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The (E)-isomer of rilpivirine is an approved antiretroviral drug used to treat
human immunodeficiency virus. A simple, fast, accurate, and precise analyti-
cal method is required to confirm the quality, purity, efficacy, and safety of drug
substances and drug products containing rilpivirine. This research article offers
a comprehensive ultra-high performance liquid chromatography method for the
simultaneous separation and quantification of (E) and (Z) isomers of rilpivirine,
including two amide impurities, one nitrile impurity, and one dimer impurity,
in both bulk and tablet forms. After complete validation, the proposed reversed-
phase ultra-high-performance liquid chromatography method has proven to be
simple, fast, linear, accurate, and precise, with a lower limit of quantification
and detection of 0.05 and 0.03 μg/ml, respectively, for all six analytes. Sepa-
ration was achieved on a Waters Acquity ethylene bridged hybrid Shield RP18
(150 × 2.1 mm, 1.7 μm) column maintained at 35.0◦C using a gradient elution
of acetonitrile and 0.05% formic acid in 10 mM ammonium formate at a flow
rate of 0.30 ml/min. A systematic forced degradation study on the undissolved
rilpivirine revealed the formation of acid-base hydrolyzed amide impurities
(Impurity-A and Impurity-B), oxidative nitrile impurities (Impurity-C), and Z-
isomer and dimer impurities of rilpivirine (Impurity-D and Impurity-E) due
to alkaline hydrolysis and photodegradation. The proposed method is primar-
ily appropriate for applications requiring the precise determination of desired
and undesired isomers of rilpivirine and its degradation products, such as those
involving the safety, efficacy, and quality roles of rilpivirine in bulk and tablet
forms. Additionally, the proposed ultra-high-performance liquid chromatogra-
phy method in combination with a mass spectrometer and photo-diode array
detector is helpful for the confirmation and correct identification of all analytes.

Article Related Abbreviations: BEH, ethylene bridged hybrid; ICH, International Conference on Harmonization; PDA, photodiode array; QC,
quality control; RRF, relative response factor; RRT, relative retention time; USP, United States Pharmacopoeia.
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1 INTRODUCTION

According to the world health organization and summary
of the global HIV epidemic 2021 report, approximately 38.4
million people worldwide were living with HIV in 2021,
with an estimated 650 000 people dying as a result of
HIV-related illness, demonstratingwhyHIV remains a sig-
nificant global public health issue. There is no medicine to
cure HIV infection. However, with prevention, diagnosis,
inhibition, and proper nursing, it has become manageable
to start long and healthy lives [1].
Rilpivirine is a highly potent second-generation non-

nucleoside reverse transcriptase inhibitor used in the
treatment of HIV with minimal side effects. Rilpivirine
HCl is available as a white, solid powder and belongs to
the biopharmaceutics classification system class II (low
solubility and high permeability). It shows solubility in
organic solvents (dimethyl sulfoxide, dimethylformamide,
methanol, dichloromethane, and ACN) and is insoluble
in water. Based on published work, there are two iso-
mers of rilpivirine HCl, which are available as isomer
(E) and isomer (Z). Rilpivirine isomer (E) is a more
desired drug molecule in the treatment than its isomer
(Z), and hence, the presence of the Z isomer in the
pure drug substance of rilpivirine is treated as a specified
known impurity [2]. Additionally, the literature addressed
the rilpivirine HCl degradation under moderately acidic,
basic, and oxidative conditions, as well as the generation
of unexplained degradation products. The possibility of
the formation of degradation products during different
processes like the synthesis of drug substances, the manu-
facturing of tablets, and the storage of bulk and tablets are
high.
Globally, all regulatory agencies are asking for data on

impurities, their toxicity, and their control to verify any
medicine’s purity, quality, safety, and efficacy. Analytical
data related to the number of impurities, their control,
their presence, and their increment over the storage period
in drug substances and drug products is important for
approval for their administration in treatment [3]. Hence, a
simple, fast, and stability-indicating analytical method is,
therefore, necessary to ensure: (i) simultaneous quantifi-
cation of assay and related substances, (ii) detection and
quantification of all degradants at lower LOD and LOQs,
(iii) satisfactory separation of both (E and Z) isomer, (iv)
absence of isomerization during the formulation and sta-
bility period of drug products, and (v) vigilant control of

new drug formulation and new packaging for the drug
product.
Several different techniques have been described in

the literature for the estimation of rilpivirine in phar-
maceutical and biological samples. A thorough literature
review study demonstrated that different analytical tech-
niques were used for the estimation of rilpivirine as a
single content using spectrophotometric [4, 5], HPTLC
[6], HPLC [7–10], UPLC [11], LC-MS [12], and LC-MS/MS
[13–15] in different matrixes (bulk, tablets, nanoparti-
cles, saliva, serum, and human plasma). The literature
also revealed the number of methods including RP-HPLC
[16–26], HPLC-MS/MS [27–31], RP-UPLC [32–33], and
UPLC-MS/MS [34–36] for the determination of rilpivirine
in the presence of other antiretroviral drug molecules. To
the best of our knowledge, there are only three reported
works for the determination of rilpivirine with limited
impurities and or in presence of degradation products
in pharmaceutical samples by HPLC. Those reported
methods were, however, limited to the separation, speed,
and sensitivity, as well as not having more informa-
tion on degradants formed in the degradation study. The
HPLC method with phosphate buffer mobile phase was
described by Marineni et al. with a 45-min run time for
the determination of rilpivirine in the presence of poten-
tial impurities with higher LOD and LOQ values [37]. To
explain the rilpivirine HCl degradation process, Chilukuri
et al. employed a 10-min run-time liquid chromatographic
method for rilpivirine and six impurities with limited sep-
aration [38]. The HPLC method with a 5-min run time
was developed by Vejendla et al. for the determination
of cabotegravir and rilpivirine with a LOD of 0.375 μg/ml
and a LOQ of 1.238 μg/ml for rilpivirine, and their total
four degradation products were characterized [39]. How-
ever, none of the above-described or reported methods
focused or explained on the dimer impurity of rilpivirine
(a photodegradation impurity) or the Rilpivirine amide-2
impurity (a base hydrolysis impurity).
The goal of the presented research work was to develop

an improved, rapid, and validated UHPLC methodology
for the simultaneous separation and quantification of (E)
and (Z) isomers of rilpivirine, including two amide impu-
rities, one nitrile impurity, and one dimer impurity, in both
bulk and tablet forms on an achiral column. The column
with the description of Waters Acquity ethylene bridged
hybrid (BEH) Shield RP18, 150mm length, 2.1 mm internal
diameter, and 1.7 μm particle size was selected because of
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its confirmed improved separation of (E) and (Z) isomers
of rilpivirine, including four more degradation products.
In this article (by explaining the development, valida-
tion, robustness, and applicability of the proposed method
and force degradation study) we targeted to achieve the
UHPLCmethod for simultaneous determination of all ana-
lytes in a single injection and a single wavelength. We
also discussed the impact of the slight change in relevant
chromatographic parameters and their accompanying out-
comes, such as separation, LODs, LOQs, accuracy, and pre-
cision, often absent or limited in the reported work despite
their importance for assessing the quality and applicabil-
ity. Finally, we reported and explained here for the first
time the acid-base hydrolysis, oxidation, and photodegra-
dation of rilpivirine HCl and the formation of a series of
respective degradation products (Impurity-A–E). For the
first time, we described the development and validation of
a UHPLC method for simultaneous qualitative and quan-
titative analysis of both isomers of rilpivirine (E and Z),
acid-base hydrolyzed amide impurities (Impurity-A and
Impurity-B), oxidative nitrile impurity (Impurity-C), and
dimer degradation product (Impurity-E) with improved
separation and sensitivity. Additionally, explained the
significance of coupling of proposed UHPLC-PDA instru-
ment with a mass spectrophotometer detector for cor-
rect identification and confirmation of all mentioned
analytes based on their molecular weight and spectra.
The structural formulas of Rilpivirine isomer (E), Aryl
amide impurity (Impurity-A), Rilpivirine amide-1 impu-
rity (Impurity-B), oxidative nitrile impurity (Impurity-C),
Z-isomer of Rilpivirine (Impurity-D), and dimer impurity
(Impurity-E) are displayed in Figure 1.

