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ABSTRACT: The present study describes the development and validation of a
simple and rapid HPLC method for the simultaneous quantification of exemestane
and thymoquinone. The separation of both compounds was performed on a 5 μ C-
18 column utilizing phase A as water/methanol (45:5 v/v) and phase B as
acetonitrile (50 v/v) (total ratio of A/B = 40:60 v/v) in isocratic elution mode as
the mobile phase at a flow rate of 0.8 mL/min. Further, the Box−Behnken design
was used for optimizing the analytical method. The proposed method was
validated for various parameters, and all parameters were found to be within an
acceptable range. The simultaneous detection of both drugs was monitored at 243
nm with a retention time of 5.73 and 6.93 min, respectively. Moreover, the forced
degradation studies were conducted under various stress conditions, and the
relevance of the validated RP-HPLC method was further explored for the
estimation of drugs from lipid-based nanoformulation. Taken together, the study
construed the development of an efficient and robust method that could be used for the quantification of these agents in various in
vitro as well as in vivo models.

1. INTRODUCTION
Breast cancer has become the most commonly occurring type
of cancer and is also considered the foremost cause of
mortality in women worldwide.1 In 2020, nearly 685,000
women died due to breast cancer, conforming to 16% or 1 in
every 6 deaths caused due to cancer in women.2 Among the
various types of breast cancer that exist, hormone-dependent
positive breast cancer is assigned as the predominant one,
requiring estrogen synthesis for its progression.3

Exemestane (EXE), as illustrated in Figure 1a, is an oral
aromatase inhibitor that was approved in 1999 by the USFDA

for the treatment of estrogen-receptor positive breast cancer in
postmenopausal women.4 However, it is a BCS class IV drug
and thus exhibits high first-pass metabolism, low bioavailability,
high lipophilicity, and poor solubility, which subsequently
results in limited clinical therapeutic efficacy.5 Moreover, it has
been reported to cause a loss in bone density at an accelerated
rate, resulting in its demineralization and subsequently leading
to fractures and osteoporosis.6

Thus, a combinatorial approach involving the codelivery of
an herbal agent along with a synthetic chemotherapeutic agent
has been suggested for overcoming the above-mentioned
challenges by the authors. It would serve as an efficient strategy
for breast cancer management since the natural phytocom-
pound would augment the anticancer activity and also reduce
the associated side effects of the conventional chemo-
therapeutic agent.
Thymoquinone (THY), as illustrated in Figure 1b, derived

from the black seed oil of the plant Nigella sativa, is a naturally
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Figure 1. Chemical structures of (a) exemestane and (b)
thymoquinone.
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occurring bioactive agent.7 A large repertoire of studies has
established its role in anticancer therapy and prevention,8

additionally, it is also reported to exhibit marked chemo-
sensitive activity.9 It displays its significant anticancer action by
suppressing the activation of Akt, NF-kB, and the extracellular
signal-related kinase signaling pathways, thereby inducing
apoptosis.7 Furthermore, a plethora of studies have demon-
strated the immense efficacy of THY in bone healing.10,11

Unfortunately, THY also possesses low bioavailability, poor
aqueous solubility,12 extreme hydrophobicity, prompt metab-
olism, and a slow absorption rate.13

Thus, the authors have formulated a lipid nanodrug delivery
system in which the codelivery of EXE and THY ultimately
results in promising and accentuated management of breast
cancer with minimal side effects.
Although the individual estimation of EXE and THY by

various analytical methods has been very well reported in the
literature. For instance, the quantification of EXE, viz., LC−
MS,14−16 UPLC,17,18 and HPLC,19−21 has been reported.
Similarly, THY quantification by LC−MS22 and HPLC23,24 has
been reported. However, to the best of our knowledge, the
estimation of EXE and THY in combination with the RP-
HPLC method has not been established so far. Henceforth,
our group in this study has developed and validated a vital,
efficient, simple, and rapid method for the simultaneous
quantification of EXE and THY.
The individual quantification of EXE by the HPLC method

has been reported at various wavelengths, such as 242, 247,
249, and 250 nm, in the literature.25−28 Likewise, the
individual quantification of THY has been reported at 250
and 254 nm.29,30 In our method, during the scanning, the
maximum wavelength of detection was found to be 244 nm for
EXE and 253 nm for THY, respectively. Therefore, to mitigate
the hurdles associated with the previously reported methods,
we have developed an efficient and validated method as per the
ICH guidelines for the simultaneous estimation of EXE and
THY on 243 nm wavelength in considering to achieve
optimum sensitivities for both compounds.
Apart from this, our study reports the utilization of the

design of experiment (DoE) approach for facilitating the
optimization step, which was considered owing to the
consumption of less time and cost, as well. This serves as an
effective approach by which the relation between the
independent variables and the response is studied exper-
imentally. Furthermore, DoE results in much fewer exper-
imental runs, stressing its significant superiority over the
OVAT approach.31 Additionally, forced degradation studies
under various stress conditions were performed, and the
developed method was also explored for its application in lipid
nanoformulation for the assessment of EXE and THY. The
present analytical method will prove to be promising for the
estimation of EXE and THY in batch products by various
research groups.

2. MATERIAL AND METHODS
2.1. Reagents and Chemicals. EXE was obtained as a gift

sample from Coral Pvt. Limited (New Delhi, India), and THY
was purchased from Sigma-Aldrich (St. Louis, MO, USA).
HPLC-grade methanol, acetonitrile, and water were obtained
from Merck India. Compritol 888 ATO and Capryol 90 were
obtained as kind gift samples from Gattefosse (Mumbai,
India); Kolliphor P 188 (poloxamer 188) was gifted by BASF
India Limited (Mumbai, India); and Tween 80 was purchased

from SD Fine Chemical (Mumbai, India). All other chemicals
used in the entire study were of analytical grade.
2.2. HPLC Instrumentation and Chromatographic

Conditions. The RP-HPLC method was performed on a
Waters 1525 instrument attached with a binary pump and a
Waters 2998 PDA detector with EMPOWER software. The
mobile phase was composed of water/methanol (45:5 v/v) as
phase A and acetonitrile (50 v/v) as phase B. The total ratio of
phase A: phase B used was 40:60 v/v with a flow rate of 0.8
mL/min in an isocratic elution mode. The successful elution of
EXE and THY individually was carried out on the C18
column, 150 × 4.6 mm, with a pore size of 5 μ, and the ODS at
their respective wavelengths of 244 and 253 nm. The
absorption maxima of EXE and THY are depicted in Figure
S1a,b. The simultaneous elution of both the analytes was
monitored at 243 nm by a PDA detector.
2.3. Preparation of Standard and Working Solutions.

