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Abstract

Flurbiprofen is a non-steroidal anti-inflammatory drug (NSAID) with anti-inflammatory, antipyretic, and analgesic
properties. NSAIDs are commonly used to treat conditions such as gout, arthritis, muscle pain, pyrexia, dysmenorrhea,
and migraines; however, their toxicity may lead to hepatotoxicity, renal damage, and hypertension. In this study, a
reversed-phase high-performance liquid chromatography (RP-HPLC) method was developed using a central composite
design (CCD). The developed method was validated for linearity, robustness, limit of detection (LOD), limit of
quantification (LOQ), precision, and accuracy, and was also applied to analyze flurbiprofen nanostructured lipid carriers
(NLCs) and marketed formulations, including topical gel and eye drops. The calibration curve for flurbiprofen was linear
over the concentration range of 0.125-50 pg/mL. The percentage recovery at sample concentrations of 400, 500, and
600 ng was 97.79%, 100.26%, and 100.61%, respectively, indicating good accuracy. The percentage relative standard
deviation (%RSD) was less than 2%, confirming the precision of the method. Robustness was demonstrated by %RSD
values below 2% following deliberate variations in flow rate, injection volume, and mobile phase pH. The LOD and
LOQ were determined to be 50 ng/mL and 125 ng/mL, respectively. Using the optimized method, flurbiprofen was
successfully identified and quantified in NLCs as well as in marketed topical gel and eye drop formulations, producing
well-resolved peaks with high accuracy, precision, and sensitivity. Comprehensive testing and validation confirmed that
the developed method is suitable for routine analytical applications.
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Introduction

An important non-steroidal anti-inflammatory drug (NSAID)
that is used to treat rheumatoid arthritis is flurbiprofen. When
treating theumatoid arthritis, flurbiprofen is just as effective
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elderly individuals revealed that it had a good safety profile
and had dose-dependent central nervous system penetration.
Due to its growing application in the pharmaceutical and clin-
ical efficacy fields, a sensitive, accurate, and more practically
relevant analytical method for flurbiprofen determination is
required.*® Bagde et al. (2022) analyzed flurbiprofen at a
wavelength of 247 nm using a CI8 column (5 um,
4.6x250 mm). The mobile phase was composed of 70:30
(v/v) acetonitrile (ACN) and water (pH 6). Injection volume
of 50 pl, retention time of 2.5 minutes, flow rate of 0.5 mL/
min. A linear calibration curve with a correlation value of R
=0.99. The limit of detection (LOD) was 1.31 pg/mL, and the
limit of quantification (LOQ) was 3.97 pg/mL.°

Akhlaq et al. (2011) used a high-performance liquid
chromatography (HPLC) system that had a quaternary
pump, an automated sampler, and a photodiode array
detector. The wavelength was fixed at 247 nm. A Gemini
C18 column (5 pm; 4.6 mm X 250 mm) was utilized to
do the chromatographic separation. The mobile phase
was made in a 50:50 v/v of ACN and disodium hydrogen
phosphate (30 mM) at a pH of 7.0. 1 mL/min was the
flow rate. The injector was rinsed using a 50:50 v/v
ACN: Water mixture, and the injection volume was 5
mL. Validation was done once the method was developed.
The calibration curves were linear in the 5-50 pg/mL
range. The three samples’ intra-day and inter-day preci-
sion ranged from 0.004 to 0.030% and 0.001 to 0.027%,
respectively. The LOD was 0.173 pg/mL, and the LOQ
was 0.578 pg/mL, respectively.!® In this research, we
have developed an HPLC method for the quantification of
flurbiprofen using design of experiment (DoE) software.
Compared to conventional trial-and-error methods, DoE
software helps to predict the optimized batch. It quickly
identifies which HPLC parameters have major effects
on the desired outcomes. It also reduces variation, mini-
mizes defects, and makes processes more reliable and
consistent.!"!? After the method development, we have
validated the method. Then, the flurbiprofen was identi-
fied using the optimized method in nanostructured lipid
carrier (NLCs), a marketed topical gel, and eye drops.
The quantitative estimation revealed that the drug had
remarkable peaks and achieved great sensitivity, preci-
sion, and accuracy. The main novelty of the work is that
no HPLC method is developed for flurbiprofen using the
DoE software, and also no authors have compared the
developed method with the NLCs and the marketed
topical gel and eye drops.

