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ABSTRACT: The literature does not provide any “high-performance thin-layer chromatographic (HPTLC)” techniques for the
determination of a novel antidiabetic medicine, ertugliflozin (ERZ). Additionally, there are not many environmentally friendly
analytical methods for ERZ measurement in the literature. A rapid, sensitive, and eco-friendly reversed-phase-HPTLC (RP-HPTLC)
method was designed and validated in an attempt to analyze ERZ in marketed pharmaceutical tablets more precisely, accurately, and
sustainably over the traditional normal-phase HPTLC (NP-HPTLC) method. The stationary phases used in the NP- and RP-
HPTLC procedures were silica gel 60 NP-18F254S and 60 RP-18F254S plates, respectively. For NP-HPTLC, a chloroform/
methanol (85:15 v/v) mobile phase was used. However, ethanol−water (80:20 v/v) was the preferred method for RP-HPTLC. Four
distinct methodologies, including the National Environmental Method Index (NEMI), Analytical Eco-Scale (AES), ChlorTox, and
Analytical GREEnness (AGREE) approaches, were used to evaluate the greenness of both procedures. For both approaches, ERZ
detection was carried out at 199 nm. Using the NP- and RP-HPTLC techniques, the ERZ measurement was linear in the 50−600
and 25−1200 ng/band ranges. The RP-HPTLC method was found to be more robust, accurate, precise, linear, sensitive, and eco-
friendly compared to the NP-HPTLC approach. The results of four greenness tools demonstrated that the RP strategy was greener
than the NP strategy and all other reported HPLC techniques. The fact that both techniques can assess ERZ when its degradation
products are present implies that they both have characteristics that point to stability-indicating features. 87.41 and 99.28%,
respectively, were the assay results for ERZ in commercial tablets when utilizing the NP and RP procedures. Based on several
validation and greenness metrics, it was determined that the RP-HPTLC approach was better than the NP-HPTLC method. As a
result, it is possible to determine ERZ in pharmaceutical products using the RP-HPTLC approach.

1. INTRODUCTION
Since sodium-glucose cotransporter-2 (SGLT2) inhibitors are
largely expressed in the proximal renal tubules, 90% of the
glucose that is originally filtered by the kidneys is
reabsorbed.1,2 As a result, SGLT2 inhibitors have become a
cutting-edge treatment option for type 2 diabetes.2,3

Ertugliflozin (ERZ) is one SGLT2 inhibitor that is approved
for the management of type 2 diabetes mellitus.4,5 Figure S1
illustrates the chemical structure. It has been approved as
monotherapy and in fixed-dose combination with metformin
hydrochloride and sitagliptin.6,7 For its commercial products,

qualitative and quantitative assessment of ERZ is essential.
Hence, the high-performance thin-layer chromatography
(HPTLC) technique was applied for the qualitative and
quantitative analysis of ERZ.
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Several analytical techniques for ERZ analysis in biological
materials and pharmaceutical products were found through a
review of the literature. Pharmaceutical formulations and pure
forms of ERZ can be determined using the “high-performance
liquid chromatographic (HPLC)” method.8 A number of
HPLC methods have also been used to determine ERZ in
combination with either sitagliptin or metformin hydro-
chloride.9−17 To ascertain ERZ in rat plasma samples, an
HPLC technique incorporating fluorescence detection has also
been created.18 ERZ has also been determined in combination
with sitagliptin using LC mass spectrometry (MS)/MS (LC-
MS/MS) method in fixed-dose combination products.19 Using
LC-MS/MS techniques, ERZ has also been quantified in rat
plasma samples in conjunction with sitagliptin or metfor-
min.20,21 The determination of ERZ in pure forms and
pharmaceutical preparations, either in conjunction with
sitagliptin or alone, has also been performed utilizing various
ultraperformance LC-MS/MS (UPLC-MS/MS) techni-
ques.22−24 Using a UPLC-MS/MS approach, ERZ and
sitagliptin have also been measured simultaneously in rat
plasma samples.25 A green spectrofluorometric method was
also used to determine ERZ in dosage forms and human urine
samples.26 To the best of our knowledge, no reports of ERZ
measurement in commercial products have been made using
traditional or eco-friendly HPTLC techniques. HPTLC
analytical procedures present numerous benefits such as low
solvent usage/waste, nondestructive mode of detection, ease of
use, minimal pretreatment, efficiency, simultaneous detection
of multiple samples, nontoxic, and greenness features over
conventional liquid chromatography methods (HPLC, LC-MS,
and UPLC methods) for the analysis of pharmaceutical
compounds.27,28 Currently, HPTLC approaches have been
utilized for the green analysis of various pharmaceutical
compounds and medications.27−30 One of the 12 principles
of “green analytical chemistry (GAC)” is the use of ecologically
acceptable solvent replacements to lessen the harmful effects of
toxic or hazardous eluents on the ecosystem.31 A literature
search revealed that the use of greener solvents has grown
dramatically during the last few decades.32−35 Numerous
qualitative and quantitative techniques for assessing the
greenness profiles of analytical processes have been described
in the literature. The aforementioned tools are the National
Environmental Method Index (NEMI),36 the Green Analytical
Procedure Index (GAPI),37 the Analytical Eco-Scale (AES),38

