RESEARCH PAPER

Stability-Indicating Green RP-HPLC and HPTLC Methods for
Emtricitabine Using AQbD Approach

Patil V P1*, Ajudia R?
L2Department of Quality Assurance, School of Pharmacy, R. K. University, Rajkot, India-360001
*1Corresponding Author
Varsha P. Patil - morevarshal 02@gmail.com

Abstract

Emtricitabine, a BCS class III anti-retroviral drug, is highly hydrophilic with low gastrointestinal permeability,
necessitating sensitive and reliable analytical methods for quantification at low concentrations. The work aimed to
develop and validate an Analytical Quality by Design (AQbD) guided green RP-HPLC and HPTLC methods for
estimation of emtricitabine in bulk and tablet dosage form and to assess its degradation behavior under stress
conditions. The HPLC separation was carried out using a Hypersil BDS C18 column (250 X 4.6 mm, 5 pm). The
mobile phase comprising acetate buffer and acetonitrile (70:30, v/v) adjusted to pH 3.5, at a flow rate of 1.0 mL/min
with UV detection at 272 nm. The HPTLC method was optimized and validated on silica gel 60 F2ss plates using
toluene: methanol: n-hexane (6:1:3 v/v/v) as the mobile phase. Method validation performed in accordance with ICH
guidelines for linearity, accuracy, precision, ruggedness, robustness, LOD, and LOQ. RP-HPLC method exhibited
excellent linearity over 10—60 pg/mL (R2= 0.9989) with a retention time of 2.56 £ 0.01 min. Precision and robustness
were within acceptable limits (<2% RSD) with LOD and LOQ of 0.299 and 0.906 ng/mL, respectively. The HPTLC
method showed linearity over 200—-1200 ng/spot (R? = 0.9904) with a well-resolved peak at Rf 0.48 and recovery
between 99.90-100.07%. Comparative evaluation indicated that RP-HPLC provides higher sensitivity and resolution,
while HPTLC offers cost-effectiveness and higher sample throughput, making both methods suitable for routine

quality control and stability studies of emtricitabine.
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INTRODUCTION

Emtricitabine (EMCB) is an antiretroviral agent
classified as a nucleoside reverse transcriptase
inhibitor (NRTI) used for the treatment of HIV
infection in adults. The drug works by inhibiting
reverse transcriptase, preventing conversion of viral
RNA into DNA!. It is an organic compound and
chemically known as  5-fluoro-1-(2R,5S)-[2-
(hydroxymethyl)-1,3-oxathiolan-5-yl] cytosine, the (-
) enantiomer of a cytidine thio analog?. It is also active
against the Hepatitis B virus®>*. It is phosphorylated
by cellular enzymes to form emtricitabine 5'-
triphosphate?, the active metabolite responsible for
enzyme inhibition®. EMCB is observed as white to off-
white powder, indicating molecular weight of 247.24
gmol?’, and log P (octanol/water) of 0.43
(hydrophilic) The reported pKa was 2.65 (primary
pKa reported for the cytosine moiety), Its aqueous
solubility found to be 112 mg/mL (25 °C), which is
highly water-soluble as per FDA reports. The structure
of EMCB is shown in Figure 1. EMCB has a plasma
half-life of 10 hours (plasma elimination half-life). It
is a BCS Class III drug, characterized by high
solubility and low permeability, low protein binding
(<4%), and predominant renal elimination and limited
passive membrane permeation, which shape both
pharmacokinetics and formulation strategies!®.
Throughout the literature study, a literature gap was
indicated, which showed that several analytical
techniques, (UV, HPTLC, HPLC, LC-MS/MS) have
been reported for EMCB, most rely on trial-and-error
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optimization and focus only on ICH Q2(R2)
validation. Comprehensive Quality by Design (QbD)
implementation involving risk assessment, Design of
Experiments (DoE), identification of critical method
parameters (CMPs), analytical lifecycle management,
and sustainability considerations remains limited.
Moreover, limited efforts have been made to develop
a stability-indicating, robust, and environmentally
sustainable RP-HPLC method suitable for routine
analysis. There is also an insufficiency of studies
correlating analytical robustness with method
lifecycle management (MLCM) principles. The
research gap recognized that EMCB has been widely
studied for its antiviral efficacy and formulation
development, and analytical studies employing QbD-
based RP-HPLC methods remain infrequent. The
absence of organized documentation and control of
variability sources disturbs reproducibility and
regulatory compliance. Besides, very few studies
integrate QbD principles with ICH Q8-Q14
guidelines, which accentuate method understanding,
control strategy, and continual improvement. Hence,
there is a significant gap in developing a QbD-guided,
validated and stability-indicating RP-HPLC method
was required for accurate and routine determination of
EMCB in pharmaceutical dosage forms. Therefore,
this study focused on development and validation of
simple, rapid, precise, and stability-indicating RP-
HPLC method for EMCB using an AQbD strategy.
The method development process incorporated
systematic risk assessment and Design of Experiments
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(DoE) to establish an optimized design space by
correlating critical method parameters with analytical
performance. In addition, a simple, cost-effective and
stability-indicating HPTLC method was developed
and validated in accordance with ICH guidelines to

facilitate routine quality control analysis’ 2.
F
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Figure 1: Chemical structure of emtricitabine
MATERIALS AND METHOD

EMCB was procured from Macleods Pharmaceuticals
Ltd., Daman and Diu, India. Tablets were purchased
from a local pharmacy. All other chemicals were
purchased from Loba Chemical, Mumbeai, India.
Chromatographic System Selection

The detection wavelength for EMCB by HPLC
analysis was selected based on UV-visible
spectrophotometric analysis using a Shimadzu UV-
1800 spectrophotometer, which showed maximum
absorbance at 272 nm Figure 2. This wavelength was
therefore employed for subsequent HPLC analysis.
Various mobile phase compositions were investigated
to achieve optimum sensitivity, resolution, and
acceptable analysis time. Based on overall
chromatographic performance, a mixture of acetate
buffer and acetonitrile in a 70:30% v/v selected as the
optimal mobile phase. The aqueous phase was
adjusted to pH 3.5 + 0.05 using glacial acetic acid (1%
or 0.1 M) and monitored with an ELICO pH meter (LI-
120). The mobile phase was sonicated for 10 minutes
to remove dissolved gases followed by filtration
through a 0.45 pm membrane filter before use, to
ensure clarity and reproducibility of the
chromatographic system. This preparation resulted in
consistent chromatograms with satisfactory system
suitability characteristics. Chromatographic
separation was performed using a Shimadzu LC
Prominence system equipped with an LC-20AD
binary pump, SPD-M20A PDA detector, Rheodyne
injector with a 20 pL sample loop and a Hypersil BDS
C18 column (250 % 4.6 mm, 5 pm). Thermal and
photodegradation experiments carried out using a hot
air oven and UV chamber manufactured by Labhosp.
The optimized chromatographic parameters are
summarized in Table 1.

For High-Performance Thin-Layer Chromatography
analysis, pre-coated silica gel 60 Fasa plates were
employed as the stationary phase. A mobile phase
composed of toluene: methanol: n-hexane (6:1:3,
v/v/v) was optimized to achieve sharp and well-
resolved bands. Before development, the twin-trough
glass chamber was saturated with the mobile phase for
10 minutes to ensure stable chromatographic
conditions. Development of the plates was performed
using the ascending technique. Samples were applied
as bands with the help of a CAMAG Linomat
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applicator equipped with a 100 pL syringe to obtain
uniform and reproducible application. Densitometric
evaluation was subsequently carried out at 287 nm
using a CAMAG TLC Scanner, and band visualization
was achieved under UV light. Chromatographic
condition shown in Table 2.

