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Abstract
Pharmaceutical regulators are worried about medication quality and stability since drug degradation may result in harm-
ful chemicals. Erlotinib (ERL) is a tyrosine kinase inhibitor associated with the epidermal growth factor receptor (EGFR) 
containing susceptible functional groups such as quinazoline and amine ketone, methoxy, and ethoxy leads to a reduction 
in pharmaceutical quality. According to the ICH-Q1A (R2) guideline, the goal of ERL stability studies is to establish its 
susceptibility to degradation under various environmental conditions. A novel isocratic stability–indicating liquid chroma-
tography method has been developed using systemic quality by design (QbD) approach. The QbD strategy includes screening 
and optimization as phases. Placket Burman was used for primary parameters screening, and critical factors were optimized 
with response surface design. The prepared degradation samples (acid, base, neutral hydrolysis, oxidative, photolytic, and 
thermal) were separated using a Shimadzu GIST C18 column (250 mm × 4.6 mm, 5 µm) with 15 mM ammonium formate: 
ACN (58:42% v/v) as mobile phase, 0.9 mL/min flow rate, and 246 nm wavelength, which was found to be LC–MS compat-
ible. A total of six degradation products (DPs) were identified with the optimized chromatography method. The drug was 
sensitive toward acidic and basic hydrolysis, but it remained stable under neutral, oxidative, thermal, and photolytic stress 
conditions. The optimized method was sensitive, specific, and robust, with linearity ranging from 10 to 35 µg/mL, with a 
correlation coefficient (R2 = 0.9997). The analytical method greenness score was calculated and observed that the developed 
method is green.

Keywords Erlotinib (ERL) · Quality by design (QbD) · Plackett Burman design (PBD) · Central composite design (CCD) · 
Degradation products (DPs) · Stability indicating assay method (SIAM) · Analytical Greenness matric approach and 
software (AGREE)

Abbreviations
nm  Nanometer
ppm  Parts per million
°C  Degree Celsius
mL  Milliliter
µg  Micron gram
SIAM  Stability indicating assay method
mg  Milligram
Conc.  Concentration
HPLC  High performance liquid chromatography

LC/MS–MS  Liquid Chromatography Mass Spectrometry
HCl  Hydrochloric acid
NaOH  Sodium hydroxide
MeOH  Methanol
ACN  Acetonitrile
pH  Potential of hydrogen
Hrs  Hours
min  Minute
DOE  Design of experiment
QbD  Quality by design
ERL  Erlotinib
H2O2  Hydrogen peroxide
PBD  Plackett Burman design
CCD  Central composite design
RSD  Response surface design
ANOVA  Analysis of variance
LOD  Limit of detection
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LOQ  Limit of quantification
ICH  International Council for Harmonization
DPs  Degradation products
CQAs  Critical quality attributes
CAAs  Critical analytical attributes
AMGS  Analytical method greenness score
CMAs  Critical material attributes

Introduction

Many drug withdrawals have lately happened due to an 
impurity in medicines that renders them ineffective. Conse-
quently, the separation between each potential degradation 
peak and the drug peak must be determined [1]. Moreover, 
drug recalls by the FDA also raise concerns about pharma-
ceutical product quality and safety. Stability testing is now a 
crucial component of the pharmaceutical industry’s process 
for evaluating the quality of a pharmacological substance 
or a pharmaceutical product [2]. All drug compounds and 
drug products deteriorate over time due presence of light, 
pH, moisture, heat, and other conditions [3]. The Interna-
tional Conference on Harmonization (ICH) guideline has 
harmonized protocols by considering these problems (safety, 
efficacy and quality). A stability-indicating test is required 
to analyze chemical, physical or microbiological factors' 
impact on final formulation efficiency and integrity [4].

Erlotinib hydrochloride (ERL) is a targeted antican-
cer drug that inhibits intracellular tyrosine kinase activ-
ity associated with the epidermal growth factor receptor 
(EGFR). ERL is used to treat non-small cell lung cancer 
(NSCLC) and pancreatic cancer [5, 6]. Lung cancer is the 
primary cause of cancer-related mortality globally [7]. 
More than half of patients with NSCLC are too advanced 
to be operated on, and typical first-line chemotherapy 
based on platinum drugs improves survival only margin-
ally [8]. The selected drug is water-insoluble and essen-
tially insoluble in acetonitrile and acetone [9]. Chemically, 
ERL is an N-(3-ethynylphenyl)-6, 7-bis (2-methoxyethoxy) 
quinazolin-4-amine having a pKa value of 5.42 (Fig. 1). The 
functional groups quinazoline, amine, ketone, methoxy, and 
ethoxy in the ERL structure are more susceptible to degra-
dation when exposed to various environmental conditions. 
As a result, using proper methods, it is critical to explore in-
depth the factors that influence the formation, isolation, and 
qualification of degradation products. This type of in-depth 
research can aid in determining the expiry date, packaging 
conditions, retest period, and storage conditions for ELR 
during handling [10].