The primary standard solution (1000 μg/mL individually) for
both EXE (Analyte A1) and THY (Analyte A2) was prepared
in HPLC-grade methanol. This was followed by the
preparation of stock solutions of 100 μg/mL (stocks A1 and
A2) from the standard solutions. The stock solutions were
diluted further to obtain solutions with concentrations of 6, 9,
12, 15, 18, 21, and 24 μg/mL. In a similar manner, samples
with concentrations of 6, 9, 12, 15, 18, 21, and 24 μg/mL were
prepared for the EXE−THY combination using methanol.
Further, the lower quality control, middle quality control, and
higher quality control samples with concentrations of 10, 20,
and 30 μg/mL, respectively, were prepared for both Analyte
A1 and Analyte A2. All of the prepared samples were kept in
light-resistant amber volumetric flasks and stored at 4 °C until
their analysis. Additionally, all of the prepared samples were
filtered by passing them through a 0.22 μm syringe filter
(Millifilter, Milford, USA) before performing the HPLC
analysis.
2.4. Optimization of the RP-HPLC Method. Box−

Behnken design (BBD) was employed for the optimization of
the proposed RP-HPLC method, in which three independent
and six dependent variables were considered. It was chosen for
the optimization since, in BBD, the studied factors are
correlated with the obtained responses by second-order
polynomial equations. Furthermore, in comparison to central
composite design (CCD), BBD results in fewer experimental
runs along with the generation of suitable mathematical models
and is thus preferred as an alternative to CCD.32 Design Expert
software version 11 (Stat-Ease, USA) was used for carrying out
the experimental designs. Factors namely % of acetonitrile (A),
flow rate (mL/min) (B), and injection volume (C) were taken
as independent factors, while retention time (RT) of EXE
(Y1), THY (Y4), tailing factor of EXE (Y2), THY (Y5), and
number of theoretical plates of EXE (Y3) and THY (Y6) were
considered as dependent variables. The Design Expert software
suggested a total of 17 runs (Table S1) that were conducted,
and the effect of the dependent variables (Y) was studied by
the generated polynomial equation.

Y A B C AB AC BC

A B C
0 1 2 3 12 13 23

11 2 22 2 33 2

= + + + + + +

+ + + (1)

where, A, B, and C stand for independent variables; β0 is an
intercept; β1, β2, and β3 are the linear coefficients; β12, β13, and
β23 are the interaction coefficients; β11, β22, and β33 are the
quadratic coefficients derived from experimental runs; AB, AC,
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BC, A2, B2, and C2 represent the quadratic terms. Additionally,
ANOVA was used as a statistical tool for validating the
significance of the model. In the present study, we have chosen
the range of independent variables as 50−70% acetonitrile
concentration; the flow rate was increased from 0.6 to 1 mL/
min; and the injection volume was specified between 15 and
25.

3. METHOD VALIDATION
A higher degree of assurance for a particular method is
obtained that the procedure employed for the analytical
process is appropriate for its intended use by performing the
method validation process, which is a documented evidence
procedure. The developed RP-HPLC method was validated
according to the ICH Q2 (R1) guidelines.33 They were
validated for various parameters, namely, system suitability,
specificity, linearity, accuracy, precision (both intraday and
interday), limit of detection (LOD) and limit of quantification
(LOQ), robustness, and ruggedness.
3.1. System Suitability. This parameter acts as an

essential tool in the procedure of liquid chromatography that
is used by the analysts for evaluating the reproducibility of the
developed method as well as ensuring the suitability of the
whole testing assembly for the proposed application. This was
evaluated by six replicate injections of EXE and THY, wherein
RT, theoretical plates, peak area, and tailing factor of both
analytes at 243 nm were considered for estimating the results.
As per the guidelines set by the US-FDA, the relative standard
deviation (% RSD) for RT and peak area should be less than
2%,34,35 for the tailing factor, it should not exceed by two,
while it should be more than 2000 (N > 2000) for the
theoretical plates of the column.36

3.2. Specificity. This characteristic feature of HPLC refers
to the potential of the chromatography system in segregating
the analyte from its mixture to ensure that the chromatograms
of both drugs at their specific wavelengths were devoid of any
interference from the solvent system. For the evaluation of
specificity, individual, blank, and mixture chromatograms were
compared independently at their MQC level. The blank
solution was prepared in a manner similar to that of the sample
solution, except that the addition of EXE and THY was not
carried out in the preparation of the blank solution.
3.3. Linearity. If the obtained results are in correlation with

the concentration tested within a specific range, then the
analytically developed method is considered linear. The
linearity of the method was analyzed by preparing nine
mixed solutions ranging from 1 to 60 μg/mL with different
concentrations. The calibration curves of EXE and THY were
prepared individually by plotting their respective concen-
trations on the X-axis and peak areas on the Y-axis, followed by
the derivation of the regression equation from them.
3.4. Robustness. The suitability of the method was

determined by this parameter by making minor variations in
the detection wavelength of EXE (241−247 nm), THY (250−
256 nm), flow rate (0.6−1.0), and composition of the mobile
phase (50:50−40:60). Furthermore, the results were analyzed
after evaluating the effects that were caused by variations. The
% RSD of the mean peak area and the mean % recovery of
both EXE and THY were determined to investigate the
robustness of the method, which should not surpass the 2%
limit. Additionally, the theoretical plates, RT, and tailing
factors were also estimated.