Table 1: Optimized Chromatographic conditions
for EMCB -HPLC

HPLC system | Conditions
parameters
Column Hypersil BDS C18 column
(250 x 4.6 mm) with a
packing particle size of 5 pm
Mobile phase and | Acetate Buffer (70mL) and
diluents Acetonitrile (30mL), with pH
adjusted to 3.5 using glacial
acetic acid & methanol as a

diluent
Flow rate 1.0 mL/min
Detection (Amax) 272 nm
Detector (SPD- M20A), PDA detector
Temperature 25°C

Injection volume 20 uL
Retention time (tr) | 2.56 = 0.01 min
Run time 10 min

Table 2: Optimized Chromatographic conditions
for EMCB -HPTLC

HPTLC system | Conditions

parameters

Stationary phase Silica gel 60 Fass aluminum
HPTLC plates (10 x 10 cm,
0.2 mm thickness) supplied
byE-Merck prewashed with
methanol.

Mobile phase Toluene:  Methanol:  n-
hexane (6:1:3 v/v/v)

Chamber 10 min

saturation

Migration distance | 80 mm

Activation of | 15 min

prewashed plate

Band width 6mm

Radiation source Deuterium lamp

Scanning 287 nm

wavelength

Injection volume 0.1 uL

Rf 0.48
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Figure 2: UV absorption curve of Emtricitabine -

ol

Preparation of HPLC stock solution

EMCB (100 mg) was accurately weighed using an
OHAUS Pioneer™ analytical balance (USA) and
dissolved in water: acetonitrile (50:50, v/v), and the
solution was sonicated for 5 minutes to ensure
complete dissolution of the drug. The final volume
was adjusted with the same diluent to obtain 1 mg/mL
(1000 pg/mL) standard stock solution.

Preparation of HPLC working solution

Working standard solutions of EMCB in the
concentration range of 10-60 pg/mL were prepared by
suitable dilution of the stock solution. Aliquots of 0.1—
0.6 mL were transferred into 10 mL volumetric flasks,
diluted to volume with the selected diluent, and passed
through a 0.45 pm membrane filter prior to
chromatographic analysis.

Preparation of Marketed Tablet Formulation

Ten tablets, containing Emtricitabine (200 mg per
tablet) were accurately weighed and finely powdered.
An amount of the powder equivalent to 100 mg of
EMCB was transferred to a 100 mL volumetric flask
and dissolved in mobile phase to obtain a 1000 pg/mL
solution. The resulting solution was filtered through a
membrane filter, degassed, and injected into the
chromatographic system for analysis. From that, take
0.3 mL solution and adjust the volume upto 10 mL
with mobile phase to obtain concentration of 30
pg/mL solution.

System suitability testing

System suitability parameters were assessed using an
EMCB standard solution of appropriate concentration
of 20 pg/mL, prepared by appropriate dilution of the
1000 pg/mL stock solution. Six replicate injections
(20 pL) were performed, and retention time,
theoretical plates, tailing factor, and %RSD were
evaluated. In accordance with ICH guidelines,
acceptable system performance was confirmed by a
%RSD below 2%, an asymmetry factor of less than 2,
and a theoretical plate count exceeding 2000,
indicating adequate column efficiency.

Validation of the RP-HPLC method

Method validation was performed using an Analytical
Quality by Design (AQbD) strategy incorporating a
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central composite design (CCD), in accordance with
the International Conference on Harmonisation ICH
Q2(R2) guidelines'*8,

Accuracy (% recovery)

Method accuracy was assessed by standard addition at
80%, 100%, and 120% of the nominal concentration
(30 pg/mL), with analyses performed in triplicate.
Accuracy was expressed as % recovery = SD and
%RSD, with %RSD maintained below 2%.
Percentage recovery was calculated by comparing
chromatographic peak areas of spiked samples with
those of the standard. The method was considered
acceptable when recovery values were within 98—
102%.

Precision

Method precision was evaluated by both intra-day and
inter-day precision at a concentration 10, 20 and 30
pg/mL. Intra-day precision was assessed within the
same day by analysing each concentration in triplicate,
whereas inter-day precision was evaluated over three
consecutive days. Precision was expressed as %RSD
of peak areas, with %RSD < 2% indicating acceptable
precision.

Specificity

Method specificity was confirmed by comparing
chromatograms of EMCB, placebo, and blank
samples. No interfering or co-eluting peaks were
observed at the retention time of EMCB, confirming
selective analyte identification. Consistent retention
time and peak purity across replicate injections further
verified method specificity.

Linearity and range

Linearity of the analytical method was assessed across
a concentration range of 10—-60 pg/mL using working
solutions of EMCB prepared in the mobile phase.
Calibration plot was generated by plotting peak area
versus concentration. The linear relationship was
verified using the regression equation and correlation
coefficient (R?).

Limit of detection (LOD) and Limit of quantitation
LOQ)

LOD and LOQ were calculated as per ICH Q2(R2)
based on the standard deviation of the analytical
response and slope of the calibration curve, applying
factors of 3.3 (LOD) and 10 (LOQ). Method
sensitivity was confirmed by acceptable signal-to-
noise ratios (3:1 for LOD, 10:1 for LOQ) and %RSD
< 10% at low concentration levels.

Robustness Using the conventional method
Method robustness was evaluated by deliberate
variation of chromatographic parameters, including
column temperature (£5 °C), flow rate (0.1 mL/min),
mobile phase pH (+0.2), and injection volume (£5
pL). Studies were performed wusing triplicate
injections of a 1 pg/mL solution following a one-
factor-at-a-time (OFAT) approach. The method was
considered robust as no significant changes in
retention time, theoretical plates or tailing factor were
observed under minor variations '%°.
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Robustness assessment employing the QbD
approach for analytical method optimization
Robustness was evaluated using an Analytical Quality
by Design (AQbD) framework. An Analytical Target
Profile (ATP) was established to clearly define the
objective of the analytical method, along with its
expected performance characteristics and acceptance
limits. Subsequently, the critical method attributes
(CMAs) and critical quality attributes (CQAs) were
systematically identified and a method operable
design region (MODR) was established to determine
factors significantly affecting method performance.
Risk assessment and factor screening were performed,
followed by DoE-based optimization to enhance
method robustness and reliability. High-risk variables
influencing analytical performance were
systematically identified and visualized using an
Ishikawa (fishbone) diagram in Figure 3, ensuring
controlled and consistent method performance
throughout the analytical lifecycle 202122,

API characteristics

Figure 3: Ishikawa fishbone diagram showing
causes and effects

Stress Degradation Studies?3-?’

Forced degradation studies were conducted using the
optimized RP-HPLC method in accordance with ICH
QlA(R2) and ICH QIB guidelines to assess the
stability of EMCB under acidic, alkaline, oxidative,
photolytic, and thermal conditions. Stress conditions
were selected based on reported literature, and
methanol was used as the solvent to ensure uniform
exposure. Minor adjustments in mobile phase
composition and flow rate ensured adequate
separation of degradation products. Results are
summarized in Table 8.

Acidic degradation: The stock solution (1000
png/mL) was treated with 2 N HCI and heated at 60 °C
for 30 min, The resulting solution was diluted with
mobile phase to obtain 10 pg/mL and 10 pL of this
solution was injected for chromatographic analysis.
Alkaline degradation: For base-induced degradation,
stock solution was treated with 2 N NaOH, heated at
60 °C for 30 min, diluted to 10 pg/mL, and 10 pL
aliquot was injected for analysis.

Oxidative degradation: Stock solution was treated
with 3% H:O: followed by heating at 60 °C for 30 min,
diluted to 10 pg/mL, and 10 uL sample was injected.
Photolytic/thermal degradation: EMCB solution
(10 pg/mL) was first exposed to UV radiation for 24 h
followed by heating at 60 °C for 30 min, and analyzed
by RP-HPLC.
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Greenness assessment using AGREE and
AGREEprep method

The environmental sustainability of the developed RP-
HPLC method for EMCB was evaluated using
AGREE and AGREEprep tools. AGREE assesses
method greenness based on the 12 principles of green
analytical chemistry, generating a 0—1 score displayed
as a color-coded circular pictogram reflecting solvent
use, reagent hazard, energy consumption,
instrumentation, and waste generation. To
complement this evaluation, AGREEprep was applied
to specifically assess the sample preparation stage
using ten criteria related to reagent toxicity, solvent
volume, waste, and energy demand. The combined
application of AGREE and AGREEprep provided a
comprehensive, quantitative, and visual assessment of
method greenness, supporting the development of an
environmentally sustainable analytical
method28293031°

HPTLC- Spectral and Densitometric Evaluation
Preparation of Standard Stock Solution

EMCB (20 mg) was dissolved in methanol and
sonicated for 10 min, and diluted to 10 mL to obtain a
standard stock solution with a concentration of 2000
pg/mL (2000 ng/uL).