Materials and Methods

Chemicals

Flurbiprofen was purchased from Yarrow Chem, Maharashtra,
India. Methanol and ACN (HPLC grade) were purchased

from Finar, Ahmedabad, Gujarat, India. Triethanolamine and
orthophosphoric acid were purchased from Loba, Mumbai,
Maharashtra, India. High-quality pure water was taken from
a Millipore purification system.

Equipment

For liquid chromatography estimations, an Agilent Infinity
1260 model was used with a variable wavelength detector,
and OpenLab software was used. AC , column (Phenomenex®,
250 mm length, 4.6 mm diameter, 5 pm particle size) was
used for the analysis of flurbiprofen.

Preparation of Stock Solution and Working
Standard Solution

One milligram of flurbiprofen was accurately weighed and
dissolved in 1 mL of methanol to get 1,000 pg/mL. Then,
from the 1,000 pg/mL stock, 100 pl was taken and diluted
with 900 pl of methanol to get the second stock of 100 pg/
mL. From the 100 pg/mL stock, 100 pl was taken and diluted
with 900 pl of methanol to get a third stock solution of 10 pg/
mL. To prepare the calibration curve, the working solutions
of flurbiprofen were serially diluted with methanol to get the
concentrations of 0.125-50 pg/mL. These stock solutions and
working standard solutions were protected from light and
stored at room temperature.

Preliminary Method Development Studies

Flurbiprofen’s solubility in organic solvents, specifically
methanol and ACN, was evaluated. The purpose of this
assessment was to determine their maximal solubility pro-
files. The method development involved combining the
organic and aqueous phases (90:10). Triethanolamine and
orthophosphoric acid were used to adjust the pH of the aque-
ous phase. All possible mobile phase ratios (50:50, 60:40,
70:30, 80:20) at different pH values were investigated to
enhance chromatographic estimations. '

Optimization of Analytical Method Using
Design of Experiment

In this research work, to optimize the parameters, the central
composite design (CCD) was employed. This design was per-
formed in Design Expert software version 13. To estimate
quadratic surfaces, CCD is a sequential response surface
methodology that expands upon factorial designs. CCD tests
extreme factor values (axial points), in contrast to
Box—Behnken. Although it requires more runs than Box—
Behnken design or screening-focused Taguchi methods,
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Table I. Experimental Runs.

Factor | Factor 2 Factor 3 Response | Response 2 Response 3 Response 4
A: Ratio B: Injection  C: Flow Rate Retention Time

Run of ACN (%)  Volume (pL) (mL/min) (Minutes) Area (mAU/s) Tailing Factor Theoretical Plates

| 80 10 | 3.285 3,419.02 1.09957 25,796

2 100 5 0.8 3.62 2,745.2 3.48055 28,982

3 90 10 0.8 3.646 3,767.91 0.96578 27,596

4 100 10 | 2.903 4,190.38 4.76342 29,402

5 90 10 0.8 3.656 17,971 0.967 27,446

6 80 5 0.8 4.114 880.04 1.18075 26,198

7 90 10 0.8 3.646 2,791.94 0.96606 27,665

8 90 10 0.8 3.647 5,790.83 0.96575 27,598

9 90 5 | 2916 4,719.59 1.1565 26,890
10 90 I5 | 2918 6,051.73 0.85001 28,892
I 90 10 0.8 3.647 5,798.42 0.95408 27,549
12 90 15 0.6 4.871 6,610.87 0.82938 28,612
13 80 I5 0.8 4.116 2,652.54 1.00977 24,887
14 90 5 0.6 4.847 1,198.76 1.20836 25,461
15 80 10 0.6 5.499 5,351.81 1.1059 24,979
16 100 10 0.6 4.868 3,973.42 5.4 29,320
17 100 I5 0.8 3.62 5,023.57 4 29,942

it is more effective for optimization than three-level factori-
als.' The ratio of ACN (80%—100 % range), injection volume
(5-15 pL range), and flow rate (0.6—1 mL/min range) were
selected as independent variables. Area, retention time, theo-
retical plates, and tailing factor were selected as dependent
variables. The DoE experimental runs are given in Table 1.