3.5. Accuracy. The accuracy of an analytical method refers
to the closeness of the estimated values to the actual values
obtained. The accuracy of the developed method was
determined by determining the % recovery of both analytes.
It was estimated by spiking known concentrations of EXE and
THY at three concentration levels, including low, medium, and
high (80, 100, and 120%), and from each concentration, the
samples were injected in triplicate. The following formula was
used for determining the % recovery of EXE and THY,
wherein the accepted range for it is 90−110% while it should
not be more than 2% for % RSD and SE.

% Recovery (recovered concentration/injected

concentration) 100

= [

× ] (2)

3.6. Precision. The extent to which a technique is used in a
repetitive manner for investigating several replicates in
different instances is referred to as “precision”. For calculating
precision, intraday as well as interday precision was estimated,
and the results were reported as % RSD. Additionally, the
repeatability of the developed method was verified for both
analytes under the same experimental conditions. It was
performed by preparing and injecting six solutions of 10 g/mL,
followed by the determination of the concentration found. For
intraday precision, three different concentrations, including
low, medium, and high, were analyzed on the same day at three
different time points. While estimating interday, both samples
were analyzed on three consecutive days. The acceptable range
for the calculated % RSD must not exceed 2%.
3.7. Ruggedness. Ruggedness refers to the ability to

obtain reproducible results under various conditions that
include the use of varied instruments and analysts. In the
present study, the ruggedness was determined by considering
three different samples exhibiting 10, 20, and 30 μg/mL as
different concentrations. The analysis was done by two
different analysts in the same as well as different laboratories
on identical HPLC instruments. The % recovery was then
determined for both analytes, followed by the comparison of
the obtained results with each other for the evaluation of the
ruggedness of the proposed method.
3.8. Sensitivity. LOD and LOQ were determined for

estimating the sensitivity of the proposed method. In the case
of LOD concentration, the ratio of signal-to-noise is
approximately 3:1, while for LOQ concentration, a signal-to-
noise ratio of approximately 10:1 with a % RSD of less than
10% (n = 3) is required. The formula mentioned below was
used for calculating the LOD and LOQ of both the analytes.

A k s/=
where A stands for the LOD/LOQ value, σ is the standard
deviation of the response peak area, s stands for the slope
obtained from the calibration curve, and k is 3.3 and 10 for the
LOD and LOQ, respectively.

4. STABILITY STUDIES
For assessing the stability of the EXE−THY solution, these
studies were conducted at low, high, and medium concen-
trations (10, 20, and 30 μg/mL, respectively) in triplicate
under different stability conditions, namely, short-term, long-
term, and freeze−thaw. For evaluating the short-term stability
of the solutions, the mixtures were kept at room temperature
and analyzed for 12 h, while the long-term stability studies
were carried out for 3 weeks at −30 °C. Furthermore, the
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samples were kept at −20 °C for 24 h and then thawed at
room temperature in an unassisted manner, wherein the results
of the experiments were interpreted in terms of the % recovery
of the samples.

5. FORCED DEGRADATION STUDIES
For determining the degradation behavior, these studies were
performed by exposing the EXE and THY samples to various
stress conditions, such as acidic, alkaline, oxidative, and
photolytic, as recommended by the ICH guidelines. For
acid−base degradation, to a 1 mL mixture of EXE and THY,
approximately 1 mL of 1 N HCl and 1 mL of 1 N NaOH were
separately added. These solutions were then placed in amber-
colored bottles, sealed successfully, and heated at 80 °C for an
hour. Both samples were neutralized before the analysis. For
studying oxidative stress, 1 mL of 30% H2O2 was mixed with 1
mL of the drug mixture. In the study of photolytic degradation,
to 1 mL of the drug mixture was added 10 mL of mobile phase
in a transparent 10 mL volumetric flask. The volumetric flask
was sealed and exposed to direct sunlight for a period of 30
min to investigate the photochemical stability. In all the studies
that have been mentioned above, a mobile phase of up to 10
mL was utilized for adjusting the final volume. All of the
samples were filtered by a 0.2 μm filter before being injected
into the HPLC chromatographic system for further analysis.

6. APPLICATION OF THE SIMULTANEOUS
DEVELOPED METHOD TO LIPID-BASED
NANOFORMULATIONS

The developed and validated analytical method was further
applied for the quantification of EXE and THY in liposomes,

solid lipid nanoparticles (SLNs), and nanostructured lipid
carriers (NLCs). The amount of entrapped drugs in the
mentioned nanoformulations were determined by the method
developed.
6.1. Preparation of EXE−THY−SLNs. EXE−THY−SLNs

were prepared by an ultrasonication technique utilizing
Compritol 888 ATO as the solid lipid. For the preparation
of the lipid phase, the solid lipid was melted 5−10 °C above
the melting point of Compritol 888 ATO. This was followed
by the addition of accurately weighed EXE and THY in the
lipid phase. Simultaneously, the aqueous phase was prepared
by dispersing Poloxamer 188 in milli-Q water, and it was
maintained at the same temperature as that of the lipid phase.
The melted lipid phase was then added to the aqueous
surfactant solution under constant stirring for 40 min at 800
rpm, which further resulted in the formation of a primary
emulsion. After that, the obtained primary emulsion was
sonicated using a probe sonicator for a duration of 2 min
followed by its immediate immersion in a water bath stirred
further at 200 rpm that generated the EXE−THY’s−SLNs.
Further, the SLNs thus obtained were then centrifuged at a
temperature of 4 °C for 20 min at 15,000 rpm resulting in the
separation of a supernatant which was discarded, and the pellet
obtained was washed with milli-Q water for the estimation of
percent entrapment efficiency.37

6.2. Preparation of EXE−THY−NLCs. The ultrasonica-
tion technique was employed for the preparation of NLCs
coloaded with EXE and THY utilizing Compritol 888 ATO
and Capryol 90 as the solid lipid and liquid lipid, respectively.
Briefly, Compritol 888 ATO and Capryol 90, both weighed
accurately, were heated above the 5−10 °C melting point of
the solid lipid. Then, accurately weighed amounts of both of