Preparation of Working Standard Solutions
Working standards for linearity study were prepared
by serial dilution of the stock solution to produce
concentrations ranging from 200-1200 ng/band,
achieved by applying different volumes (0.1-0.6 uL)
of the stock solution.

Application on HPTLC Plate

0.1 pL of each working standard solution was applied
on the HPTLC plate using a CAMAG Linomat
applicator as 6 mm bands, maintaining a 10 mm inter-
band distance.

Analysis of Marketed Formulation:

Twenty tablets of the marketed formulation containing
Emtricitabine (label claim: 200 mg per tablet) were
accurately weighed and finely powdered. A quantity
of tablet powder equivalent to 200 mg of
Emtricitabine was transferred into a 100 mL
volumetric flask. About 60 mL of methanol was added
and the mixture was subjected to sonication for 15
minutes to facilitate complete extraction of the drug.
The solution was cooled to room temperature and the
volume was made up to 100 mL with methanol. The
resulting solution was filtered through Whatman filter
paper No. 41, to obtain a 2000 pg/mL sample stock
solution.

Quantification

A volume of 0.4 pL of both standard and sample
solutions (800 ng/band) was applied, and
quantification was performed by comparing sample
peak areas with standards applied at the same
concentration.

Validation of HPTLC Analytical Method

The method was validated according to ICH Q2(R2)
guidelines to ensure suitability, accuracy, precision,
and reliability. Validation parameters included
accuracy, precision, specificity, linearity, LOD, LOQ,
range, robustness, and ruggedness.
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Accuracy

Accuracy of the established analytical method was
assessed by recovery studies with standard addition
method, at 80%, 100%, and 120% levels.

Precision

Precision was assessed as system precision (repeat
scanning of 800 ng/band) and method precision
(repeatability) using multiple sample preparations,
with acceptable %RSD values. Low %RSD values
indicated acceptable precision of the method.
Specificity

It was confirmed by comparing chromatograms and
overlay spectra of standard and marketed formulation,
ensuring no interference.

Linearity and Range

Linearity of the developed method was evaluated over
the concentration range of 200—1200 ng/band using
EMCB working solutions prepared in the mobile
phase. Calibration plot was generated by plotting peak
area versus concentration, and method linearity was
confirmed from the regression equation and
correlation coefficient (R?).

Limit of Detection (LOD and Limit of Quantitation
(LOQ)

LOD and LOQ were calculated from the standard
deviation of response and slope of the calibration
curve in accordance with ICH guidelines (LOD =
3.30/S; LOQ = 100/S).

Robustness

Robustness was evaluated by making slight changes
in chromatographic conditions such as mobile phase
composition Toluene: methanol: n-hexane (6:1:3),
Toluene: methanol: n-hexane (6:1.5:2.5). wavelength
(289 and 285), saturation time (10 minutes, 15
minutes) activation of plates (15 and 10 minutes).
Ruggedness (intermediate precision)

Ruggedness was assessed by analysis performed by
two analysts under identical conditions using 800
ng/band, demonstrating method consistency.

Forced Degradation Studies for Emtricitabine’!2
Forced degradation studies were performed to assess
the stability of Emtricitabine under acidic, alkaline,
oxidative, thermal, photolytic, and neutral conditions
by determining the percentage of drug remaining after
stress exposure.

Acidic and alkaline degradation: EMCB (20 mg)
was subjected to acidic or alkaline stress by adding 3
mL of 0.1 N HCI or 0.1 N NaOH and allowing the
mixture to stand at room temperature for 45 min. The
solution was then made up to 10 mL with methanol
and analyzed.

Oxidative degradation: A 20 mg sample of
Emtricitabine (EMCB) was exposed to 3 mL of 3%
hydrogen peroxide and allowed to stand at room
temperature for 45 minutes. The resulting solution was
then diluted with methanol and analyzed.

Thermal degradation: EMCB (20 mg) was exposed
to dry heat at 40 °C for 30 min, the sample was then
dissolved in methanol, diluted to a final volume of 10
mL, and subsequently analyzed.

Photolytic degradation: EMCB (20 mg) was
exposed to UV light at 254 nm for 24 h, the sample

was then dissolved in methanol, diluted to a final
volume of 10 mL, and subsequently analyzed.
Neutral degradation: EMCB (20 mg) was treated
with distilled water (3 mL) for 45 min at room
temperature, diluted with methanol, and analyzed
using the validated method.

RESULTS AND DISCUSSION

Method development of EMCB employing HPLC
In RP-HPLC method development, selection of the
stationary phase and mobile phase was guided by the
physicochemical properties of EMCB. Initial trials
with  100% methanol, methanol-water, and
acetonitrile—water mixtures resulted in rapid elution
and poor resolution. Incorporation of an acetate buffer
improved chromatographic performance, and the
optimized mobile phase of acetate buffer: acetonitrile
(70:30, v/v; pH 3.5) resulted in well resolved and
symmetrical peaks. Separation was performed on a
Hypersil C18 column with a retention time of
approximately 2.5 min. All system suitability
parameters met acceptance criteria (theoretical plates
>2000, tailing factor <2). The method showed
consistent retention for standard and marketed
formulation (RT = 2.56 min) in Figure 4 (A) and 4 (B)
with 99.80% purity, confirming reliable and efficient
chromatographic performance.
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Figure 4 (A): Chromatogram of working standard
containing Emtricitabine
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wrt® Software

System suitability was assessed by six replicate  waaw 3D Surface
injections of the standard solution, evaluating a
retention time, theoretical plates, tailing factor, and i
%RSD. All parameters complied with ICH acceptance v
criteria, confirming consistent system performance
(Table 3).
Table 3: A summary of the System suitability test o
arameters of EMCB

LARE "]

Parameter HPLC assay
Concentration selected 20 pg/mL
Run time 10 min
Retention time 2.56+0.01
Number of theoretical plates | 6015 + 0.09
N)
Tailing factor 1.232 £0.08
Range 10-60 pg/mL A——
Linearity (regression | Y=31697x + G
equation) 28668 0 o
Correlation coefficient R2: 0.9989 e
Method Validation :-.-....
The method was validated in accordance with ICH
guidelines, confirming its reliability, accuracy, and
reproducibility. Linearity was established over 10—60
pg/mL (Table 4) with excellent correlation (R? =
0.9989) shown in Figure 9. Accuracy of the method
was assessed at concentration levels of 80%, 100%,
and 120% levels showed recoveries within 99.08—
100.38%. Precision studies indicated minimal intra- T
day and inter-day %RSD (<2). The method showed A
good sensitivity with LOD and LOQ of 0.299 and B
0.906 pg/mL, respectively. Robustness was confirmed o s e Pre———

by deliberate variations in flow rate, pH, and mobile
phase composition using both conventional (Table 5)
and AQbD (Box—Behnken design) approaches (Table

6). Validation results are shown in Table 5. Cause— B s
effect relationships were evaluated using an Ishikawa ; 75’5::3:2:’*""‘
(fishbone) diagram to systematically identify potential 1 A
factors influencing method performance (Figure 3)
32.33_Statistical analysis (ANOVA) (Table 7), response
surface (Figure 5 (A-H)), contour plots (Figure 7),
perturbation (Figure 6 (A-D)), and desirability plots
confirmed significant models, defined design space
Figure 8 and consistent performance under optimized
conditions. The mathematical equations derived from

the model are presented as follows: ...........
Retention Time Y; = +2.56 -0.0200A-0.0033B- = H
0.0083C-0.0050D o (D g
Area Y> = +9.954+1822.00A-557.42B-