Development of a Reversed-phase-HPLC Method

To optimize the analytical method, we have used DoE (CCD)
software. From the CCD, we got the optimized batch. The
mobile phase used in the study was ACN and water (water pH
was adjusted to 3.5), at a ratio of 90:10 (v/v), wavelength of
247 nm, injection volume of 15 pl, flow rate of 0.6 mL/min,
samples were kept in room temperature, and column oven not
used; analyses performed at ambient temperature 25 + 2°C.
Open lab software was used for data collection and analysis.!®

Validation of the Method

Linearity

The different concentrations of flurbiprofen aliquots were
prepared by using methanol as a solvent with a concentration
range of 0.125-50 ug/mL to test the method’s linearity. Each
aliquot was prepared in triplicate. To obtain the calibration
curve, the peak area was plotted against concentration.'

Accuracy

The percentage mean recovery of the sample was the basis for the
outcomes of recovery experiments. For the purpose of flurbipro-
fen estimation, three distinct concentrations, namely 400 ng,

500 ng, and 600 ng, were taken in sextuplicate. Recovery percent-
ages were recorded once the samples were examined. The accept-
able range for percentage recovery was 98%-102%, according to
International Council for Harmonisation (ICH) guidelines."”

Precision

To establish intraday and interday precision, flurbiprofen
concentrations of 400, 500, and 600 ng/mL were analyzed at
three distinct times in sextuplicate. On the same day, samples
were analyzed with a four-hour interval, which is called
intraday, and the next day same samples were analyzed,
which is called interday. Percentage relative standard devia-
tion (%RSD) is a measure of precision that expresses the
standard deviation as a percentage of the mean value.
Acceptable limit for the %RSD of area was less than two."”

Standard deviation o

Percentage Relative standard deviation (%RSD) = 100

Mean

Robustness

By introducing small changes to the method’s state, such as
flow rate (0.55 mL/min, 0.6 mL/min, and 0.65 mL/min),
injection volume (14 ul, 15 pl, and 16 pl), and the pH (3.4,
3.5, 3.6) of the mobile phase composition, the robustness of
the method was determined. Less than two was the acceptable
limit for the %RSD of peak area.'®

Limit of Detection and Limit of Quantification

LODs are the lowest drug concentrations that can be reliably
recognized and distinguished from the background. LOQs are
the lowest concentrations at which they can be quantified.
LOD is always when the signal-to-noise (S/N) ratio is 3:1.
LOQ is always when the S/N ratio is 10:1.%
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Application of the Optimized Method in the
Flurbiprofen-loaded NLC’s and in the Marketed
Pharmaceutical Formulations

The flurbiprofen-loaded NLCs were prepared and analyzed
by using a developed HPLC method for the estimation of
flurbiprofen present in the prepared formulation. Flurbiprofen
topical gel and eye drop was procured from the local phar-
macy store. Flurbiprofen topical gel and eye drop samples for
HPLC analysis were prepared in methanol and analyzed
using a validated chromatographic method. But for the
topical gel, we had made a further dilution to get a clear,
non-viscous solution. The unknown concentration of the
drug in these two marketed formulations was calculated from
a linear equation, which we got from linearity.?