Figure 2. 3D response surface plots illustrating the effect of independent variables on (A) RT (B) tailing factor and (C) theoretical plates of EXE.
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the drugs, EXE and THY, were added to the clear, oily, melted
lipid phase. Concurrently, a surfactant solution comprising
Poloxamer 188 and Tween 80 was prepared by adding them to
distilled water, which was also heated to the same temperature
as that of the lipid phase. Then the hot surfactant solution was
added dropwise to the lipid blend with constant stirring at 800
rpm for a duration of 40 min, which resulted in the generation
of a primary emulsion. The generated primary emulsion was
ultrasonicated for 2 min via a probe sonicator. Finally, the
dispersion was cooled to room temperature, wherein the
coloaded NLCs were formed by the solidification of lipids.5

The obtained EXE−THY−NLCs were then centrifuged at a
temperature of 4 °C for 20 min at 15,000 rpm, resulting in the
separation of a supernatant, which was discarded, and the
pellet obtained was washed with milli-Q water for the
estimation of percent entrapment efficiency.38

7. RESULTS AND DISCUSSION
7.1. Development and Optimization of the Method.

The method was optimized by considering the simultaneous
detection of EXE and THY for further application in various
lipid-based nanoformulations. While developing this analytical
method, the desired wavelength for simultaneous estimation
was obtained by adjusting the PDA detector at various
wavelengths in the UV range. It was observed that at 243 nm
both EXE and THY showed appropriate peak area and height
with optimum sensitivity for the simultaneous estimation of
both analytes.
For the optimization of the proposed HPLC analytical

method, the BBD was selected. Table S2 illustrates the various

parameters considered in the optimization of the HPLC
method. BBD model with quadratic response that generated 17
runs was used to optimize the analytical method. The
evaluation of acetonitrile (%), flow rate (mL/min), and
injection volume (μL) was done against retention time, tailing
factor, and theoretical plates, and the results were analyzed
wherein significant differences were revealed between the
values. Tables S3−S9 illustrates the predicted and actual R2

values for all the dependent variables. The adjusted and
predicted r2 values were found to be in close proximity to each
other, signifying the exceptional prognostic efficiency of the
experimental design for the response variables. Additionally, a
good correlation between the experimental data and the fitted
data was revealed by the higher value of the adjusted r2. The
complex interaction between the variable and the responses
studied was predicted by the polynomial equations generated
by the software. As is evident from eqs 3−8, both positive and
negative signs exist. The positive sign indicates that the process
of optimization is favored, whereas the negative sign denotes
the inverse relationship that exists between the various factors.
From Figures 2A and 3A and eqs 3 and 4, it was inferred that
the concentration of acetonitrile and flow rate had a prominent
effect on the retention time, whereas the injection volume
exhibited a limited effect. It was observed that the retention
time increased with an increase in the acetonitrile concen-
tration since in RP-HPLC, a nonpolar stationary phase is
utilized; thus, upon increasing the polarity of the mobile phase,
the affinity of both the nonpolar analytes toward the stationary
phase increases, resulting in the retention of the analytes on the
column for a longer time.

Figure 3. 3D response surface plots illustrating the effect of independent variables on (A) RT (B) tailing factor and (C) theoretical plates of THY.
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On the other hand, upon increasing the flow rate, a decrease
in RT was observed since RT refers to the time of interaction
between the analyte and the stationary phase. Thus, as the flow
rate increases, the interaction time of the analyte with the
stationary phase decreases owing to the comparatively shorter
time the analyte takes for propelling through the column,
thereby causing the expected effect on RT.
Additionally, from Figure 2B and eq 5, it was concluded that

the response variable tailing factor for EXE was significantly
influenced by acetonitrile concentration and flow rate, while it
was negligibly influenced by injection volume. It was observed
that the tailing factor increased with an increase in the
acetonitrile concentration. On the contrary, as portrayed in
Figure 3B and eq 6, the tailing factor for THY was influenced
by all three studied factors; however, acetonitrile concentration
showed a marked effect compared to the other two factors. It
was concluded that as the acetonitrile concentration increased,
the tailing factor increased too, whereas it was slightly
increased with an increase in flow rate and injection volume.
Increasing the mobile phase has an influential effect on the
tailing factor, attributed to the secondary interactions between
the polar mobile phase and the residual ionic silanol groups
present on the silica surface of the column that finally result in
peak tailing. Furthermore, some of the samples may lag behind
at high flow rates owing to the adsorption of the analyte to the
stationary phase, subsequently generating a broadening of
peaks.

Figure 2C and eq 7 show that all three factors influenced the
theoretical plates of EXE. The graphs depicted that with an
increase in all three factors, the theoretical plates decreased,
with the effect of acetonitrile being the prominent one. The no.
of theoretical plates defines the efficiency of the column since
the higher the no. of the theoretical plates, the greater the
column efficiency. With increasing the concentration of
acetonitrile, the no. of theoretical plates decreased, which
was evident by the nonefficient resolution of the peaks,
resulting in the generation of merged peaks. However, the no.
of theoretical plates was still within the acceptable limit of
<12,000.
Furthermore, at high flow rates, mass transfer increases,

which often leads to a decrease in the column efficiency. Also,
peak fronting is observed due to the injection of sample in
large volume, which in turn results in poor resolution and
decreased retention time, consequently degrading the column
efficiency.
In contrast, as evident from Figure 3C and eq 8, with

increasing both the factors, i.e., flow rate and injection volume,
the theoretical plates of THY increased, whereas they
decreased with increasing the amount of acetonitrile. Although
changes were observed, the no. of theoretical plates were
within the acceptable limit of <12,000, and thus, it was inferred
that there was no significant deviation.
Lastly, based on all the observations and considering the

optimum conditions for chromatography, the analysis for both

Figure 4. Representative chromatogram of (a) blank λmax of 243 nm, (b) EXE at λmax of 244 nm, (c) THY at λmax 253 nm, and (d) EXE and THY
at λmax of 243 nm.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08078
ACS Omega 2024, 9, 30120−30130

30125

https://pubs.acs.org/doi/10.1021/acsomega.3c08078?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08078?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08078?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08078?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


drugs was carried out, wherein excellent separation of both
analytes was achieved on the C18 chromatographic column.