2740.08C+1783.83D+1744.75AB-2000.75AC-
1561.00AD+1351.75 BC-316.25BD-4368.75CD-
7050.63A2 -7963.75B%> -3317.00C*> -4738.87D?
)

Theoretical Plate Ys =
+3194.00+23.33A+5.75B+36.75C-45.33D-3.50AB-
54.00AC-16.00AD+14.25BC-3.50BD+41.00CD-
55.96A%+41.42B2-6.33C2-54.71D? ...(3
Tailing factor Y, = +1.68 + 0.1125 A+
0.0017B+0.2042C+0.0550D- 0.0250AB-0.2050AC -
0.3125AD-0.0975BC-0.0025BD-0.0600CD

o (@)
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Design-Expert® Softwars

Fator Codeg: Acta Perturbation IConcentration Peak Area response (mV)
w 1 (ng/mL)
e o 10 316918
s 5 ol 5 20 692258
R 30 983217
X A0 1306102
) 50 1608346
60 1921450
7 Emtricitabine
R T T 7 2500000 7y =31697x + 28668 145450
Deviation from Reference Point (Coded Units) 2000000 i R2 = 09989 1608346
<
. Pertubation 1200000 -
- 3300 @00000 i ¢ Area
i R b B -
4 ol _L— 500000 -
2004 rn,_,l_ 5_,1.-0#4—_’?’
0 T T T 1
S b 0 20Concentitation (ng/thL) 80
' Figure 9: Calibration curve for EMCB showing
linearity with area of peak (10-60 pg/ml)
001 Table 5: Validation results of emtricitabine -HPLC
Sr. | Parameter | Statistical analysis
No
oo aso o os0 0 Accuracy 80% Mean %
Deviation from Reference Point (Coded Units) Recovery —
c 99.57,
SD=0.54
Figure 6: Perturbation plots (A-D) showing the 9 RSD=0.542
effect of factors on responses (RT, Area, TP, & TF) 100% Mean %
el Recovery =
e 99.68,
SD=0.39
%RSD=0.391
120% Mean %
Recovery =
99.89,
SD=0.48
%RSD=0.48
Intraday Concentrati | Mean £+ SD,
Precision on assayed | % RSD
Figure 7: The (npg/mL)
(n=3)
o 10 Mean=31426
i = vedayblot s 1 ,
. SD=2442.71,
%RSD=0.777
3 U7 20 Mean=69446
s 77
SD=2776.67,
i - %RSD=0.400
s == 30 Mean=98596
AFR iy 3,
Figure 8: SD=2505.89,
Overlay Plot %RSD=0.254

Table 4: Linearity of EMCB by RP-HPLC

1JDDT Volume 16 Issue 73s 2026

Page: 680



Stability-Indicating Green RP-HPLC and HPTLC Methods for Emtricitabine Using AQbD Approach

Inter-day Concentrati | Mean = SD, ra | vol cto
Precision on assayed | % RSD te | um r
(ng/mL) e
(n=3) 2 99 17
10 Mean=31297 I [. 25 |1 |20 |255]85 9' 3025
1, 5 74
SD=3426.83, 2 | 99 17
%RSD=1.095 2 0. 125 5' 15 (25415 2' 3194
20 Mean=69227 5 40
7, 2 98 14
SD=2727.55, 3 0. 125 |1 |10 |257 21 2' 3189
%RSD=0.394 5 45
30 Mean=98729 2 98 14
6, 4 |. (30 |1 |15 |258]32 9' 3195
SD=3734.28, 5 11
%RSD=0.378 2 98 10
Linearity R2=10.9989 S 1. 120 |1 |15 |259]65 8' 3190
(10-60 5 41
pg/ml) 2 0 98
LOD 0.299 & 0.906 6 |. |25 5' 15 | 258 |75 |09 |2974
(ng/mL) & 5 41
LOQ 0 97 10
(pg/mL) 7 13|25 5' 10 | 25745 8' 3120
Robustnes | 0.9,1.0,1.1 Mean 10
s at Flow %RSD 0 97 18
rate =0.35 8 | 3130 5' 15 25956 1' 3198
(mL/min) 81
(£0.1) 98 15
Robustnes | Acetate buffer: | 0.15% 9 (3130 |1 [20 |2511]32 | 3175
s at | Acetonitrile pH 3.5 37 i
Compositi | +0.05 in the ratio of 98
on of | 73:27 v/v (1) 3120 (1 |20 |254]25 ;'6 3181
Mobile Acetate buffer: | 0.34% 41
phase (v/v) | Acetonitrile pH 3.5 98
(£2%) | +0.05 in the ratio of P30 [Q 15 [259]32 [ 183101
70:30 viv ! > 17 |8
Acetate buffer: | 0.54% 98
Acetonitrile pH 3.5 ! 31|25 L 10 | 2.54 |62 1.9 3180
+ 0.05 in the ratio of 2 > g1 |2
67:33 viv 98
Robustnes | Acetate buffer: | 0.92% 1 3120 (1 |10 |2561]32 1.8 3190
s at pH of | Acetonitrile (70:30 3 80 9
mobile v/v) with pH 3.3 + 08
1 L. 1.8
phase 0.05 g |3]30 |5 |15 25414 | 713191
(0.2) Acetate buffer: | 0.20% 56
Acetonitrile (70:30 99
v/v) with pH 3.5 + Ylalas |1 |15 25454 |17 3104
0.05 3 20 |2
Acetate buffer: | 0.52% 98
Acetonitrile (70:30 Lsl30 |1 |10 25752 | 18] 3108
v/v) with pH 3.7 + 6 a1 |1
0.05 98
1 {3125 ; 20 | 255|775 ;'5 2974
Table 6: Robustness employing AQbD approach 7 42
(BBD) 98
Factors Responses ! 3125 0. 20 [ 259]20 |2 2978
8 5
B: C Ret Theo 15
A . . Ta .
R| 7| % : Inje | enti .. | retic 98
: : Ar | ili 1 1. 1.9
u Or | Fl | ctio | on al 3120 15 | 25420 3198
n|P gan [0 | n Tim | ¢ | "8 | Plate 9 5 13 8
H|?® Fa
ic w e S
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3 98
g . 130 |1 15 2.56 | 23 1.8 3256
5 54
3 98
? 125 |1 10 | 2.56 | 52 17 3189
5 64
3 98
g L1025 |1 20 | 257 |42 1.8 3189
5 18
3 98
g .| 25 (5) 15 2.54 | 42 1.8 3188
5 81
3 98
‘21 .| 25 ; 15 2.51 | 02 1.8 3192
5 77
3 98
g 120 |1 15 [257]02 | Y7 3104
5 77
Table 7: Statistical parameters by ANOVA
analysis for the responses
Par |SS |[DIMS|F-|(p- | M | M | Pro
ame f va|va|od|od | b >
ters Iu |lu |el |el F
e e F- | p-
va | val
lu | ue
e
Response Y (Retention Time)
(A) 0.0 00 |2 0. The
pH ) 1 : o |13 line
008 008 | 48 13 <0. | ar
(B) 0 0 05 | mo
% 0.0 0.0 . : 00 | del
Or; 001 ! 001 39153 is
g 60 | 63 ;
anic sign
(O)F 14 10, | 4 ific
low 8;108 1 8408 2 100 |50 ant
rate 6 12
(D) 00 [ 1]0.0 [0. |O.
Inje | 003 003 | 89 | 35
ctio 11 | 64
n
volu
me
Response Y> (Area)
(A) 9.0 9.0 | 7 0. The
pH 1'0 1 16 55 02 | 3. | <0.| qua
03 | 19 | 05 | drat
B) 0 |o. 00 |ic
% 3.7 1 3.7 31 | 58 mo
Org 29 29 38 | 77 Qel
anic is
©OF | 59 30 [3 |2 Set
low lep | 1sa |35 % ific
rate 70 ant
(D) 38 | 138 (3. |0
Inje | 18 18 |21 |10
ctio 33
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n

volu

me

Response Y3 (Tailing Factor)