Using a QbD approach to develop a stability-indicating 
method API is considered required. The quality by Design 
(QbD) approach has gained the pharmaceutical industry’s 
attention and regulatory authorities [11]. ICH has defined it 

as “a systematic approach to development that begins with 
predefined objectives and demonstrates product and process 
understanding and process control, based on scientific evi-
dence and quality risk management” [12–14]. The scientific 
knowledge acquired can be utilized to decide method con-
troller settings and manage risks that have been identified 
[15, 16].

Green analytical chemistry also gains scientists' attention 
because it makes analytical techniques less harmful to the 
environment, more human-friendly, and cost reduction [17, 
18]. The effect and role of green methods are rapidly expand-
ing across a broad spectrum of analytical procedures, mak-
ing green method development vital for analytical research 
[19]. Green chemistry specialists use or invent efficient, 
low-waste assessment procedures that use chemicals safe 
for humans and the environment. Analytical chemists play 
an essential role in establishing the efficacy and safety of 
new and existing methods. Green analytical chemistry prac-
tices include analyzing the smallest amount of samples with 
the smallest sample size. The green approach saves method 
costs by eliminating waste and lowering the required solvent. 
The volume and toxicity of reagents, produced waste, energy 
demands, the number of procedures, downsizing, and auto-
mation are only a few of the numerous parameters taken into 
account when determining the greenness of the analytical 
process. The use of greenness assessment standards neces-
sitates specific tools [18, 20, 21].

The drug literature review revealed that few articles had 
been published on ERL stability [14, 22–25]. The ERL 
monograph is given in Indian pharmacopeia without data on 
impurities [26]. The related substance method provided in 
IP has mentioned the use of phosphate buffer with gradient 
programming. The author [25] developed a SIAM for ERL, 
but the approach appears to be less suited for resolving deg-
radation peaks under different degradation conditions due 
to the short column length. Lastly, the report published by 
Mahajan et al. [23] had separated and identified two degra-
dation products using the developed ERL stability method. 
Still, the technique was less efficient in separating all pos-
sible degradation products. The author [14] developed and 
validated a chromatographic technique based on the QbD 

Fig. 1  Structure of Erlotinib Hydrochloride
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method, which was adequate for spiking impurities separa-
tion. At the same time, no peak was observed during forced 
degradation sample analysis. Rao et al. [24] developed an 
HPLC technique to quantify impurities in ERL. The author 
has used monosodium phosphate, which is incompatible 
with LC–MS/MS studies.

Moreover, the proposed technique lacks method green-
ness since the organic phase was 80%. The recent report 
published by Latha [22] had developed an RP-HPLC method 
for quantifying ERL using potassium dihydrogen orthophos-
phate and acetonitrile (70:30; v/v) as the mobile phase, but 
its mass is incompatible. All the published work and phar-
macopeia monograph have limitations in method efficiency, 
effective degradation products separation, and MS compat-
ible green method. As a result, the purpose of this work was 
to use the QbD technique to create unique and validated 
stability-indicating analytical methods (SIAM). The QbD 
technique will meet stability method criteria such as suit-
able peak resolution, robustness, selectivity, specificity, and 
accuracy, which will benefit industrialists throughout the 
product approval process and monitoring drug quality. By 
considering the multivariate approach and green chemis-
try as an emerging trend in the analytical field [16, 27–29], 
the author aimed to develop a new isocratic, green HPLC 
technique using a QbD approach to separate all degradants 
according to ICH standards.

Experimental

Chemicals and Reagents

Erlotinib Hydrochloride (Purity 99.9%) was received as a 
gift sample from MSN Laboratories Private Limited, San-
gareddy, Telangana, India, with the certificate of analysis. 
The HPLC grade methanol (MeOH) and acetonitrile (ACN) 
were obtained from SD Fine Chemicals (Mumbai, India). 
HPLC grade water was prepared by filtrating collected Milli-
Q water from Millipore Milli-Q- Plus system (Millipore, 
Milford, MA, USA). Ammonium formate  (NH4HCO2), 
formic acid (HCOOH), Hydrochloric acid (HCl), sodium 
hydroxide (NaOH), and hydrogen peroxides  (H2O2) were 
used in an analytical grade from Research-Lab Fine Indus-
tries, Mumbai.

Equipment and Instruments

The Shimadzu LC 2010 CHT High-Performance Liquid 
Chromatography equipped with an autosampler and Photo-
diode array (PDA) detector having Lab Solutions software 
was used for chromatographic data acquisition and analysis. 
The buffer pH was monitored by the Lab India pH meter. 

Analytical balance (Presissa XB220, India) was used for 
sample weighing compounds.

The high precision water bath having a temperature con-
troller procured from Meta-lab Ltd (Mumbai, India) was 
used for the degradation studies. Fourier transform infra-
red spectrophotometer (FTIR-RX1) was used to identify 
the functional group. The 0.45 µm membrane filters were 
used to filter the mobile phase. The Ultrasonic bath (L-45) 
from Electrosonic industries (Mumbai, India) was used to 
sonicate the HPLC mobile phase. Thermal degradation was 
carried out using a hot air oven from Meta-Lab Ltd (Mum-
bai, India). The State-Ease Design-Expert software version 
13.0® license version optimized the method.

Solution Preparation

Preparation of Standard Solution

10 mg of ERL were accurately weighed, dissolved in metha-
nol, and diluted with ACN to 10 mL (1000 µg/mL).