2 MATERIALS ANDMETHODS

2.1 Chemicals and reagents

The ultrapure milli-Q water was obtained by aMilli-Q sys-
tem (Merck Millipore), and ACN and methanol (LC/MS
grades of Thermo Fisher Scientific and HPLC grades of
Merck), dimethyl formamide (HPLC grades of Qualigens;
Thermo Fisher Scientific), and formic acid (Analytical
grade, Merck) were used to prepare solutions. The ammo-
nium formate (Honeywell and Sigma-Aldrich) was used
to prepare mobile phase-A, and the buffer was filtered
through Millipore 0.20 μm, White Nylon, and GNWP
47 mm (Merck). The in-house reference standards for all
impurities, degradation products, and rilpivirine HCl were
used. The excipients and placebo in tablet formulations
were of standard grade, and samples of rilpivirine HCl
drug substance and tablets (25 mg) were used wherever
applicable.

2.2 Equipment and software

All activities related to method development, method val-
idation, force degradation study, robustness study, and
applicability of the method were performed on Waters
(Milford, MA, USA) Acquity UHPLC H-class systems
equipped with a quaternary solvent manager delivery
pump, an autosampler with sample manager with a
flow-through needle, a column manager, a photodiode
array (PDA) detector, a tunable UV detector, and a
Quadrupole Dalton mass spectrometer detector with an
electrospray ionization source (Waters Corporation). The
data acquisition, monitoring, instrument control, and data
processing were performed using Empower 3 software
(Waters).

2.3 Preparation of solutions

A mixture of ACN and Milli-Q water (8/2, v/v) was used
as the dilution solvent. The standard solution and drug
substance sample solution of rilpivirine HCl (0.1 mg/ml)
was prepared by dissolving content in 5% of dimethylfor-
mamide and diluted to the volume with dilution solvent.
The resolution solution contained rilpivirine HCl at 100%
and each impurity at a 0.5% level. Tablet sample solution
(0.1 mg/ml) was prepared by using a crush of 20 tablets
and in which suitable content was mixed mechanically for
10 min with 5% of dimethylformamide and diluted to the
volume with dilution solvent. The detailed procedures of
preparations are summarized in Section S2.3.

2.4 Development of an analytical
method

The most important goal for this research was the devel-
opment of a mass spectrometer-compatible RP-UHPLC
method useful for the separation, identification, and
simultaneous quantification of the assay, process-related
impurities, and potential specified and unspecified degra-
dation products in a single run and at a single wavelength.
The objectives also include a timesaving validated method
with a broad range of efficiencies that provides higher
separation and improved detection with a quick analy-
sis time and maximum sensitivity. Method development
activity was organized and carried out to optimize the
suitable RP-UHPLC chromatographic parameters (mobile
phases, column, detection wavelength, injection volume,
and column temperature), dilution solvent, standard and
sample preparation, and suitable filter for filtration of
tablet solution. In the method development activity for the
optimization of different parameters (UHPLC and mass
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F IGURE 1 Molecular structure of Rilpivirine (E) isomer, Rilpivirine (Z) isomer, Rilpivirine amide-1 impurity, Aryl amide impurity,
Rilpivirine Nitrile Impurity, Rilpivirine dimer impurity, (E)-Rilpivirine HCl, and (Z)-Rilpivirine HCl.

spectrometer), the resolution solution and stressed drug
substance sample solutions were used.

2.5 Validation of the method

After optimization of all parameters in the method devel-
opment activity, the proposed RP-UHPLC method was
validated as per International Conference on Harmoniza-
tion (ICH) guidelines on the validation of analytical pro-
cedures. Different validation parameters, including selec-
tivity or specificity, accuracy, precision, linearity, range,
LOD, LOQ, solution stability, and system suitability test,
were studied [40, 41]. Additionally, the filtration study and
relative response factors (RRFs) for all five degradation
products were determined. The additional details, plan-
ning, and acceptance criteria of each validation parameter
are summarized in Section S2.5.

2.6 Robustness study

In the robustness study of the proposed experimental
setup, different parameters and one parameter at a time
were investigated. The robustness was examined and
established with the lower and higher variation of the total

of six different parameters indicated in the proposed chro-
matographic conditions. The chromatographic conditions
parameters such asmobile phase flow (±0.05ml/min), col-
umn temperature (±5.0◦C), slope gradient (±1.0 min), the
concentration of formic acid inmobile phase A (±0.05ml),
the concentration of 10 mM ammonium formate in mobile
phase A (±20%), and finally change in column age with
a lot to lot, different lot of chemicals and reagents were
studied in the robustness study. The impact of all these
purposeful changes on the retention time, United States
Pharmacopoeia (USP) tailing, USP theoretical plates, S/N
(at LOD and LOQ level), the precision of peak areas, and
peak separation was investigated.

2.7 Forced degradation study

A forced degradation study of rilpivirine HCl was per-
formed as per ICH guidelines on stability testing of new
drug substances and products. To evaluate the stability-
indicating properties of the proposed UHPLC method
intended to be used for the analysis of rilpivirine HCl
drug substance a stressing study on solid drug substance,
was initiated. These stresses were carried out to evaluate
the effects of acid (HCl), alkaline (NaOH), and neu-
tral (water) hydrolysis and an oxidizing agent (H2O2) in
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combination with high temperature and room tempera-
ture on solid rilpivirine HCl. Additionally, the stressing
with thermal conditions (at 80◦C and 120◦C), heat with
humidity conditions (at 70◦C and 75% relative humidity),
metal ion conditions, and ICH light were carried out on
solid rilpivirine HCl to evaluate stability. The objective of
this forced degradation study is to generate the maximum
number of degradation products from the rilpivirine HCl
and separate them for qualitative and quantitative analy-
sis. In the unbuffered aqueous hydrolysis (acid, alkaline,
and neutral) stressing, 2 ml of HCl, NaOH, and water
were added to a known amount of solid drug substance
of rilpivirine HCl and exposed at room temperature for
4, 5, and 30 days and at 80◦C for 5 h. For an oxidative
stress study of rilpivirine HCl, 2ml of H2O2 (3.0% and 30%)
was added to a known amount of solid drug substance of
rilpivirine HCl and exposed at room temperature for 4, 5,
and 30 days and at 80◦C for 5 h. To study the effect of
thermal (at 80◦C and 120◦C) and heat with humidity (at
70◦C and 75% relative humidity) stress, a solid drug sub-
stance of rilpivirineHClwas exposed in the respective oven
for 30 days. At programmed time intervals of 4, 5, and 30
days, aliquots of the stressed sample were withdrawn and
analyzed as per requirement. The photolytic degradation
study was done by exposing the solid drug substance of
rilpivirine HCl to ICH light, providing an overall illumina-
tion of not less than 1.2 million lux hours and an integrated
near ultraviolet energy of not less than 200-watt hours per
square meter in the photostability chamber. Along with
all stressed samples, the unspiked sample solution was
prepared and kept in dark under the room temperature
conditions and for the same period. To study further degra-
dation and confirm secondary degradations in acid and
basic hydrolysis, no stressed sample solution was neutral-
ized. After each stressing, all samples were dissolved in
5.0% of dimethylformamide and then diluted with a dilu-
tion solvent to the expected concentration of 0.1 mg/ml.
Then all solutionswere analyzed using the proposedmeth-
ods. The complete plans of forced degradation studies are
summarized in tabular form in Table S1.