(A) 10 | 0. The

pH 8052 1 8652 .6 | 00 2F1
0 57 | 2. | <0.| mo

B) 0 |o 76 | 05 | del

% 0.0 1 0.0 06 9’7 00 |is

Org | 000 000 07 | 92 sign

anic ific

t
fv)vF 01 | |01 |3 8’9 an
rate 519 519 | 22 4

D) (00 |1]00 0. |o0.
Inje | 363 363 | 77 | 39

ctio 05 | 49
n
volu
me
Response Y 4 (Theoretical Plates)
(A) | 162 162 5 0. The
pH 06. | 1| 06. 7'3 03 | 3. | <0.| qua
75 75 77 | 06 | 05 | drat
(B) o0 lo 00 | ic
% 396 | 396 1'4 7'1 mo
Or.g 75 75 04 | 57 Qel
anic is
(O)F | 653 653 ) 0. sign
low [33 |1]33 3'1 15 ific
rate | 3 3 94 ant
(D)
ft‘fg 246 246 | o | 0.
n 61. | 1] 61. 7'2 01
33 33 44
volu
me

Forced degradation studies of EMCB by HPLC3*
36

The forced degradation results indicates that
Emtricitabine shows different stability profiles under
multiple stress conditions. Under acidic stress (2 N
HCI), the drug exhibited minimal degradation
(2.58%), suggesting good stability in acidic
environments. Alkaline conditions (2 N NaOH)
caused moderate degradation (5.84%), indicating
comparatively higher susceptibility than acid stress.
The highest degradation was observed under oxidative
conditions (3% H:0:), with 11.86% degradation,
confirming that Emtricitabine is most sensitive to
oxidative stress. In the case of photo-thermal stress
(UV light with heat), the drug showed moderate
degradation (3.82%), reflecting limited sensitivity to
combined light and thermal exposure. Overall, the
results demonstrate that Emtricitabine is relatively
stable under acidic and photo-thermal conditions,
moderately unstable in alkaline media, and most
vulnerable to oxidative degradation. These results
confirm the stability-indicating nature of the
developed method as summarized in Table 8.
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Table 8: Degradation products obtained for
EMCB under stress conditions

Force Percent Percent RT of

Degradati | recovery Degradati | Drug

on on and
degrade
d
product
S

Acidic 97.42+0.8 | 2.57+ 2.24 and

degradatio | 7% 0.15% 1.937

n reflux at min

60°C for

30

minutes

with 2 N

HCL

Alkali 94.15+1.7 | 5.84+ 2.25 and

degradatio | 4% 0.54% 1.938

n reflux at min

60°C for

30

minutes

with 2 N

NaOH

Oxidative | 88.14+1.0 | 11.85+1.02 | 2.241

degradatio | 4% % and

n reflux at 0.389,

60°C with 1.937

3 % Hy0; min

for 30

minutes

Photolytic | 96.18+1.2 | 3.81%*1.2 | 2.2

degradatio | 4% 2% 3

n using a an

uv d

energy 1.9

source 34

with a mi

minimum n

power of

200 watts

for 30

minutes

P13 sb 1) ) mie |
Figure 9(A): Chromatogram of Stability studies for
Emtricitabine in Acid
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Figure 9 (B): Chromatogram of Stability studies
for Emtricitabine in Alkali

Figure 9 (C): Chromatogram of Stability studies
for Emtricitabine in Oxidation

= ) || voearmeas

) ) T ob 4

Figure 9 (D): Chromatogram of Stability studies
for Emtricitabine in Photolytic condition
Greenness assessment using AGREE and
AGREEprep method

The method showed that the developed method
possesses  good  environmental  sustainability.
AGREEprep yielded a greenness score of 0.63 (Figure
10A), indicating acceptable performance, with scope
for improvement in waste reduction, sample
throughput, and post-sample preparation practices.
AGREE evaluation provided a comparable score of
0.64 (Figure 10B), demonstrating strong adherence to
the 12 principles of green analytical chemistry,
particularly in reduced sample consumption,
automation, and minimal derivatization. Minor
limitations related to energy consumption and reagent
toxicity were identified. Overall, the combined
AGREE and AGREEprep assessment confirms the
method’s notable greenness while highlighting

opportunities for further environmental optimization
2931
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AGREEprep
Sample preparation method

. Favour in situ sample preparation

. Use safer solvents and reagents

w o~

. Target sustainable, reusable, and renewable
materials

. Minimize waste generation

. Integrate and automate steps
Reduce sample amount

. Maximize sample throughput

. Reduce energy consumption

© ® N B R

. Select environmentally friendly
configurations for sample post-preparation

10. Ensure operator safety

AGREE
Analytical method

Sample treatment
Sample amount
Device positioning
Sample preparation stages
Automation and miniaturization
Derivatization

Waste

LR

. Analysis throughput
9. Energy consumption
10. Source of reagents
11. Toxicity

12. Operator’s safety

Figure 10 A and 10 B: AGREEprep assessment
yielded a greenness score of 0.63, and 0.64,
reflecting strong compliance with the 12 principles
of green analytical chemistry
System Suitability Studies for Emtricitabine
(HPTLC) 447
System suitability was evaluated by repeated
densitometric scanning of Emtricitabine (400
ng/band) under optimized HPTLC conditions.
Consistency of Rf values, peak area repeatability, and
%RSD were assessed. The results are summarized in
Table 9.
Table 9: System Suitability Parameters for
Emtricitabine (HPTLC)

Parameter Observation
Rf value (mean + SD) | 0.48 +0.006
Rf range 0.47-0.49

Peak area (mean, AU) | 5755.18

Standard deviation | 5.12

(SD)

%RSD of peak area 0.09

Peak shape Sharp and symmetric
Interference at drug Rf | Not observed

System precision | %RSD < 2%

acceptance limit

Compliance Complies with ICH

Q2(R2) criteria

Spectral and Densitometric Evaluation

The UV spectrum of Emtricitabine showed a sharp
Amax at ~287 nm with good absorbance and spectral
purity, confirming suitability for densitometric
detection (Figure 11). Overlay spectra of the standard
and marketed formulation exhibited complete overlap,
indicating specificity and no excipient interference
(Figure 12). Three-dimensional spectra further
confirmed peak purity and spectral homogeneity
(Figure 13). For HPTLC analysis, working standards
of 200-1200 ng/band were prepared by applying 0.1—
0.6 puL of stock solution, with overlay spectra shown
in Figure 14 representative densitogram of the

1JDDT Volume 16 Issue 73s 2026

working standard (800 ng/spot) is shown in Figure 15.
The method was successfully applied to the marketed
formulation, producing a well-resolved peak matching
the standard (Figure 16).

ke
avelength : 287.0 [ nm ]
ignal 943 [ AU ]

00 N 4 1 208

100 \ 00

(nm1 w00

Figure 11: UV spectra for standard for
Emtricitabine

marketed formulation of Emtricitabine

Altiads @297 v

Figure 14: Overlay spectra of Working standard
solutions (0.2—1.2 pg/mL/200 to 1200 ng/nL)
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3 T

o obe 3 040 13 )
Rt

Figure 15: Densitogram of working standard of
Emtricitabine (0.8 ng/800ng/spot)

1D: Standards

Emuricitatine

o
loa1 oha o0 ol obe B3

Figure 16: Densitogram of Marketed formulation
of Emtricitabine

Validation of Analytical Method*7->3
Accuracy was confirmed by recovery studies at 80%,
100%, and 120% levels, showing recoveries of
99.93%, 100.97%, and 99.90%, respectively,
demonstrating excellent accuracy across the range
System and method precision, evaluated at 800
ng/band, showed %RSD < 2%, confirming good
repeatability and reproducibility Specificity was
established by the absence of interfering peaks at the
drug Rf. Linearity was observed over 200-1200
ng/band (Table 10) with a proportional response
between concentration and peak area (Figure 17),
complying with ICH Q2(R2). The LOD and LOQ
were 1.65 and 5.01 ng/band, respectively, and the
method was linear within the range of 200-1200
ng/band (0.2-1.2 pg/band). Robustness studies
involving minor variations in chromatographic
conditions confirmed method reliability. Intermediate
precision (ruggedness), assessed using different
analysts under identical conditions, demonstrated
consistent results, confirming the ruggedness of the
method. Overall results of validation are shown in
Table 11.