Preparation of Working Solution

1 mL was pipetted out from the stock solution and trans-
ferred into a 10 mL volumetric flask, where it was diluted 
up to 10 mL with the appropriate stressor (100 µg/mL). The 
drug was studied in all the degradation conditions hydroly-
sis (acid, alkaline, neutral), oxidative, thermal, and photo-
lytic. Acid hydrolysis was performed using hydrochloric 
acid, alkaline hydrolysis with sodium hydroxide, neutral 
hydrolysis with water, oxidative hydrolysis with hydrogen 
peroxide, and thermal and photolytic degradation with ace-
tonitrile (ACN).

Solution Preparation for Degradation Study

Weighing the ERL 10 mg and transferring it to a volumetric 
flask, 2 mL methanol was added to the flask to dissolve the 
powder, followed by volume building up to 10 mL with the 
relevant stressors (1000 µg/mL). Then, at a predetermined 
interval, 1 mL of the solution was collected and diluted to 
10 mL with ACN: Water (50:50, v/v) to produce a work-
ing solution with a concentration of 100 µg/mL. At 60 °C, 
70 °C, and 80 °C, hydrolytic degradation (acid, alkaline, 
and neutral) was performed. 1%  H2O2, 6%  H2O2, and 10% 
 H2O2 on oxidative degradation were studied. Thermal (dry 
heat) degradation was obtained by keeping solid samples 
in the oven for 14 h at 80 °C and 60 °C. Photolytic degra-
dation was achieved by exposing solid-state and solution 
samples (ACN: Water, 50:50, v/v) to light. The acid and 
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alkaline degradation samples were simultaneously neutral-
ized after the experiment to reduce the chances of secondary 
degradation.

Implementation of Quality by Design Approach for SIAM 
Method Development

The systemic quality by design approach follows primary 
parameter selection, secondary parameter screening, and 
method optimization. Quality by design used for developing 
analytical methods is always referred to as AQbD (analytical 
quality by design) [30, 31]. The AQbD approach begins with 
the identification of an analytical target profile (ATP), criti-
cal method attributes (CMAs), and critical method param-
eters (CMPs), as shown in Table S1. The drug ERL (100 µg/
mL) was studied for all degradation conditions. Preliminary 
ERL degradation results concluded that the drug is sensitive 
toward acid hydrolysis, which led to more degradation peaks 
observed in the acid hydrolytic condition. Hence, the acid 
hydrolysis sample of ERL 100 (µg/mL) was used for the 
screening and optimization trials. The stability-indicating 
method desired to resolve the drug peak from all degradation 
peaks; hence, the resolution between peaks was considered 
the response variable in screening and optimization designs. 
The selected factors need to be assessed with risk identifica-
tion and ranking to identify critical risk factors that affect the 
desired method criteria as per ICH Q9 [11, 32].

Risk Assessment

Risk assessment results reported critical method parameters 
(CMPs), which are high-risk factors that significantly influ-
ence the CAAs [33]. The risk assessment process identified 
potential variables influencing method performance and 
their causes. Method parameters such as sample preparation 
method, reaction time, solvent preparation, and instrumen-
tal settings such as chromatographic mode, mobile phase 
ratio, flow rate, injection volume, and so on could all have a 
role. Based on their criticality and influence on the method 
CAAs, high-risk method factors were chosen and subject to 
additional investigation employing a suitable screening and 
experimental optimization strategy.

Screening Using Plackett–Burman Design

The defined quality target product profiles (QTPPs) and 
critical quality characteristics (CQAs) were used to screen 
critical parameters, followed by the implementation of the 
ICH Q9 quality risk management tool [31]. The Ishikawa 
(Fishbone) diagram and risk assessment tool was used to 
select eleven significant parameters that required secondary 
screening using the Plackett–Burman design (design expert 
13) [34]. As aforementioned, the resolution is a crucial 

response variable between all peaks; hence studied resolu-
tion as the response variable. The design results were used 
to construct half-normal plots and Pareto charts. [34]. Pareto 
charts were used to illustrate the effect of the independent 
factor on the required responses. The key factors were then 
identified and applied to the Response surface design for the 
optimization method.

Response Surface Optimization

After the primary screening, a factor greatly influenced the 
response variable (peak resolution) was detected, which 
prompted further secondary parameter investigation [35, 
36]. The secondary parameter was studied with response 
surface design (RSD). The response surface design was 
chosen because it permits examining the effects of various 
factors and their interactions on one or more response vari-
ables. The design suggested 30 trials, which were carried 
out to analyze resolution as the response variable. Design 
expert v13 was used for all statistical calculations, model 
derivation, ANOVA results, polynomial equations deriva-
tion, desirability plot, contour plot derivation, p-value and 
F-value calculation. Lastly, a control strategy was designed 
that summaries a set of controls required based on the cur-
rent product and process expertise performance. An opti-
mized chromatographic condition was applied to check 
the drug's degradation under all conditions. The factors' 
primary interaction and quadratic effects on the required 
response variables were estimated using a four-factor, five-
level Response surface design to optimize chromatographic 
parameters [37], as shown in Table 4.