A B C

AB AC BC
A B C

RT (EXE) 5.73 0.0050 0.0050 0.0000

0.0100 0.0100 0.0100
0.0110 0.0210 0.00402 2 2

= + + + +
+ +

+ (3)

A B C

AB AC BC
A B C

RT (THY) 6.92 0.0075 0.0075 0.0025

0.0025 0.0025 0.0125
0.0198 0.0048 0.00032 2 2

= + + +
+

+ (4)

A B C
AB AC BC A
B C

tailing factor (EXE)

1.14 0.0013 0.0137 0.0050
0.0225 0.0000 0.0050 0.0052
0.0147 0.0022

2

2 2

= + + + +
+ + +

(5)

A B C
AB AC BC A
B C

tailing factor (THY)

1.26 0.0150 0.0050 0.0050
0.0100 0.0200 0.0050 0.0035
0.0085 0.0085

2

2 2

= + + + +
+ +

+ + (6)

A B C
AB AC BC A
B C

theoretical plate (EXE)

7774.00 36.12 14.12 0.7500
20.50 31.25 16.25 58.00
37.00 24.25

2

2 2

= +
+

+ (7)

A B C AB
AC BC A B
C

theoretical plate (THY)

8558.00 48.75 12.62 12.88 38.25
28.75 13.00 40.25 54.00
23.00

2 2

2

= + + + +
+ +
+ (8)

7.2. Method Validation. The primary aim of the method
validation process is to ensure that the developed method is
reliable and acceptable for its assigned purpose. The proposed
analytical method was validated for various parameters, as per
the ICH guidelines.
7.2.1. System Suitability. The authenticity of the developed

method was investigated by performing the analysis of RT and
the peak area repetitively. The average RT for EXE and THY
was 5.72 ± 0.024 and 6.92 ± 0.021 min with % RSD of 0.42
and 0.31, respectively. The average peak area for EXE and
THY was observed to be 19,55,360.50 ± 5087.779 with a %
RSD of 0.26 and 0.02, respectively. In contrast, the average
theoretical plates for EXE and THY were 7716.83 ± 75.539
and 8551.16 ± 71.878 with % RSD of 0.97 and 0.84,
respectively. Finally, the average tailing factor for EXE and
THY was 1.14 ± 0.012 and 1.26 ± 0.011 with % RSD of 1.07
and 0.92, respectively. The % RSD obtained for RT and peak
area was found to be less than 2% (Tables S10 and S11),
suggesting the suitability of our novel and rapid analytical
method in generating reproducible results.
7.2.2. Specificity. To determine the specificity of the

prepared HPLC method, the chromatograms of the standard
solution of EXE and THY and the EXE−THY mixture were
compared with the blank solution chromatogram (Figure 4a).
The chromatograms were generated and analyzed after
injecting a volume equivalent to 10 μL. It was inferred that

the individual solutions of EXE and THY were eluted at the
retention time of 5.72 and 6.92 min, respectively (Figure 4b,c).
In comparison, their combination displayed well-separated
peaks at 5.73 and 6.93 min (Figure 4d). As per the results
obtained, it was revealed that there was no variation in the RT
of the combination and individual solutions, indicating the
specificity of the developed method.
7.2.3. Linearity. The calibration curve was utilized to

estimate the linearity of the newly developed analytical
method. The calibration curve obtained by plotting the mean
peak area of EXE and THY against the different concentrations
of the drugs depicted linearity for both the analytes with R2

values of y = 2,19,100x + 46,782, 0.9995 and y = 2,50,310x +
98,795, 0.9997 for EXE and THY, respectively (Figures S2 and
S3). Thus, the obtained results successfully depicted the
linearity of the developed method over the measured
concentration range.
7.2.4. Robustness. The method’s robustness was measured

by making deliberate changes in wavelength, flow rate, and
mobile phase composition and studying their effect on the
theoretical plates, RT, and tailing factor. The results, as shown
in Table S12, revealed no significant change in the theoretical
plates, RT, or tailing factor that subsequently suggests the
robustness and reliability of the developed analytical method.
7.2.5. Accuracy. In accuracy studies, the percent recoveries

were found to be in the range of 98.12−101.82% for EXE
whereas it was found to be in the range of 99.18−101.61% for
THY (Table S13). Furthermore, the SD for all of the studied
samples was found to be within the range of 2%. It was
observed that the developed method exhibited high accuracy
for all of the concentration levels studied.
7.2.6. Precision. In intraday precision, the % RSD ranged

from 0.56 to 1.38 for EXE and 0.88−1.4 for THY, whereas for
interday precision, the % RSD ranged from 1.06−1.77 and
1.06−1.94 for THY.
A good precision of the method was thus obtained,

confirmed by the % RSD values for intraday and interday
precision which was found to be <2%. Furthermore, the low
variability between the results demonstrated good precision of
the developed method. The precision values obtained have
been depicted in Table S14, indicating the reliability and
repeatability of the method.
7.2.7. Ruggedness. To assess the reproducibility of the

developed method, a ruggedness test was performed on the
same HPLC instrument with different analysts and on different
HPLC instruments with the same analysts. The results
suggested an insignificant change in the % recoveries for
both drugs. Hence, the results obtained (Tables S15 and S16)
demonstrated the remarkable reproducibility of our developed
analytical method, further indicating its ruggedness.
7.2.8. Sensitivity. In the present study, the LOD and LOQ

values for EXE were found to be 2.99 and 9.05 μg/mL,
respectively, whereas 0.29 and 0.87 μg/mL were for THY,
respectively. Based on the results obtained, it was inferred that
the developed method was highly sensitive and thus can be
used in various studies such as percent entrapment efficiency,
in vitro and ex vivo release studies, and in vivo studies for
detecting and quantifying less amount of the drugs.