Table 10: Linearity of Emtricitabine
Amount (ng) Area (AU)

1JDDT Volume 16 Issue 73s 2026

200 3009.01
400 5753.94
600 7122.2
800 9078.64
1000 11245.15
1200 14096.98
Emtricitabine 14096.9
16000 ]
y=10.553x +997.33
14000 R2=09904 11245.1@
12000
10200
-
8800
«
6800
<«
4000
2000
0
0 500 1000 1500

Concentration (ng/band)
Figure 17: Calibration curve for
Emtricitabine

Table 11: Validation results of emtricitabine -
HPTLC

S | Param | Statistical analysis

r. | eter
N
0.
Accura | 80% Mean % Recovery =
cy 99.93, SD=0.07,
%RSD=0.07
100% Mean % Recovery =
100.97, SD=0.22,
%RSD=0.22
120% Mean % Recovery =
99.90, SD=0.09,
%RSD=0.09

System | Mean peak area= 5755.18 = SD =
precisi | 5.12, % RSD =0.09

on
metho | Mean % Amount Found =100.30 +
d SD =0.58, % RSD =0.58
precisi
on
Intrad | Concen | Mean =+ SD, % RSD
ay tration
Precisi | assayed
on (pg/mL)
(n=3)
200 Mean Area

(AU)=3031.53,

SD=1.19, %RSD=0.03
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400 Mean Area (AU)=
5759.23, SD=5.50,
%RSD=0.09
600 Mean Area (AU)=
7154.27, SD=28.34,
%RSD=0.39
Inter- Concen | Mean =+ SD, % RSD
day tration
Precisi | assayed
on (ng/mL)
(n=3)
200 Mean Area (AU)=
3089.37, SD=10.60,
%RSD=0.34
400 Mean Area (AU)=
5849.1, SD= 52.82,
%RSD=0.9
600 Mean Area (AU)=
7284.2, SD=36.95,
%RSD=0.5
Linear | R>=0.9904
ity
(200-
1200
ng/ban
d)
LOD 1.65 ng/band and 5.01 ng/band
(ng/m
L) &
LOQ
(ng/m
L)
Deliberat | R | Me | £ %R
e f an SD | SD
Variatio Pea
n k
Applied Are
a
Robust | Toluene: | 0. | 302 | 1.4 | 0.0
ness at | methanol: | 47 | 9.73 | 18 | 4
differe | n-hexane
nt (6:1:3)
Compo | Toluene: | 0. | 302 | 2.0 | 0.0
sition methanol: | 49 | 9.8 9 6
of n-hexane
Mobile | (6:1.5:2.5
phase )
(v/vIv)
Robust | 289 0. 1303 |55]0.1
ness at 56 | 4 8
differe | 285 0. | 318 |37.| 1.1
nt 58 |3 05 |6
Wavel
ength
Robust | 10 0. 1303 |39]0.1
ness at | minutes 531013 |1 2
differe | 15 0. | 302 |44]0.1
nt minutes 49 1946 | 6 4
Satura
tion
time

Robust | 15 0. 1302 | 77102
ness at | minutes 50 | 7.1 7 5
differe | 10 0. {302 |51]0.1
nt time | minutes 48 1 9.13 | 2 6
of
Activat
ion of
plates
Rugge | Analystl | % 05105
dness Amount 8 8
found=
100.30
Analyst II | % 05105
Amount 7 7
found=
100.22

Results of Forced Degradation Studies of
Emtricitabine

Forced degradation studies demonstrated that
Emtricitabine exhibits distinct stability behavior under
different stress conditions. The drug showed
maximum degradation under oxidative stress, with
about  30.6%  degradation, indicating  high
susceptibility to oxidation. Thermal stress caused
moderate degradation (22.0%), suggesting sensitivity
to elevated temperature. Under acidic conditions,
Emtricitabine underwent moderate degradation
(14.4%), whereas alkaline, photolytic, and neutral
conditions resulted in less degradation (9.5%, 10.8%,
and 6.5%, respectively), reflecting relatively better
stability in these environments. Overall, the
degradation behavior (Figure 18 A to 18 F) confirms
that Emtricitabine is most vulnerable to oxidative
stress, moderately sensitive to heat and acid, and
comparatively stable under alkaline, photolytic, and
neutral conditions (Table 12).

Figure 18 (A): Densitogram of Stability
studies for Emtricitabine in Acid
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Track 3.1D: uv oabinet 254 nm 24 hrs.

300

250

of

Figure 18 (B): Densitogram of Stability studies for . . . .
Emtricitabine in alkali Figure 18 (E): Densitogram of Stability studies

A — for Emtricitabine in photolytic condition

400 Track 5,1D: neutral

AU
400

AU

o
EXT) B 028 048 058 089
o
EXT) B 028 048 058 [

R

Figure 18 (C): Densitogram of Stability studies for

Emtricitabine in oxidative condition Figure 18 (F): Densitogram of Stability studies for

Track 2.10: 4000 harmal Emtricitabine in Neutral condition
Table 12: Results of force degradation studies for
Emtricitabine
S |Deg |Re [T | Tem | % % | Con
r. |rada | age |i | pera | Dru | Dr | clus
n (tion |nt/| m|ture | g ug | ion
o |[Con |Co |e Und | De
ditio | ndi egra | gra
n tio ded | ded
n
1 | Acid | HC [ 4 | Roo |85.6 | 14. | Mo
1 5 |m 2 37 | dera
(0.1 | m | temp te
N) | in | eratu degr
re adat
ion
B 2 | Alka | Na |4 | Roo |904 |95 | Les
Figure 18 (D): Densitogram of Stability studies for li OH |5 | m 5 4 s
Emtricitabine in Thermal condition (0.1 | m | temp degr
N) | in | eratu adat
re ion
3 |Oxid |3% |4 |Roo | 694 |30. | Ma
ation |H2 |5 |m 1 59 | xim
02 temp um
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m | eratu degr

in | re adat

ion

4 | Ther | Dry | 1 | 40°C | 77.9 | 22. | Mo
mal | hea | 0 7 03 dera

t m te

in degr

adat

ion

5 | Phot | UV |2 | 254 89.1 | 10. | Les
olyti | ligh | 4 | nm 9 81 s

c t hr | (UV degr

s | cabi adat

net) ion

6 |Neut | Wa [ 4 | Roo |93.5 | 6.4 | Les
ral ter/ |5 | m 5 5 S

Met | m | temp degr

han | in | eratu adat

ol re ion

Discussion

The developed AQbD-based RP-HPLC and HPTLC
methods provided robust, reliable, and stability-
indicating analysis of emtricitabine. Emtricitabine was
selected due to its therapeutic importance in HIV
treatment and the need for accurate quality control and
stability assessment. A C18 column with acetate
buffer: acetonitrile with glacial acetic acid (70:30, v/v;
pH 3.5) in RP-HPLC and toluene: methanol: n-hexane
(6:1:3, v/v/v) in HPTLC produced sharp, symmetrical
peaks with excellent resolution, reproducibility, and
acceptable retention/Rf values. The optimized pH
minimized ionization and peak tailing, improving
chromatographic performance. System suitability and
validation results confirmed the methods were
accurate, precise, robust, and compliant with ICH
guidelines. Forced degradation studies demonstrated
that emtricitabine undergoes degradation under
various stress conditions, confirming the stability-
indicating capability of both methods. Furthermore,
AQbD using Box—Behnken Design enabled
systematic optimization of critical parameters,
resulting in a robust analytical method with improved
reliability. Overall, the optimized RP-HPLC method
is suitable for routine quality control and stability
studies, while the HPTLC method offers a rapid and
economical alternative for routine pharmaceutical
analysis.