Method Validation

The suggested stability-indicating method was validated in 
compliance as per ICH guideline Q2 (R1). The developed 
method system suitability variables (peak area, asymmetry, 
theoretical plate, retention time) were assessed by calculat-
ing five standards replicate % RSD data. The acid degrada-
tion solution was used for the linearity and prepared serial 
dilutions in a concentration range of 10–50 µg/mL, and each 
concentration was studied six times (n = 6). An analytical 
procedure’s precision refers to how closely a set of meas-
urements is obtained from repeated samplings. The preci-
sion (Interday and Intraday) was studied in triplicates three 
times or days at three concentrations (10, 20, and 30 µg/
mL). The method accuracy was tested with three distinct 
concentrations (level 80, level 100, and level 120% of the 
drug; 18, 20, and 22 µg/mL, respectively), which spiked with 
a known amount of substance. The percentage recovery was 
calculated for each prepared sample solution. The response 
standard deviation and slope value are used to calculate the 
limit of detection (LOD) and limit of quantification (LOQ) 
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[38]. The found theoretical values sample was prepared and 
injected into the system and confirmed the limit of detection 
and quantification limit. The specificity study was conducted 
by evaluating the method's capacity to detect and analyze 
various other components (degradant, excipients, impuri-
ties, etc.)

Result and Discussion

Preliminary Analysis

The preliminary experiments were carried out per previously 
published literature to develop a chromatography method 
for estimating ERL stability. A variety of mobile phase 
combinations were tested using acetonitrile and methanol 
as an organic phase with different proportions of water at 
a flow rate ranging from 0.7 to 1.1 mL/min. The findings 
emphasize that degradation peaks separation from the drug-
required buffer. The ERL pKa value was used to determine 
the buffer pH, as effective buffer pH should be within two 
units of drug pKa [38]. After collecting all the preliminary 
assessment data, CQA, CPP and CMAs were listed and fur-
ther studied in detail.

Plackett–Burman Screening Design

The listed CQA, CPP, CMAs (Table S1) were used to pre-
pare the Ishikawa (Fishbone) diagram (Fig. 2). Further ICH 
Q9 concept is implemented for risk and risk assessment, 

as shown in Fig S1. A systemic risk assessment identifies 
essential techniques and crucial process parameters whose 
variability may affect possible CQAs. Screening designs are 
suitable when multiple independent factors are expected to 
influence a response variable. The goal of this study was to 
employ a Placket Burman screening design to identify the 
important parameters influencing CAAs. Each selected vari-
able posed a high, medium, or low relative risk (quality char-
acteristic has a large impact, medium or low impact). The 
primary effects of the eleven selected independent variables 
were studied on selected CAAs from the Ishikawa diagram 
(Fig. 2) using the Plackett Burman design. The design has a 
two-level multifactorial design that can be used to identify 
the significant independent variables using some short tri-
als [39]. It is used to identify independent factors that need 
to optimize and critically taken care of during the experi-
ment. The selected eleven factors (Mobile phase compo-
sition (ACN: Buffer; v/v), pH of buffer, flow rate, column 
temperature, degradation sample, type of buffer, wavelength, 
length of column, type of organic phase, column type, and 
stressor) studied at two levels [low (− 1) and high (+ 1)] 
from preliminary trials as shown in Table 1. The preliminary 
observations show that methanol with ERL caused a varia-
tion instability, indicating that the type of organic phase in 
the mobile phase composition as a categorical component, 
hence investigated at two levels: acetonitrile (ACN) and 
methanol (MeOH). The green stability method can develop 
by using a higher proportion of aqueous components in 
the mobile phase. Hence, the different proportion of ACN: 
Water tried but the observed need of buffer for appropriate 

Fig. 2  Ishikawa Fish-bone diagram for ERL stability indicating method
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separation and Gaussian peak. Further, the buffer selec-
tion is also crucial for the LC–MS/MS-compatible method, 
and having that aim studied selected two volatile buffers, 
ammonium acetate (AA) and ammonium formate (AF). 
The ammonium acetate has a pKa of 4.76, and the ammo-
nium formate pKa is 3.74; the buffer pH range was selected 
in the range of ± 1 pH, based on preliminary results. The 
mobile phase composition studied at two levels [(35:65, v/v), 
(− 1); (50:50, v/v), (+ 1)]. The pH of the mobile phase has 
an impact on the peak separation and elution pattern; hence 
the levels were chosen as 3.5 (− 1) and 4.0 (+ 1). Mobile 
phase flow rate studied at 0.7 mL/min (− 1) and 1.1 mL/
min (+ 1). The column chemistry based on several cross-
linked carbons on silica does alter its polarity, which affects 
chromatography separation. The van Demeter equation con-
nects the variance per unit length of a separation column to 
the linear mobile phase velocity by analyzing a separation 
column’s physical, kinetic, and thermodynamic aspects. 
Hence studied column type [C18 (− 1); C8 (+ 1)], column 
size [150 cm (− 1); 250 cm (+ 1)] having fixed diameter. 
The column diameter is an obvious approach to reducing 
the amount of organic solvent to develop the green method 
but based on the availability of comparatively polar (C8; 
Kromasil 100–5-C8, 4.6 × 250 mm, 5µ) and nonpolar (C18; 
Shimadzu GIST, 4.6 × 250 mm, 5µ) columns selected. C18 
has a bigger surface area for the mobile phase to traverse 
due to the more carbons. This gives the bound phase, and 
the elutes more time to interact.