8. STABILITY STUDIES
The stability studies were conducted at low, medium, and high
concentration levels (10, 20, and 30 μg/mL) for EXE and
THY. The predicted concentrations for short -term, long-term,
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and freeze−thaw stability studies, as shown in Table S17, were
in the accuracy range of 90.4−105.9% for EXE and 92.5−
104.1% for THY, respectively. It was revealed from the results
that both drugs were stable and did not undergo degradation
during the experimental study.

9. FORCED DEGRADATION STUDIES
For studying the forced degradation of both samples, the ICH
guidelines were followed: acidic, basic, peroxide, and photo-
lytic. The approvability of the method was revealed by the
well-separated peaks of the degradation products from the
peaks of the analytes, as illustrated in Figure 5a−d. It was
observed that some of the degradation peaks were formed with
EXE, while the peak intensity of THY was also significantly
diminished in all the conditions. It was inferred that the

integrity of peaks for both the sample analytes was maintained
under all the circumstances, and there was an adequately
visible separation between the drug peaks and their formed
degraded products, indicating the selectivity and specificity of
the developed method.

10. APPLICATION OF THE DEVELOPED METHOD TO
LIPID-BASED NANOFORMULATIONS

The developed analytical method was successfully applied for
the determination of % EE of EXE and THY coloaded in SLNs
and NLCs at a wavelength of 243 nm. The percent entrapment
efficiency of EXE and THY from SLNs was found to be 74.5
and 72.1%, wherein it was found to be 78.6 and 77.8%,
respectively (Figure 6). The results suggested that the
entrapment efficiency of EXE−THY−NLCs was maximum

Figure 5. Forced degradation chromatograms analyzed at λmax of 243 nm for (a) acidic, (b) basic, (c) oxidative, and (d) photolytic conditions.

Figure 6. HPLC chromatogram of EXE−THY−NLCs at an λmax of 243 nm.
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when compared to EXE−THY−SLNs. The increased percent
entrapment from NLCs could be attributed to the presence of
both solid and liquid lipids that further aid in the formation of
a matrix system at the same time augmenting the solubility of
the drugs. Additionally, it was inferred that the developed
method was robust and highly specific in determining the
percent entrapment efficiency since there was no significant
change in the retention time and peak areas of both the
analytes.

11. CONCLUSIONS
This study has reported for the first time a novel, simple, and
efficient analytical method for the simultaneous estimation of
EXE and THY with a specific application to lipid-based
nanoformulations. Despite the extreme differences between the
analytes, their well-resolved separation was achieved within less
than 10 min at a single wavelength, making it more economical
and improvised. Additionally, the developed method depicted
excellent validation parameters fulfilling all of the criteria as
proposed by the ICH guidelines. Furthermore, the developed
method adequately estimated the amount of EXE and THY
entrapped in the NLCs and the degradation products,
demonstrating the method’s applicability. Overall, the method
developed was found to be reliable and rapid for the analysis of
both the drugs at various platforms in future correlation
studies, including combined nanoformulations, in vitro, and in
vivo models.
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Roberts, T. H.; Sharifi-Rad, J.; Koch, W.; Cho, W. C. The Effects of
Thymoquinone on Pancreatic Cancer: Evidence from Preclinical
Studies. Biomed. Pharmacother. 2022, 153, 113364.
(14) Cenacchi, V.; Baratte,̀ S.; Cicioni, P.; Frigerio, E.; Long, J.;
James, C. LC-MS-MS Determination of Exemestane in Human
Plasma with Heated Nebulizer Interface Following Solid-Phase
Extraction in the 96 Well Plate Format. J. Pharm. Biomed. Anal.
2000, 22 (3), 451−460.
(15) Stolarczyk, E. U.; Rosa, A.; Kubiszewski, M.; Zagrodzka, J.;
Cybulski, M.; Kaczmarek, Ł. Use of the Hyphenated LC-MS/MS
Technique and NMR/IR Spectroscopy for the Identification of
Exemestane Stress Degradation Products during the Drug Develop-
ment. Eur. J. Pharm. Sci. 2017, 109, 389−401.
(16) Wang, L.-Z.; Goh, S.-H.; Wong, A. L.-A.; Thuya, W.-L.; Lau, J.-
Y. A.; Wan, S.-C.; Lee, S.-C.; Ho, P. C.; Goh, B.-C. Validation of a
Rapid and Sensitive LC-MS/MS Method for Determination of
Exemestane and Its Metabolites, 17β-Hydroxyexemestane and 17β-
Hydroxyexemestane-17-O-β-D-Glucuronide: Application to Human
Pharmacokinetics Study. PLoS One 2015, 10 (3), No. e0118553.
(17) van Nuland, M.; Venekamp, N.; de Vries, N.; de Jong, K. A. M.;
Rosing, H.; Beijnen, J. H. Development and Validation of an UPLC-
MS/MS Method for the Therapeutic Drug Monitoring of Oral Anti-
Hormonal Drugs in Oncology. J. Chromatogr. B 2019, 1106−1107,
26−34.
(18) Ishii, T.; Nojiri, N.; Mano, Y. A Simple UPLC-MS/MS Assay
with a Core-Shell Column for the Determination of Exemestane in
Human Plasma for Clinical Application. Eur. J. Mass Spectrom. 2022,
28 (3−4), 94−103.