Greenness Analysis of HPLC Method

To assess the environmental impact of an HPLC method by
Modified Green Analytical Procedure Index (MoGAPI), Analytical
GREEnness Metric Approach and Software (AGREE), Blue
Applicability Grade Index (BAGI), it is necessary to provide pro-
cedural details such as solvent volume/mass, energy consumption,
waste, process steps, reagents hazards, and sample throughput
into their respective free online calculators or Excel software.
MOGAPI: https://bit.ly/MoGAPIL, BAGI: https://bagi-index.anvil.
app/, AGREE: https://mostwiedzy.pl/ AGREE >'-*

Results and Discussion

Optimization of Analytical Method Using
Design of Experiment
Retention Time

As per the polynomial equation, the ratio of ACN has a nega-
tive impact on the retention time, and the flow rate has a

positive impact on the retention time. The 3D surface plot
(Figure 1a) depicts that, when there is a decrease in flow rate,
there will be an increase in retention time. A decrease in the
ratio of ACN leads to an increase in retention time because it
reduces their interaction with the stationary phase. According
to the Analysis of Variance (ANOVA) table, the model’s
F-value of 27,394.25 indicates that it is significant. The lack
of fit F-value of 3.91 indicates that, relative to the pure error,
the lack of fit is not significant.

Retention time = 3.56 — 0.2504 A —0.9710 C +
0.0622 AC +0.2191 A%+ 0.2396 C>—
0.0737 A2C +0.0317 A*C?

Area

As per the polynomial equation, the ratio of ACN and flow
rate has a negative impact on area, and injection volume
has a positive impact on area. The 3D surface plot depicts
(Figure 1b) that, when there is a decrease in the ratio of ACN,
there is an increase in area. When there is an increase in injec-
tion volume, there will be an increase in area. When there is a
decrease in flow rate, there will be an increase in area,
whereas when there is a decrease in the ratio of ACN, there
will be an increase in area. According to the ANOVA table,
the model’s F-value of 73.78 indicates that it is significant.

Area=1789.24 — 171.35%A + 861.89*B —
456.77*C — 123.53*AB + 37.44*AC —
244.99*BC —200.24*A%— 13.66*B> + 144.66*C>

Tailing Factor

As per the polynomial equation, the ratio of ACN has a
positive impact on the tailing factor, whereas injection vol-
ume and flow rate have a negative impact on area. As per
the 3D surface area plot (Figure 2a), when there is a
decrease in flow rate, there will be an increase in retention
time. When there is an increase in the ratio of ACN, there

Fctr Ccing: Ackal

3D Surface

@

Retention tme (min)

&0
ss —— SEXS
— ““:“:“ S
y 0 “““““‘ %
RTINS

R et
00}
00
SIS SXESKKS
. v@e-“:‘““ S
easSy ‘\‘\“‘“ SIS

Sessiies! <SS
f\‘\\\\\\\&t&\‘?ﬁ"ﬂ%&’!,
S et e el

O

<

O

Retension time (min)

Area (mAU/s)

Area (mAU/s)

@ P/o.v ’i o
Miny @ (mmy,

Area (mAU/s)

Figure 1. (a) 3D Surface Plot of Retention Time, (b) 3D Surface Plot of Area.
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is an increase in the tailing factor. When there is a decrease
in the ratio of ACN, there is a decrease in retention time.
When there is an increase in the ratio of ACN, there is an
increase in the tailing factor. When there is a decrease in
flow rate, there is a decrease in the tailing factor. The
ANOVA suggested that the model F-value 0of 26.46 implies
the model is significant.

Tailing factor = 0.9637 + 1.66¥A — 0.0421*B —
0.0843*C +0.1726*AB — 0.1576*AC +
1.77*A?— 0.3136*B?+ 0.3609*C?

Theoretical Plates

As per the polynomial equation, the ratio of ACN has a positive
impact on theoretical plates, whereas injection volume and
flow rate have a negative impact on theoretical plates. As per
the 3D surface area plot (Figure 2b), when there is a decrease
in injection volume, there will be a decrease in
theoretical plates. A decreased ratio of ACN will increase the
theoretical plates. Decreased flow rate will decrease the theo-
retical plates. The ANOVA table suggested that the model
F-value of 16.75 implies the model is significant. The ANOVA
table for particle size and Polydispersity Index is given in
Supplementary Table 1. The ANOVA table for zeta potential
and percentage entrapment efficiency is given in Supplementary
Table 2. The predicted values versus observed values with the
percentage relative error are given in Table 2.