As a result, the sample elutes more slowly and separates 
more. At the same time, the C8 column (also known as 
octadecyl) has a shorter retention duration and sharper 
peaks. The peak shape can be modified with different 
peak modifiers hence acetic acid (AA), and formic acid 

(FA) were selected for the study. The absorbance and peak 
purity of the drug and its degradation product depends 
on detection wavelength; hence chosen based on ERL 
wavelength maxima and tested at 220 nm and 250 nm. 
The column temperature affects mobile phase viscosity 
leads to a change in retention time through the change in 
adsorption energy, as proved by Van’t Hoff by the equation 
Lnk = ((− ΔH°)/RT) + ((ΔS°)/R) + ln φ where k is retention 
factor, S is the entropy of reaction between compound and 
stationary phase, H is the enthalpy of reaction between 
compound and stationary phase, T is thermodynamic tem-
perature, R is the universal gas constant, and φ is constant 
relating to phase ratio [40]. Also, using a higher column 
temperature will result in the aqueous component of the 
mobile phase behaving more like an organic solvent as the 
dielectric constant increases, consequently decreasing the 
amount of organic solvent required. Hence, we studied at 
10 °C (− 1) and 40 °C (+ 1). All above factors at two-level 
tested with 6 Hrs and 12 Hrs degradation sample as shown 
in Table 1.

The collected sample was studied with HPLC and ana-
lyzed statistically with the Design expert v13. The sig-
nificant variables were selected using the Pareto chart, as 
shown in Fig. S2. It shows that the length of each bar in the 
Pareto chart is equivalent to the magnitude of the regres-
sion coefficient of that element, which are derivatives of 
multivariate regression analysis. The statistical parameters, 
Bonferroni limit, and t-value were used to select significant 
secondary parameters which need to optimize further. The 
statistical parameters reveal that the effect of degradation 
sample, detection wavelength, stressor concentration, col-
umn type, column length, and column temperature is less 
significant. Therefore, these factors had to keep constant for 

Table 1  Plackett–Burman design layout

MP mobile phase, FR flow rate

Run MP* 
(ACN:Buff)

pH FR* (mL/min) Temp Sample (Hrs) Buffer type Wave-
length 
(nm)

Column 
length 
(cm)

Organic 
phase 
type

Column type Stressor 
concentra-
tion

1 − 1 − 1  + 1 − 1  + 1  + 1 − 1  + 1  + 1  + 1 − 1
2  + 1 − 1  + 1  + 1 − 1  + 1  + 1  + 1 − 1 − 1 − 1
3 − 1  + 1 − 1  + 1  + 1 − 1  + 1  + 1  + 1 − 1 − 1
4 − 1  + 1  + 1 − 1  + 1  + 1  + 1 − 1 − 1 − 1  + 1
5  + 1  + 1 − 1  + 1  + 1  + 1 − 1 − 1 − 1  + 1 − 1
6  + 1 − 1  + 1  + 1  + 1 − 1 − 1 − 1  + 1 − 1  + 1
7  + 1 − 1 − 1 − 1  + 1 − 1  + 1  + 1 − 1  + 1  + 1
8  + 1  + 1  + 1 − 1 − 1 − 1  + 1 − 1  + 1  + 1 − 1
9 − 1  + 1  + 1  + 1 − 1 − 1 − 1  + 1 − 1  + 1  + 1
10 − 1 − 1 − 1  + 1 − 1  + 1  + 1 − 1  + 1  + 1  + 1
11 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1
12  + 1  + 1 − 1 − 1 − 1  + 1 − 1  + 1  + 1 − 1  + 1
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further study. According to the conventional Pareto ranking 
analysis, mobile phase composition, flow rate, buffer pH, 
and buffer type significantly impacted method CAAs. As 
a result, these variables were chosen as CMPs, which need 
to study in-depth for analytical optimization using design 
expert v13 response surface design.

The main factor effect, factors interaction and selected 
variables impact on response variables studied with the 
desirability function.

Method Optimization by Central Composite Design

As an outcome of secondary parameter screening by Plackett 
Burman, mobile phase composition, pH of the buffer, flow 
rate, and buffer type are critical factors that need to be opti-
mized further. The optimization design was selected using 
the expert v13 response surface matrix with consideration 
of fewer experimental runs without loss of the orthogonal 
nature of the model. The selected four critical parameters 
were optimized using the central composite design (CCD) 
with n = 30 experiments. The response surface design is 
employed to optimize four components for the three lev-
els. Selected factors studied in the range from low to high 
levels as shown in Table 2. The selected four critical fac-
tors were mobile phase composition (A), buffer pH (B), 
flow rate (C), and buffer type (D). The selected-response 
variable was the resolution of degradation peaks from drug 
peaks. The goal was to study the factor's primary effect, 
interaction effect, and quadratic impacts of critical factors 
on selected response variables RS 1, RS 2, RS 3, RS 4, and 
RS 5, where RS 1 means resolution between degradation 
peak 1 and 2. The listed 30 trials, as shown in Table 3, were 
performed and collected results of resolution studied for 
numerical and graphical optimization. The mathematical 
model was developed for each response variable (RS 1, RS 
2, RS 3, RS 4, and RS 5), and statistical calculations using 
ANOVA results were performed. The statistical values for 
model p-value, R2, and adjusted R2 were studied to clarify 
the significance of the model, as shown in Table S3. The 
calculated R2 for all response variables ranged around 0.9, 