FINANCIAL ASSISTANCE

The authors declare no financial support.
CONFLICTS OF INTEREST

No conflict of interest was declared by the authors.
AUTHOR CONTRIBUTIONS

Varsha P. Patil designed the study, performed method
development, validation, and degradation studies,
analyzed data, and drafted the manuscript. Ravi
Ajudia supervised the work, contributed to study
design and analytical strategy, reviewed data, and
revised and approved the manuscript. All the authors
contributed  significantly to this manuscript,

1JDDT Volume 16 Issue 73s 2026

participated in reviewing/editing and approved the
final draft for publication.

REFERENCES
1. Drug Bank. Emtricitabine [Internet]. 2026.
Available from:

https://www.drugbank.ca/drugs/DB00879.

2. Sahoo B, Rao P, Rao N. Development and
validation RP-HPLC method for the
estimation of tenofovir and emtricitabine in
bulk and pharmaceutical dosage form. Curr
Drug Res Rev. 2024;16:73-80.
https://doi.org/10.2174/2589977515666230
602151222.

3. Satya Venkata Sakuntala M, Lakshmana Rao
A, William Carey M. Stability-indicating
method development and validation for the
concurrent determination of darunavir,
cobicistat, emtricitabine and tenofovir
alafenamide by UPLC in bulk and tablet
dosage forms. Fut J Pharm Sci. 2021;7:1-10.
https://doi.org/10.1186/s43094-021-00384-
3.

4. Mishra RK, Chaubey N, Patel J, Mishra S,
Singh R. A review of analytical techniques
for determination of anti- HIV drugs. Int J

App Pharm. 2020;12:41-50.
https://doi.org/10.22159/ijap.2020v12i6.390
40.

5. Kapoor A, Ankalgi A, Thakur U, Pandit V,
Ashawat M. Method development and
validation for multicomponent analysis of
emtricitabine and ritonavir in bulk drug by
RP-HPLC. J Drug Deliv  Therap.
2020;10:137-144.
http://dx.doi.org/10.22270/jddt.v10i6.4400.

6. Konidala S, Samineni R, Rao Y,
Chimakurthy J, Kolakaluri C, Korrapati V.
Novel RP-UPLC method development and
validation for simultaneous quantification of
emtricitabine, tenofovir and efavirenz in bulk
and tablet dosage forms. Res J. Pharm
Technol. 2022;15:3141-3146.
10.52711/0974-360X.2022.00525.

7. Koppisetty B, Tatapudi H, Dadi V, Gayathri
P. QbD based RP-HPLC method for
simultaneous determination of emtricitabine,
tenofovir disoproxil fumarate and efavirenz
in tablet dosage form-an application to
stability indicating assay. Ana Chem Lett.

2023;13: 267-288.
https://doi.org/10.1080/22297928.2023.224
3279.

8. Kanumuri R, Kavuri N, Sankranthi Y.
Response surface optimised bioanalytical
stability indicating LC-UV method for the
estimation of emtricitabine and efavirenz
with internal standard. Pharm Chem J.
2023:57:608-619.
https://doi.org/10.1007/s11094-023-02926-
w.

Page: 688



Stability-Indicating Green RP-HPLC and HPTLC Methods for Emtricitabine Using AQbD Approach

190

10.

11.

12.

13.

14.

15.

16.

17.

Kommineni V, Pohar S, Laxmi N, Latha N.
Stability indicating RP-UPLC determination
of three antiviral agents: emtricitabine,
tenofovir, and rilpivirine in combined
pharmaceutical dosage form. Fut J Pharm
Sci. 2025;11:1-10.
https://doi.org/10.1186/s43094-025-00765-

y.

Ponnuru V, Mehta P. DOE-optimized RP-
HPLC method for simultaneous
quantification of emtricitabine and tenofovir
disoproxil fumarate in tablets. Thai Sci Tech
Health Rev. 2025;1:1-16.
https://doi.org/10.14456/tsthr.2025.4.
Koppisetty B, Yejella R, Manjari K, Amgoth
P, Yarraguntla S, Dadi V, Tatapudi H. Utility
of quality by design approach in RP-HPLC
method development for quantification of
lamivudine and efavirenz in combination
formulation. J Fac Pharm  Ankara.
2023;47:625-636.
https://doi.org/10.33483/jfpau.1181816.
Alam P, Haq N, Algarni M, Shakeel F.
Quantitative analysis of emtricitabine in
dosage forms using green RP-HPTLC and
routine NP-HPTLC methods-a contrast of
validation  parameters. ACS  Omega.
2020;5:33470-33477.
https://doi.org/10.1021/acsomega.0c05537.
Chen H, Wang R, McElderry JD.
Discriminative dissolution method
development through an AQbD approach.
AAPS Pharm Sci Tech. 2023;24:255.
https://doi.org/10.1208/s12249-023-02692-

Attaluri T, Seru G, Murthy S. Development
and validation of a stability-indicating RP-
HPLC method for the simultaneous
estimation of bictegravir, emtricitabine, and
tenofovir alafenamide fumarate. Turk J
Pharm Sci. 2021;18:410-419.
10.4274/tjps.galenos.2020.70962.

Santhanam MK, Nagarajan NC, Ponraj PB,
Mohd-Hilurudeen MS. A complete roadmap
of analytical quality by design in various
analytical techniques. Curr Pharm Anal.
2023;19:184-215.
http://dx.doi.org/10.2174/157341291966623
0118105908.

Reddy A, Devicharan R, Rama Rao T.
Analytical RP-HPLC method development
and validation for simultaneous estimation of
emtricitabine, tenofovir and bictegravir. Res
J Pharm Tech. 2023;16:3722-3726.
https://doi.org/:%2010.52711/0974-
360X.2023.00614.

International Conference on Harmonization.
Stability Testing Q1A(R2), ICH Guidelines
2003.

1JDDT Volume 16 Issue 73s 2026

i

18.

19.

20.

21.

22.

23.

24.

25.

26.

International Conference on Harmonization.
Validation of Analytical Procedures Q2(R1).
ICH Guidelines 2005.

Kokkirala T, Duvvuri S. RP-HPLC method
development and validation for the
estimation of emtricitabine, bictegravir and
tenofovir alafenamide in bulk and
pharmaceutical dosage form. J Taibah Univ
Sci. 2019;13:1137-1146.
https://doi.org/10.1080/16583655.2019.1689
601.

Szoleczky R, Szucs M, Csanyi E, Berko S,
Nagy P, Csoka I, Kovacs A. Analytical
quality by design (AQbD) approach to the
development of in vitro release test for
topical hydrogel. Pharmaceutics.
2022;14:707.
https://doi.org/10.3390/pharmaceutics 14040
707.

Chiarentin L, Goncalves C, Augusto C,
Miranda M, Cardoso C, Vitorino C. Drilling
into “quality by design” approach for
analytical methods. Cri Rev Anal Chem.
2024;54:3478-
https://doi.org/10.1080/10408347.2023.225
3321

Meshram P, Ranpise N. Advanced green
chemistry, HPLC method development and
validation: integrating stability indicating,
quality by design (QbD), in ferulic acid and
its application in NLCs-based
nanoformulation. ~ Anal Chem  Lett.
2024;14:909-934.
10.1080/22297928.2024.2428933.

Gabhe S, Anbazhegan S, Tekawade S,
Mulgund S. Stress degradation studies on
lafutidine: method development and
characterization of degradation products
using HPLC-UV and LC-ESI-MS. Fut
J Pharm Sci. 2025;11:73.
https://doi.org/10.1186/s43094-025-00822-

Sanjeev A, Vallakeerthi N, Reddy N,
Bhaskar S, Reddy P. Stability indicating
method development and validation, stress
degradation studies for dacarbazine by using
RP-HPLC. Neuro Quantol. 2022;20:6270-
6278.10.14704/nq.2022.20.9.NQ44735.
Shaik R, Padala S, Samsonu D, Devi D,
Basavaiah K, Rao B. LC-MS/MS profiling
of stress-induced degradation products of
avapritinib and development of a stability-
indicating HPLC  method for its
quantification and impurity analysis.
Methods Objects of Chem Anal. 2025;20:52-
58.https://doi.org/10.17721/moca.2025.52-
38.