2.8 Applicability of method in routine
analysis

After achieving a successful validation outcome, the appli-
cability of the proposed methods was confirmed by testing
two batches of drug substance and two batches of tablet
formulations of rilpivirine HCl. All selected samples were
prepared (unspiked and spiked) as per the mentioned
procedure and then analyzed and assessed on a PDA
detector for simultaneous quantification and on a mass
spectrometer detector to confirm their peaks and results.

3 RESULTS AND DISCUSSION

3.1 Development of an analytical
method

Based on the main goal of this research work, optimiza-
tions of different parameters were carried out, and a
simple and new RP-UHPLCmethod was developed for the
simultaneous quantification of rilpivirine HCl and its five
degradation products in a single run at a singlewavelength.
All these parameters were optimized and adjusted in such
a way that all six analytes were successfully separated
from the blank interference peak, placebo peak, and all
other potential unknown degradants. Moreover, all opti-
mized parameters were fine-tuned and evaluated based
on adequate resolution, a stable baseline, a sharp peak
without matrix impact, and better peak responses to make
the developed method speedy, cost-effective, and simple
enough to be used in the quality control (QC) laboratory
of the pharmaceutical industry.

3.1.1 Optimization of mobile phase and
stationary phase

The optimization of chromatographic conditions, specifi-
cally the composition of the selectedmobile phases and the
selection of a suitable analytical column, was optimized to
get sharp, symmetrical peaks and improved separation in
a shorter run time. The method development work started
with the selected buffers, organic phase, and stationary
phase, which offer a working range in reverse phase anal-
ysis and are compatible with mass spectrometer detector
analysis. In the investigation, the aqueous mobile phase
contains the selected buffers such as 0.1% formic acid,
ammonium formate (5, 10, and 20 mM), diverse ratios of
formic acid (0.05, 0.1, and 0.2%) in ammonium formate (5,
10, and 20 mM), 0.1% acetic acid, ammonium acetate (5,
10, and 20 mM), and diverse ratios of acetic acid (0.05, 0.1,
and 0.2%) in ammonium acetate (5, 10, and 20 mM). These
chosen buffers were investigated in coupling with ACN,
methanol, and their mixtures as an organic mobile phase.
The effects of a total of four ACQUITY UPLC columns
(column-1: BEHC18, column-2: BEHShield RP18, column-
3: charged surface hybridC18, and column-4: high strength
silica T3) with the same dimensions (150 mm long, 2.1 mm
id, 1.7/1.8 μmparticle size)were investigated as a stationary
phase with the listed mobile phases.
The use of pure methanol or a mixture with ACN as an

organic mobile phase with a selected buffer solution was
quite useful, and the peak shape of some analytes showed
a higher tailing factor when compared to pure ACN. How-
ever, in the case of ACN as an organic mobile phase, as
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the composition was increased in gradient mode, the early
peak elution with the suitable resolution and tailing factor
in lower run time was observed with almost all aqueous
buffers. However, improved separations between all ana-
lytes were accomplished with the use of a pH modifier in
a formate or acetate buffer. Among all selected buffers in
combination with ACN, the best sharp peak shape, and
excellent separationwere achievedwhen0.05% formic acid
was added as a pH modifier in a 10 mM ammonium for-
mate buffer. A decreased pHvalue of 20mM in the aqueous
buffer with the use of 0.2% formic acid was impacted pos-
itively and increased the retention of all analytes, their
resolution, and the tailing factor of the rilpivirine peak.
Different flow rates of selected mobile phases were inves-
tigated in the range of 0.2–0.4 ml/min. A stable baseline,
high separation in all analytes, and acceptable parameters
related to peak (shape, tailing, and theoretical plates) were
obtained at a flow rate of 0.30 ml/min, which eluted all
desired peaks in a run time of 13 min and offered a peak
resolution of more than 3.5 in any two coeluted analytes.
Among these selected four columns with 2.1 internal

diameter and 1.7 μm particle size and 150 mm longer
columns, better separation, a sharp peak shape, and a
lower run time were obtained with column-2 (BEH Shield
RP18). The Acquity UPLC BEH Shield RP18, 150 mm long,
2.1 mm id, and 1.7 μm particle size columns are based on
an embedded carbamate group into the bonded phase lig-
and with a wide working pH range. Compared to the other
three columns of the same particle size, same internal
diameter, and same 150 mm length, the BEH Shield RP18
column produces excellent efficiency and high-resolution
separations. It supports enhanced sharp peak shapes and
more precise and accurate results due to the embedded car-
bamate group into the bonded phase ligand chemistries.
This optimized BEH Shield RP18 column is also known for
its quite high backpressure, reproducibility with different
lot numbers, and certainty in chromatographic separa-
tions. Additionally, based on some trials, it was concluded
that the use of columns with a shorter length (50 and
100 mm) was helpful to decrease the run time, and all
mentioned analytes were eluted within 10 min. However,
degradants formed in base hydrolysis were impacting the
peaks of impurity A and B, and a decreased resolution was
observed between all analytes.

3.1.2 Optimization of other
chromatographic conditions

Further optimization of chromatographic condition
parameters was done with the help of optimized mobile
phases and stationary phases (columns). The influence of
diverse column temperatures (in the range of 20–45◦C) on

peak responses, peak resolution, peak shape, tailing, and
theoretical plates was also investigated. At the higher side
of the column temperature (45◦C), all peaks were eluted
early, and the separations between all analytes were quite
lower than 1.5. However, at the lower side of the column
temperature (20◦C), all analytes were eluted after 10 min
with moderate peak separation and a quite broader peak
shape. The most excellent resolution was achieved at 35◦C
with a sharp peak, precise elution, better peak responses,
and results. The recorded PDA spectra were investigated at
different wavelengths to find a common single wavelength
for the quantification of all analytes. Based on the lambda
max values of all analytes, we also investigated responses
at 280, 282, 293, 305, and 341 nm. Maximum detection for
all six analytes was observed at a 305 nm wavelength with
a stable baseline.
The responses of all six analytes were investigated with

diverse injection volumes in solutions containing different
concentrations of analytes (0.05, 0.10, and 0.20 mg/ml).
The various injection volumes in the range of 1.0–4.0 μl
of spiked standard solution with different concentrations
were injected to optimize the final concentration with
a suitable injection volume. Finally, based on the out-
come of the responses at LOD and considering the load
of sample concentration on the column and the sharp
peak shape, 1.0 μl of the 0.10 mg/ml standard solution
concentration was assessed as a suitable injection vol-
ume and concentration for the test solution. All analytes
show limited solubility in ACN and methanol and hence
to increase the solubility of all analytes, dimethyl for-
mamide was included to dissolve the content in the first
place. It was investigated and concluded that the addi-
tion of 5% dimethylformamide to dissolve the content and
then final dilution with a mixture of ACN and water (8/2,
v/v) were providing a stable and higher response. The
addition of dimethyl formamide in the first place during
solution preparation was helpful to decrease the shaking
time for solid content to get dissolved. It also improved
the solubility and reproducibility of the peak responses
for all analytes, as demonstrated by the adequate, accu-
rate, and precise outcomes. However, the standard and
drug substance sample solutions need a minimum of
30 min of mechanical shaking to dissolve all content
in the mentioned dilution solvent without the use of
dimethylformamide or sonication, and this was investi-
gated. Importantly, although this method uses a simple
5% dimethyl formamide extraction step, it can easily be
applied to the analysis that quantifies all analytes in more
complex matrices by using the LC-MS instrument.
Additionally, different tablet placebos (with andwithout