indicating that the models could account for a significant 
variation in the responses. The summary statistics from the 
mathematical model (quadratic) demonstrated a reasonably 
good agreement between the adjusted R2 and R2 values for 
all response variables. The response variables are expressed 
in factor addition and subtraction in the polynomial equa-
tion. The coded polynomial equation and the p-value imply 
that four factors substantially affect each response variable. 
The fitted model was relatively suitable for the experimental 
results, as shown in Table S3, with a p-value less than 0.05 
and a lack-of-fit greater than 0.05.

The design generates the polynomial quadratic equation, 
as shown in Table S3.

Table 2  Response surface optimization design

Factors Coded low (− 1) Coded 
high 
(+ 1)

A (Mobile phase composition; 
%v/v)

35 50

B (pH) 3.5 4.0
C (FR; mL/min) 0.8 1.0
D (Buffer type) AA AF

Table 3  Response surface optimization design layout

Run Factor A 
(MP com.)

Factor B (pH) Factor C (FR) Factor D 
(Buffer 
type)

1 − 1  + 1 0 − 1
2 0 0  + 1 − 1
3  + 1  + 1 − 1  + 1
4 − 1 − 1 0  + 1
5  + 1 0 0 − 1
6 0 0 − 1 − 1
7 0 − 1 0  + 1
8  + 1 0 0 − 1
9 − 1 0  + 1  + 1
10  + 1 0 0  + 1
11 0  + 1 0 − 1
12 0 − 1 0 − 1
13  + 1  + 1  + 1 − 1
14 0  + 1 0  + 1
15  + 1 − 1 0 − 1
16 0 0 − 1  + 1
17  + 1  + 1  + 1  + 1
18  + 1 − 1 − 1 − 1
19 0 0  + 1  + 1
20 − 1 0 − 1  + 1
21 − 1  + 1 0  + 1
22  + 1 − 1  + 1  + 1
23  + 1 − 1  + 1 − 1
24  + 1  + 1 − 1 − 1
25  + 1 0 0  + 1
26 − 1 0  + 1 − 1
27 − 1 0 − 1 − 1
28  + 1 − 1 − 1  + 1
29  + 1 0 0  + 1
30  + 1 0 0 − 1
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From the above equation, it was observed that factors 
A, C, BC, BD, CD, A2, and B2 have a negative effect, while 
B, D, AB, AC, AD, and C2 have a positive impact on the 
resolution between peaks. Negative value coefficients of A, 
C, BC, BD, CD, A2, and B2 factors indicate that separation 
of degradation peaks is inversely proportional to change in 
factor proportion. The positive sign of coefficients of B, D, 
AB, AC, AD, and C2 factor indicates that the separation of 
degradation peaks is directly proportion to the change in 
factor proportion.

The statistically significant model was used for numeri-
cal and graphical optimization. The numerical optimization 
using software gives several predictions having different 
desirability. The sample was injected into conditions sug-
gesting desirability 1 to compare the difference between pre-
dicted (software) and actual resolution (shown in Fig. 3). 
As a result, parameters like mobile phase composition (X1) 
and pH (X2) were selected as critical method parameters 
for optimization. At the same time, less significant factors 
flow rate (X3) and buffer type (X4) were set to 0.9 mL  min−1 
and ammonium formate (AF), respectively. The counterplot 
derived for each response variable, as shown in Fig S3, rep-
resent the effect of factor X1 and X2 on the resolution as the 
response variable.

Y = +6.64 − 0.2840A + 0.2270B − 0.1662C + 1.02D + 0.0365AB + 1.38AC

+ 0.1014AD − 1.11BC − 1.11BD − 1.01CD − 0.1561A − 1.77B
2
+ 0.9451C

2
.

Further graphical optimization is done by implementing 
constraints. The design space (Fig. 4) shows the robust work-
ing area, which fulfills the stability-indicating method's cri-
teria of having a resolution of more than 1.5 between peaks. 
The yellow zone in an overlay plot indicates ideal method 
circumstances provided by design expert software to achieve 
method targets. This is the most reliable and operable region 
for the ERL stability-indicating method. The optimized con-
dition was mobile phase composition of [(42:58; v/v) (ACN: 
15 mM Ammonium formate pH 3.8 adjusted with formic 
acid, the flow rate of 0.9 mL/min. The desirability of 1.0 
was the best condition which needs to confirm with practical 
(Fig. 5). The estimated optimum solution was located within 
operable analytical design space, and graphical optimiza-
tion agreed with numerical optimization. The experimental 
work results employed to reassess risk analysis of factors and 
updated risk assessment data show all have moderate to low 
risk. The updated risk assessment (Fig. 6) demonstrates the 
use of a systemic approach, with high severity factors being 
converted into lower severity factors.