(19) Breda, M.; Pianezzola, E.; Strolin Benedetti, M. Determination
of Exemestane, a New Aromatase Inhibitor, in Plasma by High-
Performance Liquid Chromatography with Ultraviolet Detection. J.
Chromatogr. B Biomed. Sci. Appl. 1993, 620 (2), 225−231.
(20) Suresh Kumar, R.; Narasimha Naidu, M.; Srinivasulu, K.; Raja
Sekhar, K.; Veerender, M.; Srinivasu, M. K. Development and
Validation of a Stability Indicating LC Method for the Assay and
Related Substances Determination of Exemestane, an Aromatase
Inhibitor. J. Pharm. Biomed. Anal. 2009, 50 (5), 746−752.
(21) Allievi, C.; Zugnoni, P.; Benedetti, M. S.; Dostert, P.
Determination of Plasma Levels of Exemestane (FCE 24304), a
New Irreversible Aromatase Inhibitor, Using Liquid Chromatog-
raphy/Thermospray Mass Spectrometry. J. Mass Spectrom. 1995, 30
(5), 693−697.
(22) Pathan, S. A.; Jain, G. K.; Zaidi, S. M. A.; Akhter, S.; Vohora,
D.; Chander, P.; Kole, P. L.; Ahmad, F. J.; Khar, R. K. Stability-
Indicating Ultra-Performance Liquid Chromatography Method for
the Estimation of Thymoquinone and Its Application in Biopharma-
ceutical Studies. Biomed. Chromatogr. 2011, 25 (5), 613−620.
(23) Alam, P.; Shakeel, F.; Taleuzzaman, M.; Foudah, A. I.; Alqarni,
M. H.; Aljarba, T. M.; Alshehri, S.; Ghoneim, M. M. Box-Behnken
Design (BBD) Application for Optimization of Chromatographic
Conditions in RP-HPLC Method Development for the Estimation of
Thymoquinone in Nigella Sativa Seed Powder. Processes 2022, 10 (6),
1082.
(24) Habib, N.; Choudhry, S. HPLC Quantification of Thymoqui-
none Extracted from Nigella Sativa L. (Ranunculaceae) Seeds and
Antibacterial Activity of Its Extracts against Bacillus Species. Evid.
Based Complement Altern. Med. 2021, 2021, 1−11.
(25) Konda, B.; Tiwari, R. N.; Fegade, H. Development and
Validation of Stability Indicating Method for the Determination of
Exemestane by Reverse Phase High Performance Liquid Chromatog-
raphy. J. Chromatogr. Sci. 2011, 49 (8), 634−639.
(26) Mukthinuthalapati, M. A.; Bukkapatnam, V. A Novel Validated
Stability-Indicating RP-HPLC Method for the Determination of
Exemestane (Steroidal Aromatase Inhibitor). J. Bioequiv. Availab.
2015, 07 (06), 288.
(27) Lakshmi, V. M.; Seshagiri Rao, J.; Rao, L. A. RP-HPLC
Estimation of Exemestane in Tablet Dosage Form. Asian J. Chem.
2010, 22 (9), 6911.
(28) Jukanti, R.; Sheela, S.; Bandari, S.; Veerareddy, P. R. Enhanced
Bioavailability of Exemestane via Proliposomes Based Transdermal
Delivery. J. Pharm. Sci. 2011, 100 (8), 3208−3222.
(29) Haq, A.; Michniak-Kohn, B. Effects of Solvents and Penetration
Enhancers on Transdermal Delivery of Thymoquinone: Permeability
and Skin Deposition Study. Drug Delivery 2018, 25 (1), 1943−1949.
(30) Iqbal, M. S.; Ahmad, A.; Pandey, B. Solvent Based
Optimization for Extraction and Stability of Thymoquinone from
Nigella Sativa Linn. and Its Quantification Using RP-HPLC. Physiol.
Mol. Biol. Plants 2018, 24 (6), 1209−1219.
(31) Mahrouse, M. A.; Lamie, N. T. Experimental Design
Methodology for Optimization and Robustness Determination in
Ion Pair RP-HPLC Method Development: Application for the
Simultaneous Determination of Metformin Hydrochloride, Alogliptin
Benzoate and Repaglinide in Tablets. Microchem. J. 2019, 147, 691−
706.
(32) Garg, N. K.; Sharma, G.; Singh, B.; Nirbhavane, P.; Katare, O.
P. Quality by Design (QbD)-Based Development and Optimization
of a Simple, Robust RP-HPLC Method for the Estimation of
Methotrexate. J. Liq. Chromatogr. Relat. Technol. 2015, 38 (17),
1629−1637.
(33) Patel, K. Y.; Dedania, Z. R.; Dedania, R. R.; Patel, U. QbD
Approach to HPLC Method Development and Validation of
Ceftriaxone Sodium. Futur. J. Pharm. Sci. 2021, 7 (1), 141.
(34) Kumar, S.; Lather, V.; Pandita, D. Stability Indicating Simplified
HPLC Method for Simultaneous Analysis of Resveratrol and
Quercetin in Nanoparticles and Human Plasma. Food Chem. 2016,
197 (Pt A), 959−964.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08078
ACS Omega 2024, 9, 30120−30130