sodium stearyl fumarate) were studied and investigated in
detail for the elution of placebo peaks. One of the major
challenges when developing analytical methods is to elute
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out and detect the placebo peaks in the tablet sample solu-
tion. The solution of tablet formulations manufactured
with the use of sodium stearyl fumarate shows a placebo
peak after the elution of all six analytes. A higher amount
of ACN for a certain time needs to pass through the column
to elute out the placebo peak from the column. Other-
wise, the respective placebo peak will elute out in the next
injection and can be misinterpreted by the user. None of
the published methods investigated and explained such
challenges.
In the end, themass spectrometer parameters were eval-

uated with the optimized mobile phases, column, and
other UHPLC chromatographic parameters for correct
identification and confirmation of all peaks. The diverse
values of probe temperature, cone voltage, and capillary
voltage for both modes were investigated to identify suit-
able mass spectrometer parameters. After a detailed study,
the parameters of the mass spectrometer were finalized
as follows: The m/z was extracted in positive and nega-
tive ESI modes at 600◦C as the probe temperature, with
a capillary voltage for the positive mode of 1.2 kV and
a negative mode of 0.8 kV. The MS scan in positive and
negative modes was set to scan the m/z from 100.00 to
1000.00. The sampling rate was 10 points/second, and
the gain value was 1.0, with 10 V as the cone voltage.
All optimized UHPLC chromatographic parameters and
mass spectrometer parameters are summarized in Table
S2. The representative chromatogram of a spiked 25 mg
tablet sample solution of rilpivirine HCl by the proposed
UHPLC method is represented in Figure 2, and the chro-
matogram of a spiked sample solution of rilpivirine HCl
drug substance is in Figure S1.

3.2 Validation of the method

According to ICH guidelines [40, 41], the performance
of the proposed UHPLC method was evaluated in terms
of specificity, accuracy, precision, linearity, range, LOD,
LOQ, solution stability, system suitability test, RRFs, and
filtration study. The representative outcomes of all these
parameters are reported in Table 1.

3.2.1 Selectivity/Specificity

The ability of the proposed UHPLC method to sepa-
rate, identify and measure all mentioned analytes in the
presence of a sample matrix without interference was
confirmed in the specificity/selectivity parameters. It was
confirmed based on the evaluation of chromatograms of
the blank, placebo solutions of the tablet, resolution solu-
tion, standard solution, individual solution of all degra-

dation products, spiked sample solution, and unspiked
sample solution of drug substance and tablet formulation.
All peaks of mentioned degradation products were sep-
arated from each other and the peak of the rilpivirine.
There were no interfering peaks and no coelution of peaks
with blank, dilution solvent, and different placebo solu-
tions, each other, and the peak of the rilpivirine HCl. The
peak purity for rilpivirine HCl was confirmed based on
an observed lower value of purity angle than the observed
value of purity threshold in all injected solutions includ-
ing solutions of forced degradation study. Moreover, the
very negligible variations between retention times, λmax
values observed in online PDA spectra, and molecular
weight of each analyte in the standard and sample solu-
tions in themass spectrumexplain the accurate andprecise
analyte peak identification. Based on the comprehen-
sive outcomes, concluded that the proposed RP-UHPLC
method is specific or selective for the six selected analytes
in bulk and tablet forms. The overlay chromatogram of the
blank, tablet placebos, individual impurity solution, and
spiked sample solution of tablet and drug substance are
shown in Figures S2 and S3.

3.2.2 Accuracy

The accuracy parameter expresses the closeness of agree-
ment between the true value (added amount) and the
value found (observed amount). The individual recover-
ies for rilpivirine HCl at seven lower concentration levels
(0.05%–5.0% w/w) were observed to be in the accepted
range of 97.5%–112.5%, and at seven higher concentration
levels (25%–150% w/w), recoveries were within 99.2%–
100.7%. The accuracy for all degradation products was
established at seven concentration levels in the range of
0.05%–2.0% w/w, and the individual and mean recoveries
for all degradation products were found to be in the range
of 91.6%–109.1% and 96.3%–107.6%, respectively. The values
of the determined RRF were used in the calculation of the
accuracy of all degradation products. The outcome of the
accuracy parameter concerning all recoveries is presented
in Tables S3 and S4.

3.2.3 Precision

The precision of an analytical method is nothing but a
closeness of agreement (also known as the degree of scat-
ter) between the series of determinations acquired from
several testing of the same sample under the specified
conditions. The precisionwas expressed as system repeata-
bility, analysis repeatability, and intermediate precision.
The system repeatability parameter was estimated and
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TABLE 1 Outcome of method validation of UHPLC method (for quantification) and UHPLC-PDA-ESI-MS method (for confirmation).

Parameter Impurity-A Impurity-B Impurity-C Impurity-D Rilpivirine Impurity-E
Peak number 1 2 3 4 5 6
Retention time
(min)

7.7 8.1 10.3 11.0 11.4 12.5

Relative retention
time

0.68 0.71 0.90 0.96 1.00 1.10

LOD (μg/ml) 0.03 0.03 0.03 0.03 0.03 0.03
Lower LOQ
(μg/ml)

0.05 0.05 0.05 0.05 0.05 0.05

Upper LOQ
(μg/ml)

2.0 2.0 2.0 2.0 150.0 2.0

S/N in LOD
solution

8.0 6.2 3.8 5.5 8.6 3.6

S/N in lower LOQ
solution

15.4 12.2 11.1 11.9 15.9 10.8

Regression
equation

y = 17143.5x –
60.5

y = 15633.1x +
27.4

y = 9146.3x +
20.6

y = 16475.6x –
10.8

y = 21380.1x +
12427.6

y = 15956.9x –
25.7

Coefficient of
determination
(R2)

0.9997 0.9997 0.9998 0.9999 0.9999 0.9998

%RSD for response
factor

2.3 3.6 2.7 2.0 3.5 2.1

Linearity range
(μg/ml)

0.050–2.0 0.050–2.0 0.050–2.0 0.050–2.0 0.050–150.0 0.050–2.0

Stability of
solutions (at RT)

7 days 7 days 7 days 7 days 7 days 7 days

Filter for sample
filtrationa

0.45 μm 0.45 μm 0.45 μm 0.45 μm 0.45 μm 0.45 μm

Relative response
factor

0.802 0.731 0.428 0.771 1.000 0.746

Purity angle 11.641 12.158 0.513 9.045 0.160 9.546
Purity threshold 16.806 24.292 1.655 19.330 0.428 26.451
Molecular formula C22H20N6O C22H20N6O C11H12N2 C22H18N6 C22H18N6 C44H36N12