Control Strategy

The control strategy is considered the last step in the imple-
mentation of QbD. It explains the defined acceptable ranges 

Fig. 3  Desirability plot for the ERL stability indicating method
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for each analyzed factor, which impacts drug stability and 
critical process parameters. All the factors proposed range 
decided based on results and statistical calculation. The con-
trol strategy does help scientists monitor the robustness of 
the method, as shown in Table 4.

The optimized chromatogram and chromatographic con-
ditions were used to analyze the drug’s stability and degra-
dation in all degradation conditions. The ERL was studied in 
all degradation conditions (acid hydrolysis, alkaline hydroly-
sis, peroxide degradation, photolytic degradation, and ther-
mal degradation) and overlay taken as shown in Fig. 3. The 
six DPs in different degradation conditions and observed 
drug degradation is shown in Table 5. The Rt (retention 
time) of formed degradation products in various conditions 
was used to assign a nomenclature. The optimized condi-
tion resolves the ERL from six degradation products with 
proper and adequate resolution in different degradation con-
ditions, essential for the chemical stability method. The drug 
was sensitive toward hydrolysis while stable in oxidative, 
thermal, and photolytic degradation. The found DPs in acid 

hydrolysis are DP I, II, III, IV, VI, and in alkaline hydrolysis, 
DP I, II, III, IV, V, and VI.

ERL Degradation Behavior

The ERL studied all degradation conditions with the opti-
mized method and found it is specific, selective, robust, 
accurate, and precise to separate all degradation product 
peaks from the drug peak. It was found that ERL is sensitive 
to acidic and alkaline hydrolysis due to stress degradation. 
It was confirmed by the additional peaks obtained in the 
respective chromatography and the decrease in the area of 
ERL in each condition compared to their area at zero time. 
The mass balance was calculated using the ERL responses 
and all of the degradation products obtained from the stress 
studies at the selected detection wavelength. For all deg-
radation conditions, the mass balance was greater than 80 
except for thermal degradation. In thermal degradation, the 
mass balance was 75% due to loss of mass during degrada-
tion. Mass can be lost and reduce the percent degradation 
because of the release of water in thermal degradation or due 

Fig. 4  Design space for the ERL stability indicating method
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Fig. 5  Overlay Chromatogram for i acid, alkaline and oxidative hydrolysis, ii thermal, photolytic and neutral hydrolysis
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to the formation of volatile products or products having no 
chromophore or diffusive losses into or through containers 
[4]. The drug stability study reveals that ERL is sensitive 
toward hydrolysis, which leads to strict monitoring for drug 
liquid dosage form stability.

Analytical Method Validation

The developed SIAM was validated according to ICH rec-
ommendations Q2 (R1), as shown in Tables 6 and 7. The 
results show that the % RSD values for all parameters were 
less than one. The regression coefficient of 10–50 μg/mL 
was 0.9983, which confirms the method’s linearity. The 

Fig. 6  Updated risk assessment for ERL stability method

Table 4  Control strategy for ERL stability method

Factors Parameters/attributes Range studied Actual data Proposed range Purpose of control

Mobile phase composi-
tion

Resolution 35–65 (% v/v) 42% v/v 42 ± 0.5% v/v For better seperation of 
peaks

pH of buffer Resolution 3.5–4.2 3.8 3.8 ± 0.2 For better seperation of 
peaks and resolution

Flow rate Resolution 0.7–1.1 mL/min 0.9 mL/min 0.9 ± 0.01 mL/min For better seperation of 
peaks and resolution

Column Temp Resolution 10–40 °C 20 °C 20 ± 2 °C For improving the reso-
lution and tailing factor

Degradation sample Resolution 6–12 h 12 h 12 ± 1 h For specified percent-
age degradation and 
to improve the peaks 
shape

Buffer type Resolution Ammonium formate 
(AF) and Ammonium 
acetate (AA)

Ammonium formate Ammonium formate For well seperated peaks 
at same retention time 
over the period of time

Wavelength Resolution 220–250 nm 246 nm 246 ± 2 nm More absorbance at 
wavelength maxima

Column length Resolution 150–250 cm 250 cm 250 cm Greater resolution
Organic phase Resolution ACN &and MeOH ACN CAN For improving peak 

shape and resolution
Column type Resolution C18 and C8 C18 C18 For better seperation 

obserserved
Stressor concentration Resolution 0.1 and 1 N HCl 1 N HCl 1 N HCl For specified percentage 

degradation
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optimized method could separate all possible degradation 
peaks from the drug peak with resolution (> 2) and peak 
purity ranging from 0.990 to 0.999. LOD and LOQ val-
ues were 0.366 μg/mL and 1.1 μg/mL, respectively. The 
precision (Interday and intraday) was performed at three 
concentrations, including 10, 30, and 50 µg/mL (each in 
triplicate) on three consecutive days and on the same day; 
observed RSD values were 0.225 and 0.144, respectively. 
The accuracy % Recovery RSD was estimated to be (100.
45 ± 0.2110–102.77 ± 0.4396), and the % Assay RSD was 
found (100.45–102.77) ± 0.998.