Theoretical plates = 45378.14 —19915.61*A — 9029.91*B —
4511.68*C +4349.39*AB +
1279.88*BC — 10131.85*A%+
529.52*B? — 822.60*C?

Development of a Reversed-phase-HPLC Method

ACN and water (pH adjusted to 3.5) were the given set of
mobile phases for the HPLC chromatogram. The ratio was
90:10 (v/v), the wavelength was 247 nm, the flow rate
was 0.6 mL/min, the injection volume was 15 pl, the run time
was 7 minutes, the samples were kept at room temperature,
and the column oven was not used; analyses performed at
ambient temperature 25 + 2°C. Then we got the HPLC chro-
matogram of flurbiprofen, which was depicted in Figure 3.

Validation of the Method

Linearity

Flurbiprofen’s calibration curve was linear over the 0.125-50 pg/
mL concentration range, as seen in Figure 4. When the graph was
plotted with peak area versus concentration, the regression
equation for the calibration curve was typically determined to
be y=126.83 x +27.732 with a 0.998 correlation coefficient.

Accuracy

Analyses of the wvarious flurbiprofen concentrations
(400, 500, and 600 ng/mL) were conducted in sextuplicate.
In Table 3, the percentage recovery was given.

Table 2. Percentage Relative Error.

Retention Tailing  Theoretical
Time Area Factor Plates
Predicted 4.689 6,069.45 0811 28,798.89
Observed 4.766 6,079.64 0.849 29,827.36
Percentage 1.61 0.16 4.47 3.44
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Figure 2. (a) 3D Surface Plot of Tailing Factor, (b) 3D Surface Plot of Theoretical Plate.
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Precision

Analyses of the various flurbiprofen concentrations (400,
500, and 600 ng/mL) were conducted in sextuplicate at dif-
ferent times. In Table 4, precision, interday precision, and
intraday precision were given. The %RSD was found to be
less than two, which means that the established method was
precise.

Robustness

For robustness studies, 3 pg/mL solution of flurbiprofen was
used. Small changes to the method state, such as flow rate

(0.55 mL/min, 0.6 mL/min, 0.65 mL/min), injection volume
(14 pl, 15 pl, 16 pl), and the pH (3.4, 3.5, 3.6) of the mobile
phase composition, were used to assess the method’s robust-
ness. The %RSD of peak area was found to be less than two
by change in flow rate, injection volume, and the pH of the
mobile phase composition (Table 5).

LOD and LOQ

Assuming a linear detector response in the low concentration
range and stable baseline noise, the S/N approach was used to
estimate the LOD and LOQ. LOD and LOQ were assessed at

VWD1A, Wavelength =247 nm
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Figure 3. HPLC Chromatogram of Flurbiprofen.
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Figure 4. Linearity of Flurbiprofen.
Table 3. The Percentage Recovery of the Samples.
Area Mean + SD (n = 6) 77.34 £ 0.83 91.31 £ 0.8l 104.30 + 0.28
Concentration (T) (ng) 400 500 600
Concentration (P) (ng) 391.17 501.34 603.7
Percentage recovery 97.7925 100.268 100.616667
Table 4. Data for Interday and Intraday of Flurbiprofen.
Precision Precision Precision Intraday Intraday Intraday
(Same Day) (Same Day) (Same Day) 4 h Later 4 h Later 4 h Later Interday Interday Interday
Metric 400 ng 500 ng 600 ng 400 ng 500 ng 600 ng 400 ng 500 ng 600 ng
Mean 59.04 80.56 90.83 58.73 81.36 91.41 59.08 78.98 90.01
SD 0.08 0.17 0.12 1.06 0.18 0.16 1.06 0.50 0.27
RSD (%) 0.14 0.22 0.13 1.81 0.23 0.17 1.80 0.63 0.30
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Table 5. Data for Robustness.