Minimum USP
resolutionb

NA 4.2 25.7 6.0 4.1 12.7

Maximum USP
tailingb

1.2 1.1 1.1 1.1 1.1 1.2

Minimum USP
plate Countb

187 536 192 028 253 857 278 371 286 348 306 410

Molecular weight
(g/mol)

384.44 384.44 172.23 366.43 366.43 732.86

Exact mass [M]
(g/mol)

384.17 384.17 172.10 366.16 366.16 732.32

Molecular ion
[M ± H]

[M + H] + [M + H] + [M + H] + [M—H] − [M—H] − [M—H] −

m/z value in
standard

385.5 385.5 173.3 365.3 365.3 731.6

m/z value in the
sample

385.5 385.5 173.3 365.3 365.3 731.6

NA: Not applicable.
RT: Room temperature.
aPall, Acrodisc CR 25 mm syringe filter with 0.45 μm PTFE membrane, part No. 4219T filter.
bIn method validation, robustness, and forced degradation study.
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F IGURE 2 Full view and zoom view chromatogram of spiked 25 mg tablet sample solution of rilpivirine HCl.

confirmed by injecting six replicates of 100% standard solu-
tion of the rilpivirine HCl with acceptance criteria for a
%RSD of ≤ 0.73% for peak area and retention time in
each sample set of complete method validation. The anal-
ysis repeatability was determined as a %RSD on three
determinations at all seven different concentration levels,
which concluded as an individual recovery in the accuracy
parameter. The %RSD was found to be below 4.7% for all
five degradation products in the range of LOQ to 2.0%. The
%RSD was found to be below 0.2% for the assay range of
rilpivirine HCl, and at a lower range (0.05%–5.0%), it was
within 4.4%.
The intermediate precision was proved by investigat-

ing two separate series of six spiked samples on different
UHPLCs by using different columns on separate days
with separate preparations. The selected drug substance of
rilpivirine HCl did not contain all the mentioned degra-
dation products, and samples of tablets of rilpivirine HCl
contained only twodegradation products.Hence, all degra-
dation products were spiked into the six separate sample
solutions of rilpivirine HCl drug substance and tablet sam-

ples in the range of 0.2%–0.6%. For both analysts, the%RSD
values obtained for the six replicates of spiked sample solu-
tion and the average of the 12 replicates yielded for each
degradation product was less than 3.8%, and the %RSD for
the rilpivirine HCl assay values was less than 0.6%. The
total results of all three parameters were confirmed by the
precision of the method. The symbolic outcomes of these
three parameters are presented in Tables S3–S7.

3.2.4 Linearity and range

The linearity of the proposed UHPLC method was exam-
ined by preparing and injecting a series of reference
standard solutions in triplicate preparation in the range
of the LOQ (0.05%) to 150.0% of the concentration of
rilpivirine HCl in the test solution. For all five degradation
products, the linearity was tested by preparing and inject-
ing a series of standard solutions in triplicate preparations
in the range of LOQ (0.05%) to 2.0% of the concentra-
tion of the test solution. Three separate stock standard
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solutions of all degradation products were prepared at a
concentration of 0.1 mg/ml and were further diluted to
obtain seven different concentrations in the range of 0.05–
2.0 μg/ml (0.05%–2.0%). Three separate stock standard
solutions (0.1 mg/ml) were prepared for all seven lower-
concentration solutions of rilpivirine HCl, ranging from
0.05 to 5.0 μg/ml (0.05%–5.0%). At a higher concentration
of rilpivirine HCl, seven levels of solutions were prepared
in the range of 25–150 μg/ml (25%–150%) in triplicate prepa-
rations. An observed value of the correlation coefficient
(R2) of≥ 0.9997 for rilpivirine HCl and for all five degrada-
tion products confirmed that the proposedUHPLCmethod
is linear in the tested concentration range. The %RSD of
response factors was less than 3.6% for all five degrada-
tion products, and it was less than 3.5% for rilpivirine
HCl (in the range of 0.05–150 μg/ml), and less than 0.4%
for rilpivirine HCl in the assay range (25–150 μg/ml).
Based on the total outcome observed in linearity, the
range for rilpivirine HCl was identified as between the
verified lower concentration of 0.05% (0.05 μg/ml) and a
higher concentration of 150% (150 μg/ml). However, the
range for all five degradation products was between 0.05%
(0.05 μg/ml) and 2.0% (2.0 μg/ml). The linearity graphs
for all six validated analytes are presented in Figure S4,
and the observed regression equation with the value of the
correlation coefficient is presented in Table 1.

3.2.5 LOD and LOQ

The limit of detection was proven by three injections of a
solution containing rilpivirine HCl and all five degrada-
tion products at a LOD level of 0.03 μg/ml (0.03%). The
S/N (USP s/n) obtained in the solution of the LOD for all
six analytes was in the range of 3.6–8.0 on two UHPLC
instruments and by using separate columns of different
ages.
The limit of quantitation was determined by inject-

ing three injections of a solution containing rilpivirine
HCl and all five degradation products at a LOQ level of
0.05 μg/ml (0.05%). The S/N (USP s/n) obtained in the solu-
tion of the LOQ for all six analytes was in the range of
10.8–15.9 on two UHPLC instruments and by using sepa-
rate columns of different ages. The overlay chromatogram
of LOD and LOQ solutions for all six analytes is presented
in Figure S5, and the individual value of the S/N is in
Table 1.

3.2.6 Solution stability

The stability of the solutions was studied against freshly
prepared standard solutions. The total outcome in solu-

tion stability was confirmed that all standard solutions
(unspiked and spiked solutions at LOD, LOQ, and 100%
level) and sample solutions of drug substance and tablets
(unspiked and spiked) were found to be stable for 7 days
at room temperature (e.g., 22◦C) and at 5◦C in the refrig-
erator. The mobile phases, blank solution, and dilution
solvent stability are also investigated, and it is found that
all are stable for 7 days when stored at room temperature.

3.2.7 System suitability test

A system suitability test is an essential part of each ana-
lytical method, and hence this test was evaluated as part
of the method validation design. The system suitability
test parameters (resolution, %recovery, %RSD, S/N at LOD
level, %recovery at LOQ level, 5% retention time shift
window, and interference-free blank) were checked and
demonstrated during the whole method validation activ-
ity. In the evaluation of each validation parameter, it was
confirmed that %RSD of retention time and peak area in
replicate injections of standard solution for the rilpivirine
peak was less than 0.73%. The USP tailing was in the range
of 1.0–1.2 for all six analytes in all injections of standard and
sample solutions. The USP theoretical plates (efficiency)
for all the analytes were above 150 000 and separation
in between any mentioned coeluted two peaks was more
than 4.0. By this assessment, it was ensured that all chro-
matographic conditions were suitable for their intended
purpose before sample injection, intermittently after 12
injections of the sample, and after the last injection of the
sample. The different parameters listed in Table S8 were
ensured, and each time, all parameters met the acceptance
criteria.

3.2.8 Relative response factors

The RRFs for each degradation product were calculated
by using the respective slope values obtained in the linear-
ity test. The RRFs are a ratio of the slope of the respective
impurity to the slope of rilpivirine HCl in the assay range.
The calculated RRFs in three decimals are presented in
Table 1.