Method Greenness Score

The procedure involves external sample treatment with a 
reduced number of steps on HPLC. The sample injected into 
HPLC has a run time of 40 min with a flow rate of 0.9 mL/
min. The developed method is an isocratic having solvent 
composition as ACN (42% v/v): ammonium formate 15 mM 
(58% v/v). The green rating is an interesting approach to 
scoring the green credentials of an HPLC method. The out-
put from AGREE tool is a clock-like graph, with the over-
all score and color representation used to calculate method 
greenness (Fig. 7). The overall score is 0.72, with a value 
close to 1 and a dark green color indicating that the assessed 
method is greener than other published methods. The color 
in the segment with the number corresponding to each crite-
rion reflects the procedure's performance in each assessment 
criteria [17, 41].

The input criteria are based on the 12 SIGNIFICANCE 
principles, and different weights are assigned to them, 
allowing for some flexibility. Sample treatment, sam-
ple amount, device location, sample preparation stages, 
automation/miniaturization, derivatization, waste, analy-
sis throughput, energy consumption, source of reagents, 
toxicity, and operator safety are the 12 SIGNIFICANCE 

Table 5  Result from stress 
degradation study of ERL

Forced degradation condition Stress degradation condition % degradation 
observed

% Mass 
balance 
obtained

Acid hydrolysis 12 Hrs 1 N HCl at 70 °C 15.267 84
Alkaline hydrolysis 14 Hrs 1 N NaOH at 80 °C 24.509 85
Neutral hydrolysis 14 Hrs water at 80 °C 17.781 83
Oxidative hydrolysis 24 Hrs 10%  H2O2 16.807 83
Photolytic hydrolysis Solid state 8 Hrs in sunlight 13.762 87

Liquid state 8 Hrs in sunlight 13.129 87
Solid sample at 1.2 million lux hours for 

12 Hrs in photostability chamber
12.006 89

Thermal hydrolysis Solid state, 80 °C for 14 Hrs 24.378 75

Table 6  Summary of validation parameter of SIAM of ERL

Parameters ERL

Detection wavelength 246 nm
Linearity (μg/mL) 10–50
Regression coefficient (R2) 0.9983
Regression equation Y = 16502x + 8985.5
LOD (μg/mL) 0.366 μg/mL
LOQ (μg/mL) 1.1 μg/mL
Intraday precision RSD (n = 3) 0.144
Interday precision RSD (n = 3) 0.225
% Assay ± RSD (100.45–102.77) ± 0.998
% Recovery ± RSD (100.45 ± 0.2110 – 102.77 ± 0.4396)

Table 7  System suitability parameters of stability method

a Mean of five replicates

System suitability parameters Observation RSDa

Rt (mL/min) 14.8 0.482
Area (mAU) 2,744,745 0.546
Theoretical plate 8091 0.371
Tailing factor 1.214 0.314

Fig. 7  ERL stability indicating method greenness assessment
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[42]. The Principles of Green Analytical Chemistry trans-
late each of the 12 input variables into a common scale 
in the 0–1 range. The sum of the assessment results for 
each principle is the final assessment result. The result is 
a clock-like graph in the middle, with the overall score and 
color representation (see Fig. 7). The intuitive red-yellow-
green color scale reflects the procedure's performance in 
each principle, while the width of its associated section 
expresses the weight of each principle. The assessment 
can be completed quickly and easily with the help of user-
friendly software, which includes an automatically gener-
ated graph and a report [18, 19, 41]. The overall score is 
depicted in the middle of the pictogram, with numbers 
near 1 and a dark green color indicating that the evaluation 
technique is greener. The color in the segment with the 
number corresponding to each criterion reflects the proce-
dure’s performance in each assessment criteria. As shown 
in Fig. 7, the scores corresponding to GAC principles 1, 
7, and 10 are quite low, while, in the case of principles 2, 
3, 4, 5, 6, 11 and 12, the performance is excellent [36].

Conclusion

Regulatory agencies and pharmaceutical firms are increas-
ingly focusing on quality terms, making continual moni-
toring of each parameter throughout each stage even more 
essential for companies. The present study effectively 
shows the effectiveness of the quality by design approach 
in optimizing the ERL stability-indicating chromatographic 
technique and deeper understanding of the significant fac-
tor related to method performance. The Analytical Qual-
ity by Design (AQbD)-driven method was found sensitive, 
selective, accurate, and robust to separate six DPs in differ-
ent degradation conditions. This unique method assists the 
analyst in defining control strategies to reduce the negative 
impact of these CMVs on method performance. The valida-
tion studies revealed that the system has outstanding linear-
ity, accuracy, precision, sensitivity, robustness, and rugged-
ness. The drug (ERL) was sensitive under hydrolytic (acid 
and alkali) conditions while stable under oxidative, ther-
mal, and photolytic conditions; henceforth, strict stability 
monitoring during liquid dosage formulation is suggested. 
AQbD driven method development leads to having LC–MS-
compatible green method. The developed stability-indicating 
approach may be used to track and monitor ERL stability in 
its different formulations and for bioanalytical research as 
it is mass compatible. The initiative also seeks to increase 
environmental awareness to develop solutions with a prac-
tical, green, and comparatively cost-effective development 
method. The AGREE tool was used to illustrate the method 
of greenness. The developed method found green, LC–MS 
compatible, and sensitive.
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