30129

https://doi.org/10.1016/j.xphs.2019.06.003
https://doi.org/10.1016/j.xphs.2019.06.003
https://doi.org/10.1016/j.xphs.2019.06.003
https://doi.org/10.1093/annonc/mdn762
https://doi.org/10.1093/annonc/mdn762
https://doi.org/10.1093/annonc/mdn762
https://doi.org/10.1093/annonc/mdn762
https://doi.org/10.1007/s11051-014-2821-4
https://doi.org/10.1007/s11051-014-2821-4
https://doi.org/10.1155/2014/724658
https://doi.org/10.1155/2014/724658
https://doi.org/10.1155/2014/724658
https://doi.org/10.1016/j.phrs.2015.03.011
https://doi.org/10.18203/2320-6012.ijrms20194969
https://doi.org/10.18203/2320-6012.ijrms20194969
https://doi.org/10.3389/fcell.2020.00646
https://doi.org/10.3389/fcell.2020.00646
https://doi.org/10.3389/fcell.2020.00646
https://doi.org/10.1007/s40097-021-00398-6
https://doi.org/10.1007/s40097-021-00398-6
https://doi.org/10.1007/s40097-021-00398-6
https://doi.org/10.1016/j.biopha.2022.113364
https://doi.org/10.1016/j.biopha.2022.113364
https://doi.org/10.1016/j.biopha.2022.113364
https://doi.org/10.1016/S0731-7085(00)00235-1
https://doi.org/10.1016/S0731-7085(00)00235-1
https://doi.org/10.1016/S0731-7085(00)00235-1
https://doi.org/10.1016/j.ejps.2017.08.033
https://doi.org/10.1016/j.ejps.2017.08.033
https://doi.org/10.1016/j.ejps.2017.08.033
https://doi.org/10.1016/j.ejps.2017.08.033
https://doi.org/10.1371/journal.pone.0118553
https://doi.org/10.1371/journal.pone.0118553
https://doi.org/10.1371/journal.pone.0118553
https://doi.org/10.1371/journal.pone.0118553
https://doi.org/10.1371/journal.pone.0118553
https://doi.org/10.1016/j.jchromb.2019.01.001
https://doi.org/10.1016/j.jchromb.2019.01.001
https://doi.org/10.1016/j.jchromb.2019.01.001
https://doi.org/10.1177/14690667221126276
https://doi.org/10.1177/14690667221126276
https://doi.org/10.1177/14690667221126276
https://doi.org/10.1016/0378-4347(93)80008-R
https://doi.org/10.1016/0378-4347(93)80008-R
https://doi.org/10.1016/0378-4347(93)80008-R
https://doi.org/10.1016/j.jpba.2009.06.014
https://doi.org/10.1016/j.jpba.2009.06.014
https://doi.org/10.1016/j.jpba.2009.06.014
https://doi.org/10.1016/j.jpba.2009.06.014
https://doi.org/10.1002/jms.1190300506
https://doi.org/10.1002/jms.1190300506
https://doi.org/10.1002/jms.1190300506
https://doi.org/10.1002/bmc.1492
https://doi.org/10.1002/bmc.1492
https://doi.org/10.1002/bmc.1492
https://doi.org/10.1002/bmc.1492
https://doi.org/10.3390/pr10061082
https://doi.org/10.3390/pr10061082
https://doi.org/10.3390/pr10061082
https://doi.org/10.3390/pr10061082
https://doi.org/10.1155/2021/6645680
https://doi.org/10.1155/2021/6645680
https://doi.org/10.1155/2021/6645680
https://doi.org/10.1093/chrsci/49.8.634
https://doi.org/10.1093/chrsci/49.8.634
https://doi.org/10.1093/chrsci/49.8.634
https://doi.org/10.1093/chrsci/49.8.634
https://doi.org/10.4172/jbb.1000256
https://doi.org/10.4172/jbb.1000256
https://doi.org/10.4172/jbb.1000256
https://doi.org/10.1002/jps.22542
https://doi.org/10.1002/jps.22542
https://doi.org/10.1002/jps.22542
https://doi.org/10.1080/10717544.2018.1523256
https://doi.org/10.1080/10717544.2018.1523256
https://doi.org/10.1080/10717544.2018.1523256
https://doi.org/10.1007/s12298-018-0593-5
https://doi.org/10.1007/s12298-018-0593-5
https://doi.org/10.1007/s12298-018-0593-5
https://doi.org/10.1016/j.microc.2019.03.038
https://doi.org/10.1016/j.microc.2019.03.038
https://doi.org/10.1016/j.microc.2019.03.038
https://doi.org/10.1016/j.microc.2019.03.038
https://doi.org/10.1016/j.microc.2019.03.038
https://doi.org/10.1080/10826076.2015.1087409
https://doi.org/10.1080/10826076.2015.1087409
https://doi.org/10.1080/10826076.2015.1087409
https://doi.org/10.1186/s43094-021-00286-4
https://doi.org/10.1186/s43094-021-00286-4
https://doi.org/10.1186/s43094-021-00286-4
https://doi.org/10.1016/j.foodchem.2015.11.078
https://doi.org/10.1016/j.foodchem.2015.11.078
https://doi.org/10.1016/j.foodchem.2015.11.078
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(35) Sharma, S.; Gupta, P.; Gupta, A.; Kawish, S. M.; Iqbal, Z.;
Vohora, D.; Kohli, K. Rapid Analytical Method Development and
Validation of RP-HPLC Method for the Simultaneous Estimation of
Exemestane and Genistein with Specific Application in Lipid-Based
Nanoformulations. ACS Omega 2023, 8 (28), 25101−25113.
(36) Ferreira, N. N.; Boni, F. I.; Baltazar, F.; Gremião, M. P.
Validation of an Innovative Analytical Method for Simultaneous
Quantification of Alpha-Cyano-4-Hydroxycinnamic Acid and the
Monoclonal Antibody Cetuximab Using HPLC from PLGA-Based
Nanoparticles. J. Pharm. Biomed. Anal. 2020, 190, 113540.
(37) Rostamkalaei, S. S.; Akbari, J.; Saeedi, M.; Morteza-Semnani,
K.; Nokhodchi, A. Topical Gel of Metformin Solid Lipid Nano-
particles: A Hopeful Promise as a Dermal Delivery System. Colloids
Surf. B Biointerfaces 2019, 175, 150−157.
(38) Gilani, S. J.; Bin-Jumah, M.; Rizwanullah, M.; Imam, S. S.;
Imtiyaz, K.; Alshehri, S.; Rizvi, M. M. Chitosan Coated Luteolin
Nanostructured Lipid Carriers: Optimization, In Vitro-Ex Vivo
Assessments and Cytotoxicity Study in Breast Cancer Cells. Coatings
2021, 11, 158.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08078
ACS Omega 2024, 9, 30120−30130

30130

https://doi.org/10.1021/acsomega.3c01791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c01791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c01791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c01791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpba.2020.113540
https://doi.org/10.1016/j.jpba.2020.113540
https://doi.org/10.1016/j.jpba.2020.113540
https://doi.org/10.1016/j.jpba.2020.113540
https://doi.org/10.1016/j.colsurfb.2018.11.072
https://doi.org/10.1016/j.colsurfb.2018.11.072
https://doi.org/10.3390/coatings11020158
https://doi.org/10.3390/coatings11020158
https://doi.org/10.3390/coatings11020158
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