3.2.9 Filtration study

The filtration studywas conducted on the blank, unspiked,
and spiked 25mg tablet sample solutions of rilpivirine HCl
by using a Pall Acrodisc CR 25 mm syringe filter with
0.45 μm polytetrafluoroethylene membrane, part number
4219T filter. It was confirmed that there were no additional
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interfering peaks in the extracts of blank and sample solu-
tions collected from the filter. Based on the comparison of
results between unfiltered (centrifuged) and filtered sam-
ple solutions, it was assured that there is no significant
adsorption of any analytes under investigation onto the fil-
ter bed. Based on the validation outcomes, concluded that
the developed RP-UHPLC method is specific or selective
for the six selected analytes in bulk and tablet forms.
In summary of the validation outcome, based on all

acceptable outcomes it was concluded that the developed
UHPLC method defined here has improved separation,
speed, and sensitivity to determine concentrations of
rilpivirine and its five specified related substances in drug
substances and drug products. It also meets the accuracy,
precision, and linearity criteria for method validation, pro-
viding improved quality checks, and accurate and precise
quantification in different pharmaceutical matrices.

3.3 Robustness study

A comprehensive robustness study was carried out and
measured that the capacity of the proposed UHPLC
method remained unaffected by slight but intentional
variations in method parameters related to the instru-
ment, gradient, andmobile phase. Outcomes of robustness
revealed that the proposed UHPLC method was con-
trolled in terms of column temperature, flow rate, gradient
slope, the concentration of buffer and formic acid in
mobile phase A, and changes in a lot number of columns,
chemicals, and reagents, and proved its reliability for the
intended purposes of qualitative and quantitative analysis.
The sequence of minimum injections, including blanks,
LOD solution, LOQ solution, impurity spiked standard
solution-1 (six replicates), and impurity spiked standard
solution-2, was injected in the evaluation of each robust-
ness parameter. The injected solutions, such as the blank,
LOD solution, and LOQ solution, confirmed that therewas
no impact of varied parameters on the acceptable blank
pattern, S/N values, or accuracy at lower LOQ levels for all
six analytes. The recoveries for all six analytes (rilpivirine
at 100% level and all five impurities at 0.5% level) were
obtained in the range of 98%–102% with impurity-spiked
standard solution-2, confirming the consistency of accu-
racy in all intentionally changed parameters. The obtained
%RSD values of six replicate measurements for retention
time and peak area responses below 0.73% (for rilpivirine
at 100% level) and below 2.0% (for all five impurities
at 0.5% level) endorsed the scattering of a homogeneous
solution (precision) in all purposefully modified param-
eters. The slight variations in column temperature (35.0
± 5.0◦C), flow rate (0.30 ± 0.05 ml/min), gradient slope
(10.0 ± 1.0 min), the concentration of buffer in mobile
phase-A (10 ± 2 mM), the concentration of formic acid

in mobile phase-A (0.05% ± 0.01%), and change in a lot
number of column, chemicals, and reagents on separate
UHPLC had no significant effect on the chromatographic
outcome and results. The impact on the repeatability of
retention time, peak responses, USP tailing factor, USP
theoretical plate, and USP resolution was not significantly
affected under these six varied parameters at lower and
higher than nominal conditions. The detailed information
(overall impact, chromatograms, and major system suit-
ability parameters) of the robustness study is presented in
Figures S6–S11 and Tables S9–S14.

3.4 Forced degradation study

These forced degradation studies were executed to exam-
ine and prove the specificity, selectivity, and stability-
indicating nature of the proposed UHPLC method for
the identification, assay, and chromatographic purity of
rilpivirine. All prepared stressed sample solutions of
rilpivirine HCl under various stress conditions were ana-
lyzed as per the proposed UHPLC instrument equipped
with a PDA detector and a mass spectrometer detector to
identify degradation products.

3.4.1 Acidic conditions

Based on the total outcome (results and chromatograms)
with acid stressing conditions, it can be concluded that a
solid drug substance sample of rilpivirine HCl is prone to
minor degradation under acidic conditions (5 M HCl at
80◦C for 5 h). About 0.60% degradation was observed as
active is degrading slowly in mentioned respective acidic
conditions. Both nitrile groups in the rilpivirine molecule
were hydrolyzed and formed two separate amide impuri-
ties. Both formed amide impurities were confirmed with
PDA and mass spectral data. However, stressing at room
temperature with 5 M HCl does not show such degrada-
tion and degradants, so it was concluded that rilpivirine
HCl was not susceptible to degradation under acidic con-
ditions (0.1 and 5 MHCl) at room temperature for 30 days.
No secondary degradation was observed, and all gener-
ated degradants were confirmed based on PDA and mass
spectral data. Mass balance is considered to be met since
stressed assay (%) and total degradation (%) values are near
the initial unstressed assay and impurity values.

3.4.2 Alkaline conditions

Stressing a solid drug substance sample of rilpivirine HCl
with NaOH (0.1 and 5 M) has shown that rilpivirine
HCl is susceptible to minor degradation under alkaline



12 of 20 MHASKE and KUMBHAR

conditions. About 1.9% degradationwas achieved, as active
is slightly reactive towards an alkaline condition. Within
5 h of stressing with 5 M NaOH at 80◦C, rilpivirine HCl
was degraded and formed an increment of 0.1% of impu-
rity A, 0.7% of impurity B, and 0.1% of impurity D, plus
five more degradants in the range of 0.1%–0.4% of total
impurities. However, after stressing with NaOH (0.1 and
5 M) at room temperature for 30 days, rilpivirine HCl
was degraded and formed only an increment of 0.1% in
the peak of impurity-B, 0.2% in the peak of Impurity-D,
two more degradants up to 0.1% and slight increment in
Impurity-A. The increases in total impurities were seen
from 0.25% (unstressed sample) to 0.7%, including all
minor degradants, at room temperature for 30 days and up
to 1.9%, including all minor degradants, at 80◦C for hours
when a solid drug substance of rilpivirineHClwas stressed
with 5MNaOH.No further degradationwas observed, and
all generated degradants were confirmed based on PDA
and mass spectral data. Mass balance is considered as met
since stressed assay (%) and total degradation (%) are close
to initial assay and impurity values.

3.4.3 Neutral conditions

Based on the observed results and chromatograms, it
can be concluded that rilpivirine HCl is not prone to
degradation under neutral conditions when treated with
water at room temperature for 30 days and at 80◦C
for 5 h. The observed results and chromatograms under
these conditions were exactly in line with the results and
chromatograms of the unstressed sample. Ideally, it was
expected that (no degradation) based on published infor-
mation that practically rilpivirine HCl is insoluble in water
across a broad pH range.

3.4.4 Oxidation conditions

Based on the total outcome (results and chromatograms)
with oxidation conditions, it can be concluded that a solid
drug substance sample of rilpivirine HCl is slightly sus-
ceptible to minor degradation under oxidation conditions
with 3.0 and 30% H2O2 at room temperature. About 1.9%
degradation was observed as active is degrading slowly at
room temperature in 30% H2O2 for 30 days oxidation con-
dition. However, it is prone to degradation with 3.0 and
30%H2O2 at 80◦C for 5 h and forms total degradants of 7.5%
and 22.7%, respectively. It was also identified that dissolved
rilpivirine (in solution form) was prone to major degrada-
tion and responsible for forming the degradation product
named nitrile impurity of rilpivirine (Impurity-C). Mass
balance is considered as met since stressed assay (%) and

total degradation (%) are near the values of the unstressed
sample.

3.4.5 Thermal conditions and heat with
humidity conditions

Based on the observed results and chromatograms, it can
be concluded that rilpivirine HCl is not susceptible to
degradation under thermal conditions when exposed at 80
and 120◦C for 30 days. As well, rilpivirine HCl is not prone
to degradation under 70◦C heat with 75% relative humid-
ity conditions for 30 days. The observed results (assay, total
impurities, and mass balance) and chromatograms under
these conditions were exactly in line with the results and
chromatograms of the unstressed sample.