Rajesh VB, Pavani P, Venkata ST, Battula
SR. Establishing and validating an HPLC
protocol for pralsetinib impurities analysis,
coupled with HPLC-MS/MS identification of
stress degradation products. Anal Sci

Page: 689



Stability-Indicating Green RP-HPLC and HPTLC Methods for Emtricitabine Using AQbD Approach

27.

28.

29.

30.

31.

32.

33.

34.

35.

Technol. 2024;37:280-294.
http://doi.org/10.5806/AST.2024.37.5.280.

Bhupatiraju RV, Peddi P, Edla S, Rekha K,
Kasimala BB. Green analytical approach for

HPLC method development for
quantification of sorafenib and its
pharmacopeia  impurities: ~LC-MS/MS

characterization and toxicity prediction of
stress degradation products. Sep Sci Plus.
2024;7:¢202400106.
https://doi.org/10.1002/sscp.202400106.

Yin L, Yu L, Guo Y, Wang C, Ge Y, Zheng
X, Zhang N, You J, Zhang Y, Shi M. Green
analytical chemistry metrics for evaluating
the greenness of analytical procedures. J
Pharm Anal. 2024;14:101013.
https://doi.org/10.1016/j.jpha.2024.101013.
Wojnowski W, Tobiszewski M, Pena-Pereira
F, Psillakis E. AGREEprep—analytical
greenness metric for sample preparation.
Trends in Anal Chem. 2022;149:116553.
https://doi.org/10.1016/j.trac.2022.116553.
Karmakar A, Shinde S, Yalamanda V,
Khairnar Y, Nayak S, Kumar L. An AQbD-
based optimized and green isocratic HPLC
method for the quantification of simvastatin
in liposomes: forced degradation, assessment
of drug content, and drug entrapment. J
Pharm Innov. 2025;20:95.
https://doi.org/10.1007/s12247-025-09996-
L.

Xin T, Yu L, Zhang W, Guo Y, Wang C, Li
Z, You J, Xue H, Yin L. Greenness
evaluation metric for analytical methods and
software. J Pharm Anal. 2025;15:101202.
https://doi.org/10.1016/].jpha.2025.101202.
Bairagi A, Kothrukar R, Chikhale H,
Kosanam S, Borse L. AQbD- novel strategy
for analytical methods. Fut J of Pharm Sci.
2024;10:138.
https://doi.org/10.1186/s43094-024-00706-
1.

Meshram PR, Ranpise NS. Exploring the
potential of ferulic acid-loaded
nanostructured lipid carriers: angiotensin
inhibition via docking, formulation and
pharmacokinetic and pharmacodynamics
studies. J Drug Target. 2025;33:952-974.
https://doi.org/10.1080/1061186x.2025.245
3743.

Tayde A, Patii M, Jain A. Forced
Degradation Studies: Analytical
methodologies, applications, and regulatory
insights-a systematic review. J Drug Deliv
Biother. 2024;1:13-23.
https://doi.org/10.61920/JDDB.V1102.133.
Ettaboina S, Nannapaneni S, Katari NK,
Chollety V. Development and validation of
an RP-HPLC method for organic impurity
profiling in baclofen utilizing robustness
through a quality-by-design (QbD) approach:
a comprehensive forced degradation

1JDDT Volume 16 Issue 73s 2026

36.

37.

38.

39.

40.

41.

42.

43.

44,

assessment. Biomed
2025;39:¢70129.
https://doi.org/10.1002/bme.70129.

Adhao VS, Chaudhari SP, Ambhore JP.
Advancements and insights in forced
degradation studies of pharmaceuticals: a
comprehensive review. World J Pharm
Pharm Sci. 2024;13:1084-1091.
https://doi.org/10.20959/wjpps20243-26817.
Lammerhofer M. Trends in stationary
phases and column technologies. J Sep Sci.
2025;48:¢70215.
https://doi.org/10.1002/jssc.70215.

Lakade M, Kale RN, Dyade GK. RP-HPLC
method development and validation for
simultaneous  estimation of  tenofovir
disoproxil fumarate and emtricitabine in
pharmaceutical dosage form. Res J Pharm

Chromatogr.

Tech. 2024;17:2229-2234.
https://doi.org/10.52711/0974-
360X.2024.00351.

Pund S, Nalawade S, Rajurkar V, Jayatpal S.
A brief review on recent advances in reverse
phase HPLC. Multidiscip. Rev.
2024;7:¢2024072.
https://doi.org/10.31893/multirev.2024072.
Rathod S, Chopade J, Mahaparale S, Jadhao
Y. Analytical method development and
validation for estimation of emtricitabine in
tablet dosage form by reverse phase high
performance liquid chromatography. Indian J
Pharm Sci. 2024;86:294-301.
10.36468/pharmaceutical-sciences.1277.
Ahuja S, Dong MW. Handbook of
Pharmaceutical ~ Analysis by  HPLC.
Amsterdam: Elsevier Academic Press; 2005.
Epshtein N. System suitability requirements

for liquid chromatography  methods:
controlled parameters and their
recommended values (review). Pharm Chem
J 2020;54:518-525.

https://doi.org/10.1007/s11094-020-02231-
w.

R.K. Banoth, R.L Nethikoppula, A Study of
analytical method development, validation
and forced degradation for simultaneous
estimation of glycopyrrolate and formoterol
fumarate bulk drug by UHPLC method. Int J
Pharm Sci  Res. 2021;12:3781-3790.
10.13040/1JPSR.0975-8232.12(7).3781-90.
Sonawane J, Chavan S, Narkar I, Jale S,
Tendulkar N, Jadhav V, Jain A. A review of
stability indicating methods and forced
degradation studies. Int J Res Publ Rev.
2023;4:4703-4715.
https://doi.org/10.55248/gengpi.4.523.42372

. United States Pharmacopeial Convention.

USP-NF [Internet]. Rockville (MD): United
States Pharmacopeial Convention. Available
from: https://www.uspnf.com/notices/new.

Page: 690



Stability-Indicating Green RP-HPLC and HPTLC Methods for Emtricitabine Using AQbD Approach

46.

47.

48.

49.

50.

51.

52.

53.

European  Pharmacopoeia ~ Commission.
European Pharmacopoeia. [Internet].
Strasbourg: Council of Europe; 2026 [cited
2026  Apr  23].  Available from:
https://www.edqm.eu/en/european-
pharmacopoeia.

International Council for Harmonisation. CH
guideline Q2(R2): Validation of analytical
procedures [Internet]. 2023 [cited 2023 Nov
1]. Available from:
https://database.ich.org/sites/default/files/IC
H_Q2(R2) Guideline 2023 1130.pdf.
International Council for Harmonisation.
ICH guideline Q14(R2): Stability testing of
new drug substances and products [Internet].
2003 [cited 2003 Feb 6]. Available from:
https://database.ich.org/sites/default/files/Q1
A%28R2%29%20Guideline.pdf.

Kashid A, Kadam R. Stability-indicating
high-performance thin-layer
chromatography method for the
simultaneous estimation of emtricitabine and
tenofovir alafenamide fumarate. J Planar
Chromatogr. 2021;34:253-261.
https://doi.org/10.1007/s00764-021-00080-
I

International Council for Harmonisation.
ICH guideline Q1B: Photostability testing of
new drug substances and products. Geneva:
International Council for Harmonisation;
1996.

Shinde S, Khulbe P. Analytical method
validation: a comprehensive review of
current practices. South East Eur J Public
Health. 2023;21:244-254.
https://doi.org/10.70135/seejph.vi.6516.
Konam K, Reddy S. A stability indicating
method development and validation for the
simultaneous estimation of emtricitabine,
tenofovir alafenamide and dolutegravir in
pharmaceutical ~ formulation by ultra
performance liquid chromatography. Res J
Pharm Tech. 2021;14:6017-6024.
https://doi.org/10.52711/0974-
360X.2021.01046.

Amudala Y, Rao Y. Current advances in
pharmaceutical ~ analysis and  method
development using high performance liquid
chromatography. J Pharma Insights Res.
2025;3:15-23.
https://doi.org/10.69613/yw231t95.

1JDDT Volume 16 Issue 73s 2026

Page: 691