Parameter Mean + SD %RSD
Flow rate (mL/min) 0.55 398.93 + 0.00 0.00
0.60 371.85 £ 0.68 0.18
0.65 344.19 £ 1.47 0.42
Injection volume (ul) 14 34881 £ 0.16 0.04
15 371.85 +0.68 0.18
16 398.16 £ 0.36 0.09
pH 34 375.64 £ 0.38 0.10
35 371.85 £ 0.68 0.18
3.6 375.43 £ 0.20 0.05

Note: *The values are represented as mean + SD (n = 3) and percentage
relative standard deviation (%RSD).

approximate S/N ratios of 3 and 10, respectively, in compliance
with International Organization for Standardization (ISO)
11843, Eurachem guidelines, and ICH Q2(R2). Based on base-
line noise measurement, the chromatographic data acquisition
software automatically calculated the S/N ratios. In the present
study, a flurbiprofen concentration of 50 ng/mL produced an
S/N ratio of 3.9 and was therefore considered as the LOD,
whereas a concentration of 125 ng/mL yielded an S/N ratio of
16 and was considered as the LOQ.*

Application of the Optimized Method in the
Flurbiprofen-loaded NLCs and in the Marketed
Pharmaceutical Formulations

The amount of drug recovered from the prepared NLC
formulation was found to be 96.05%. Flurbiprofen in
commercially available topical gel and eye drops was
effectively identified using the optimized method. The
developed method was confirmed to be suitable for rou-
tine analysis. Figure 5a, Figure 5b, and Figure 5¢ show
the HPLC chromatograms for the flurbiprofen NLCs,
topical gel, and eye drop, respectively.

Greenness Analysis of HPLC Method

The HPLC method scores a moderate level of greenness
according to MoGAPI (score 88), indicated by mixed green/
yellow/red pictogram segments that evaluate 15 aspects of
the procedure, such as solvents and waste. AGREE gave it a
higher rating of 62%, indicating that the method was environ-
mentally sustainable, based on 12 green chemistry principles,
but still has some room for improvement in terms of energy
or reagents. BAGI gave 85; thus, despite the moderate eco
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Figure 5. HPLC Chromatogram for (a) Flurbiprofen NLC, (b) Flurbiprofen Topical Gel, and (c) Flurbiprofen Eye Drop.
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(b) AGREE
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Figure 6. Greenness Assessment of the Developed HPLC Method.

impact, the method was very practical, robust, and applicable
for routine use. In general, the method was sufficiently green
(50-75 range) and highly practical for pharmaceutical analy-
sis, with the aim of further optimization of greener solvents.
The results of the greenness assessment of the developed
HPLC method are depicted in Figure 6.

Conclusion

The developed reversed-phase-HPLC method for the estimation
of flurbiprofen has been thoroughly tested and validated. The
method exhibited excellent linearity over a broad concentration
range of 0.125-50 pg/mL, demonstrating its suitability for
detecting both low and high levels of the drug. Accuracy studies
showed percentage recoveries close to 100% at multiple concen-
tration levels, confirming that the method provides reliable and
unbiased quantification of flurbiprofen. In the precision study,
various flurbiprofen concentrations at different times were ana-
lyzed. The %RSD was found to be less than two, which means
that the established method was precise. Robustness tests involv-
ing deliberate variations in flow rate, injection volume, and
mobile phase pH resulted in minimal impact on the method’s
performance, reflecting its stability under small procedural
changes. Sensitivity parameters were also favorable, with the
LOD at 50 ng/mL and the LOQ at 125 ng/mL, supporting the
method’s capability to detect and quantify trace amounts of flur-
biprofen. When applied to real pharmaceutical samples, includ-
ing flurbiprofen-loaded NLCs, marketed topical gels, and eye
drops, the method successfully identified and quantified the drug
with distinct chromatographic peaks and consistent results. This
confirms the method’s practical applicability in the routine anal-
ysis of complex flurbiprofen formulations.
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