3.4.6 Metal ion conditions

Based on the observed results and chromatograms, it
can be concluded that rilpivirine HCl is not suscep-
tible to degradation under metal ion conditions with
0.3 mM CuCl2 and 0.2 mM FeCl2.4H2O solution for 30
days. The observed chromatograms and results under
these conditions were exactly in line with the results and
chromatograms of the unstressed sample.

3.4.7 Photolytic conditions

Based on the observed results and chromatograms, it can
be concluded that rilpivirine HCl is slightly susceptible
to degradation under photolytic (ICH Light) conditions
for three cycles. Photodegradation of the rilpivirine HCl
drug substance was observed upon exposure to ICH
light with isomerization of rilpivirine HCl, which yielded
the Z-isomer of rilpivirine (Impurity-D). Besides the Z-
isomer of rilpivirine, another degradation product named
dimer impurity (Impurity-E) was detected. Mass balance
is considered as met since stressed assay (%) and total
degradation (%) are near to values of unstressed sample
solution.

3.4.8 Total summary of the forced
degradation study

All major degradation compounds were separated, and
no degradation compounds were found to co-elute with
the active peak for rilpivirine. This proves that the pro-
posed UHPLC method is the stability-indicating method.
Not all degradation compounds observed in the force
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degradation study experiment were structurally identified,
since the observed degradation compounds have never
been detected under accelerated or long-term storage con-
ditions. The major outcome of force degradation studies
on the solid drug substance of Rilpivirine HCl in reac-
tion representation forms is presented in Figure 3. The
detailed information (outcomes, chromatograms, and total
degradations) of complete forced degradation studies is
presented in Section 3.4, Figures S12–S30, and Table S15.

3.5 Applicability of method in routine
analysis

The applicability of the proposed validated methods in
routine quality control testing was confirmed by con-
ducting simultaneous analysis of chromatographic purity
and assay determinations on two batches of bulk sam-
ples and tablet formulation samples. In addition to it, the
same selected sample solutions were spiked with all five
degradation products and analyzed on a PDA detector
and a mass spectrometer detector. The observed content
of all mentioned analytes in unspiked and spiked sam-
ple solutions was determined using known amounts of
the reference standard rilpivirine HCl and determined
values of RRFs for impurities. The generated results indi-
cate the closeness of the observed values and the true
values of respective selected batches of drug substance
and tablet formulation. Based on the total outcome, it
was confirmed that the proposed UHPLC method can be
applied to any type of pharmaceutical formulationwithout
any further conversion or after simple method verifica-
tion. Additionally, it was confirmed that the proposed
UHPLC-PDA-ESI-MS method is very useful for the cor-
rect identification and confirmation of all peaks based on
observed molecular weight.

3.6 Correct identification and
confirmation by UHPLC-PDA-ESI-MS
method

The correct identification and confirmation of all desired
peaks and their results are important parameters in their
quantifications. Sometimes, due to the use of different
excipients in the drug products, such as tablet formula-
tions, the complex sample matrix may have an impact
on the analyte peak and the results. All standard and
sample solutions were analyzed by the UHPLC-PDA-ESI-
MS method, and the observed results were confirmed for
all desired peaks in the sample chromatogram. Addition-
ally, all prepared solutions in force degradation studies
were also analyzed by this proposed method to confirm

the peak of formed degradants. All analytes’ peaks were
pure, and no coelution was observed. The consistency of
observed results in all sample solutions was demonstrated
by comparing the values of molecular weights observed
with those in a standard solution of all analytes. The con-
sistency of observedm/z values withUHPLC-PDA-ESI-MS
of all analytes was also confirmed with expected m/z val-
ues with ESI-MS, extracted from ChemDraw Software.
Both isomers of rilpivirine (E and Z) and the dimer impu-
rity of rilpivirine were identified in the negative mode
as (M-H)– and the positive mode as [M+H] +. While
all three remaining degradation products were identified
only in the positive mode as [M+H]+ and confirmed as
impurity-A, impurity-B, and impurity-C. The generated
comprehensive data of mass spectral analysis and PDA
data were very useful for the correct identification and
confirmation of all desired peaks.

3.6.1 Confirmation of rilpivirine

In the UHPLC chromatogram, the main peak eluted at a
retention time of 11.4 min. was for the rilpivirine analyte.
In mass spectral data, the molecular ion peak of rilpivirine
was identified in positive and negative modes. However, in
the negative mode, the peak intensity was higher than in
the positive mode. In the negative mode of the mass spec-
tra, the molecular ion peak [M-H]− of rilpivirine as a base
peak appeared atm/z 365.3, having the molecular formula
C22H18N6. The exact molecular weight of rilpivirine is
366.4, and ideally, inmass spectra with ESI, it was expected
to appear at m/z 365.4 in negative mode. The peak purity
for rilpivirine was passed in PDA spectral data, and it was
confirmed by mass spectral data in all injected solutions.
The mass spectral data and observed online UV spectra for
rilpivirine observed in an unspiked tablet sample solution
are presented in Figure 4A,B.

3.6.2 Confirmation of impurity-A

The peak for impurity-A in the UHPLC chromatogram
was eluted at a retention time of 7.8 min. The molecular
ion peak [M+H]+ of impurity-A appeared at m/z 385.5,
having molecular formula C22H20N6O. The exact molec-
ular weight of impurity-A is 384.4, and ideally, in a mass
spectral analysis with ESI, it should appear at m/z 385.4.
In the force degradation study, impurity-A was generated
as a degradant due to hydrolysis (acidic and basic) and
oxidative degradation of rilpivirine HCl. The increment in
impurity-A was confirmed based on the increased peak
area, and peak purity was confirmed by PDA spectral
and mass spectral data for the respective peak. The mass



14 of 20 MHASKE and KUMBHAR

F IGURE 3 Representation of forced degradation studies (hydrolysis, oxidation, and photodegradation) on the solid drug substance of
rilpivirine HCl.
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F IGURE 4 Mass spectra and online UV absorption spectra recorded by photodiode array (PDA) detector for Rilpivirine and two
degradation products (Impurity-A and Impurity-B).

spectral data and observed online UV spectra for impurity-
A observed in HCl stressed sample solution are presented
in Figure 4C,D.

3.6.3 Confirmation of impurity-B

The peak for impurity-B in the UHPLC chromatogram
was eluted at a retention time of 8.1 min. The molecular

ion peak [M+H] + of impurity-B appeared at m/z 385.5,
having molecular formula C22H20N6O. The exact molec-
ular weight of impurity-B is 384.4, and ideally, in a mass
spectral analysis with ESI, it should appear at m/z 385.4.
Impurity-B was generated due to the hydrolysis of one
of the nitrile functional groups of rilpivirine HCl. The
increment of impurity-B was identified in acidic and basic
conditions degradation and confirmed the same based on
the increased peak area, and peak purity was confirmed by
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PDA spectral andmass spectrum data for respective peaks.
In the stressing of rilpivirine HCl under these basic con-
ditions, the rate of formation of impurity-B was greater
than the rate observed in acidic conditions at higher tem-
peratures. The mass spectral data and observed online UV
spectra for impurity-B observed in NaOH-stressed sample
solutions are presented in Figure 4E,F.

