ICH guidelines
Q2 (R1) and results listed in Table 5. The system suitability

of the developed method was checked (10 μg/mL) by evalu-
ating peak area, asymmetry, and theoretical plate and fulfills
acceptance criteria. The correlation coefficient was found
to be 0.997 for AV in the range of 10–70 μg/mL which con-
firms the linearity of the method. All the degradation peaks
in chromatograms showed resolution (> 2) indicating peaks
were well separated having individual peak purity from
0.990–0.999. The found LOD and LOQ values were
0.360 μg/mL and 1.150 μg/mL, respectively. The interday
and intraday precision was evaluated at three different con-
centrations, i.e., 10, 30, and 50 μg/mL (each in triplicate) on
three consecutive days and the same day, respectively. The
% RSD values for interday and intraday were found to be

Fig. 6 Overlay chromatogram of AV (100 μg/mL) in (a) acid hydrolysis, alkaline hydrolysis and peroxide and (b) photolytic and thermal
degradation in the optimized chromatographic condition
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1.680–1.800 and 0.326–0.697, respectively. Accuracy of the
AV was performed by using a standard sample at three dif-
ferent levels 80%, 100%, and 120% (54, 60, 66 μg/mL), re-
spectively. The % recovery ± RSD was found to be 99.280 ±
0.239 to 101.420 ± 0.092 and the % assay ± RSD was found
to be (99.430–102.040) ± 0.997. Obtained working space
after optimization was considered as a robust region. In
that region, parameters changed deliberately, showing assay
value deviating not more than 2%.
Avana tablets were applied to different degradation

conditions with an optimized method, showing a similar
separation pattern to that of API, which confirms
method selectivity. Hence, developed methods can be
further used for estimation of AV in tablet formulation
without the interference of excipients and degradation
product peaks.

Conclusion
Nowadays, the term quality is highly focused by regula-
tory authorities; hence, continuous monitoring of each
parameter during every step becomes more crucial for
pharmaceutical companies. The product quality can
affect due to drug degradation with respect to exposure
of different environmental conditions during handling,
manufacturing, and storing. Hence, the report discussed
a novel stability-indicating method development by QbD
in terms of drug stability study and separation of all

possible degradation peaks from the drug. A systematic
QbD approach was applied to derive full-proof chemical
stability of AV using screening and optimization as
steps. The primary parameter screening was done by the
Ishikawa diagram and risk assessment. Selected eleven
primary parameters were studied via the application of
Plackett–Burman design, and from that, four were listed
out as critical. The critical factors (mobile phase com-
position, pH, column oven temperature, and flow rate)
were optimized by central composite design (CCD) to
achieve better resolution between merged degradation
peaks. The statistical calculations, surface plots, desir-
ability values and overlay plot were derived from design
expert software. The optimized method was practically
checked, and the control strategies were decided. The
final method reveals a robust method, better resolution
between peaks, less time for method development, and
minimum solvent usage. The degradation peaks of AV
in different stress conditions were evaluated by the
HPLC-PDA study. It showed separation of total of 16
degradation products in different degradation condi-
tions. The chemical stability study of AV reveals that AV
is prone to degrade in thermal, photolytic (sunlight), and
hydrolytic (acid, alkaline, and neutral) conditions. A
detailed stability-indicating method with the QbD
approach for AV is reported for the first time,
which concludes that the AV and its tablet

Table 4 Result from stress degradation study of AV

Forced degradation
condition

Stress degradation condition Appropriate degradation
observed

% Mass balance
obtained

Acid hydrolysis 1N HCl at 60 °C for 9 h 21.710 89

1N HCl at 70 °C for 8 h 25.620

1N HCl at 80 °C for 6 h 22.390

Alkaline hydrolysis 1N NaOH at 60 °C for 4 h 20.000 92

1N NaOH at 70 °C for 4 h 23.550

1N NaOH at 80 °C for 3 h 25.000

Neutral hydrolysis 60 °C for 12 h 14.001 91

70 °C for 12 h 16.902

80 °C for 12 h 19.210

Oxidative hydrolysis 1% H2O2 for 4 h 22.171 82

6% H2O2 for 2 h 30.521

10% H2O2 for 30 min 16.250

Photolytic degradation Solid state 8 h 22.391 98

Liquid state 6 h 23.000

Solid sample at 1.2 million lux h for 6 h in photostability
chamber

28.966

Thermal degradation Solid state, 60 °C for 7 h 28.000 95

Liquid state, 60 °C for 5 h 28.501
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formulation require protection from sunlight, mois-
ture, and temperature during manufacturing, pack-
aging, and handling. The required storage
conditions for AV are “Store in a cool and dry
place” and “Protect from light and moisture”. The

presented study benefited for the drug quality man-
agement during synthesis, shelf life, and expiry date
determination. The fully validated method can be
successfully applied to monitor the stability of AV
and its tablet formulation during pharmaceutical

Fig. 7 Overlay chromatogram of AV and its marketed formulation in different stress conditions
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process. As the developed method is LC–MS com-
patible, it can be wisely extended for AV estimation
from biological samples.
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