3.6.4 Confirmation of impurity–C

The peak for impurity-C in theUHPLC chromatogramwas
eluted at a peak retention time of 10.3 min. The molecu-
lar ion peak [M+H] + of impurity-C appeared atm/z 173.3
and hadmolecular formula C11H12N2. The exactmolecular
weight of impurity-C is 172.2, and ideally, in mass spectra
with ESI, it was expected to appear atm/z 173.2. The traces
of impurity-C were identified only in the oxidative degra-
dation of dissolved rilpivirine with 30% H2O2 and exposed
for 30 days. The formation of impurity-C was confirmed
only by PDA spectral data, and due to the higher LOD for
amass spectrophotometer, it was not identified in themass
spectrum. The mass spectral data and observed online UV
spectra for impurity-C observed in H2O2 stressed spiked
sample solution is presented in Figure 5A,B.

3.6.5 Confirmation of impurity–D

The peak for impurity-D in the UHPLC chromatogram is
eluted at a peak retention time of 11.0 min. The molecular
ion peak [M-H]− of impurity-D appeared atm/z 365.3 and
is the base peak having the molecular formula C22H18N6.
The exact molecular weight of impurity-D is 366.4, and
ideally, in a mass spectral analysis with ESI, it should
appear at m/z 365.4 in negative mode. Isomerization of
rilpivirine was observed in stressing with basic conditions
and on exposure to the ICH light. In this isomerization
conversion, the E isomer of rilpivirine was converted into
the Z-isomer of rilpivirine as an impurity-D. The peak
response intensity of the Z-isomer of rilpivirine (Impurity-
D)was higher in the negativemode than the peak response
intensity in the positive mode. The mass spectral data and
observed online UV spectra for impurity-D observed in
an ICH light-stressed sample solution are presented in
Figure 5C,D.

3.6.6 Confirmation of impurity–E

The peak for impurity-E in the UHPLC chromatogram is
eluted at a peak retention time of 12.5 min. The molec-
ular ion peak [M-H]− of impurity-E appeared at m/z

731.6, which is the base peak having molecular formula
C44H36N12. The exactmolecular weight of the dimer impu-
rity of rilpivirine is 732.9 and ideally, in mass spectra with
ESI it was expected to appear at m/z 731.9 in negative
mode. Impurity-E was identified as a degradant only in the
stressing of rilpivirine HCl with ICH light and hence con-
cluded as a photodegradation impurity. Due to ICH light
exposure, the E isomer of rilpivirine was yielded in the
Z-isomer of rilpivirine, and then due to photodegradation
of the Z-isomer dimer impurity of rilpivirine was formed.
Themass spectral data and observed online UV spectra for
impurity-D observed in ICH light-stressed sample solution
are presented in Figure 5E,F.

3.6.7 Degradation product eluted at a
relative retention time of 1.07 in ICH light
sample

After exposure of rilpivirine HCl drug substance to ICH
light, only three degradants were formed and identified
in chromatographic analysis. Out of three degradants, two
were identified as the Z-isomer of rilpivirine (Impurity-
D) and the dimer impurity of rilpivirine (Impurity-E). The
third identified degradant was eluted at a relative retention
time of 1.07, and the same peak appeared at m/z 731.8 in
negative mode. Based on data observed with PDA spectra
and mass spectra, it was concluded that it was a possible
isomer of a dimer impurity of rilpivirine.

3.7 Significance of the proposed
research work compared to published
methods

Very fewmethods in the literaturewere reported, and these
methods are not able to provide adequate separation of
both isomers of rilpivirine fromeach other and their poten-
tial degradation products. The newly proposed method
reduces these concerns; it is efficient in improving the sep-
aration and simultaneous quantification of both isomers
and four potential degradants in a single run on the achi-
ral column. The significances of the proposed research
work are that: (1) The first reported research work inves-
tigated and confirmed the formation of rilpivirine amide-1
impurity (Impurity-B) due to base hydrolysis. (2) The first
study described the formation of rilpivirine dimer impurity
(Impurity-E) due to photodegradation (ICH light). (3) The
presented work explored, verified, and showed the conver-
sion of isomer (E) into isomer (Z), that is, the isomerization
of rilpivirine due to base hydrolysis and photodegradation.
This information will be helpful during the new formu-
lation and packaging of drug products. Also, provide a
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F IGURE 5 Mass spectra and online UV absorption spectra recorded by photodiode array (PDA) detector for three degradation products
(Impurity-C, Impurity-D, and Impurity-E).

method for the separation and quantification of a desired
and undesired isomer of rilpivirine without the use of an
achiral column. (4) The proposed method offers improved
separation (minimum resolution 4.0), speed (all analytes
elute within 13 min), and sensitivity (LOD: 0.03 and LOQ:
0.05 μg/ml) compared to published HPLC methods in the
literature. (5) Simultaneous quantitative analysis of the
assay and related substances of rilpivirine HCl. (6) Com-
monmethods for the analysis of drug substances and drug

products (tablets) (7) The stability-indicating nature of the
method is confirmed by forced degradation studies. (8)
Capable of producing precise and accurate analytical data
for a wide range of applications, including release analysis,
investigational studies, stability studies, pharmacokinetic
studies, toxicity studies, and bioequivalence studies. (9)
Comprehensive data generatedwith a PDAdetector and an
MS detector is useful for the correct identification and con-
firmation of peaks based on spectra and molecular weight.
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(10) The molecular weight of an unspecified degradation
product or peak will be helpful to identify or predict the
root cause or source of contamination in the analysis.

4 CONCLUDING REMARKS

A simple, new, fast, and MS-compatible RP-UHPLC
method was developed and then validated as per the ICH
Q2 (R1) guideline for the simultaneous quantification of
rilpivirine HCl and its five degradation products in bulk
and tablet formulations for the first time. Notably, the
assay of all six analytes was validated to detect concentra-
tions at 0.03 μg/ml (LOD) and to quantify concentrations
accurately and precisely at or above 0.05 μg/ml (LLOQ)
in sample matrices, demonstrating improved sensitivity.
The outcome of the robustness study revealed that this
new method provides improved speed, separation, and
sensitivity, as well as accurate and precise results over a
wide operating range in a single run at a single wave-
length. In the forced degradation study, it was confirmed
and explained that the hydrolysis of rilpivirine HCl gen-
erated aryl amide impurity (Impurity-A) and rilpivirine
amide-1 impurity (Impurity-B). Dissolved rilpivirine HCl
undergoes oxidation at room temperature and generates
traces of the rilpivirine nitrile impurity (Impurity-C). Pho-
todegradation of the rilpivirine HCl drug substance and
drug product was observed upon exposure to ICH light
with isomerization and yielded the Z-isomer of rilpivirine
(Impurity-D) and another degradation product named
dimer impurity (Impurity-E) was detected. Moreover, the
further analysis of all solutions with theUHPLC-PDA-ESI-
MS method was helpful for the confirmation and correct
identification of all analytes in the complex matrixes.
This method offers well-separated sharp peaks in a low
analysis time with fast and simple sample preparation
and is inexpensive concerning solvent and reagent con-
sumption. The accurate and precise results obtained in
terms of the applicability of the method revealed the suit-
ability and stability-indicating nature of the presented
RP-UHPLC method. Hence, this method can be used
by pharmaceutical quality control laboratories for release
analysis, stability analysis, developmental studies, phar-
macokinetics studies, and investigational studies. Based
on the comprehensive outcome, we assured that the pre-
sented method has significance in the pharmaceutical
sector and will provide meaningful support to ensure the
efficacy, safety, and quality of rilpivirine HCl in bulk and
tablet formulation.
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