Red, Green, and Blue (RGB),39 the Environmental Assessment
Tool (EAT),40 the Analytical Method Volume Intensity
(AMVI),41 the Analytical Method GREEnness Score
(AMGS),42 ChlorTox,43 and the Analytical GREEnness
(AGREE).44 The present investigation employed four discrete
tools, specifically NEMI,36 AES,38 ChlorTox,43 and AGREE,44

to assess the greener profile of the current approaches. In
comparison to the conventional stability-indicating normal-
phase HPTLC (NP-HPTLC) procedure for measuring ERZ in
commercial tablets, the current strategy aimed to develop and
validate a stability-indicating reversed-phase HPTLC (RP-
HPTLC) procedure that would be more precise, accurate,
sensitive, robust, and environmentally friendly. Following “The
International Council for Harmonization (ICH)” Q2-R2
procedures, both procedures for ERZ analysis were validated.45

2. RESULTS AND DISCUSSION
2.1. Method Development and Optimization. For the

method development and optimization procedures, prelimi-

nary investigations were performed to optimize the best
solvent systems for the NP- and RP-HPTLC methods. For NP
procedures, different binary solvent combinations were used,
such as chloroform (CHCl3)/methanol (MeOH), MeOH/
ethyl acetate, hexane/acetone, and ethyl acetate/cyclohexane.
The best results were obtained using the CHCl3/MeOH
combination. Hence, different proportions of CHCl3/MeOH
were investigated in NP procedures. For RP procedures,
different binary solvent combinations were used, such as
acetone/water (H2O), ethanol (EtOH)/H2O, EtOH/ethyl
acetate, and EtOH/acetone. The best results were obtained
using an EtOH/H2O combination. Hence, different propor-
tions of EtOH/H2O were investigated for the RP procedures.
Table 1 provides a summary of the system suitability

parameters for each approach. The “retardation-factor (Rf),
tailing-factor (As), and theoretical plates number per meter
(N/m)” for ERZ analysis were found to be trustworthy for
both approaches.

Chamber saturation conditions were used in the develop-
ment of the TLC plates for both techniques. As the traditional
mobile phases for the ERZ analysis by the NP procedure, a
variety of CHCl3/MeOH combinations between 45 and 95%
CHCl3 were examined.46 Table 1 lists the combinations of
traditional mobile phases and other chromatographic re-
sponses. The traditional mobile phase CHCl3/MeOH (85:15
v/v) produced a well-eluted and sharp chromatographic signal
for ERZ at Rf = 0.29 ± 0.01 (Figure 1A), according to the
results. Furthermore, it was discovered that the As values of
1.06 ± 0.02 for ERZ are suitable for ERZ evaluation. As a
result, CHCl3/MeOH (85:15 v/v) was chosen as the optimal
mobile phase for the NP-HPTLC method’s ERZ assessment.

As the eco-friendly mobile phases for the ERZ analysis by
the RP procedure, a variety of EtOH/H2O combinations
between 40 and 90% EtOH were studied. Table 1 summarizes
the combinations of the RP-HPTLC method’s several
chromatographic parameters and eco-friendly mobile phases.
The results showed that an intact and well-resolved ERZ
chromatographic signal at Rf = 0.68 ± 0.01 was obtained with

Table 1. Ertugliflozin (ERZ) Assessment by Mobile Phase
and Chromatographic Parameter Optimization for NP-
HPTLC and RP-HPTLC Techniques (Mean ± SD, n = 3)

mobile phase As N/m Rf

NP-HPTLC

CHCl3/MeOH
(45:55 v/v)

1.33 ± 0.06 1789 ± 2.32 0.42 ± 0.05

CHCl3/MeOH
(55:45 v/v)

1.28 ± 0.05 1992 ± 2.45 0.38 ± 0.04

CHCl3/MeOH
(65:35 v/v)

1.23 ± 0.04 2412 ± 3.41 0.35 ± 0.03

CHCl3/MeOH
(75:25 v/v)

1.18 ± 0.03 3281 ± 3.83 0.32 ± 0.02

CHCl3/MeOH
(85:15 v/v)

1.06 ± 0.02 4472 ± 4.22 0.29 ± 0.01

CHCl3/MeOH (95:5 v/v) 1.15 ± 0.03 3842 ± 4.03 0.34 ± 0.02
RP-HPTLC

EtOH/H2O (40:60 v/v) 1.34 ± 0.05 1452 ± 1.61 0.78 ± 0.03
EtOH/H2O (50:50 v/v) 1.27 ± 0.04 1943 ± 1.78 0.75 ± 0.03
EtOH/H2O (60:40 v/v) 1.22 ± 0.03 2861 ± 3.16 0.73 ± 0.03
EtOH/H2O (70:30 v/v) 1.19 ± 0.03 3544 ± 3.74 0.71 ± 0.02
EtOH/H2O (80:20 v/v) 1.08 ± 0.03 4652 ± 4.02 0.68 ± 0.01
EtOH/H2O (90:10 v/v) 1.17 ± 0.04 3772 ± 3.93 0.70 ± 0.02
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the EtOH/H2O (80:20 v/v) mixture (Figure 1B). Further-
more, a projection of 1.08 ± 0.03 for ERZ’s As value was made,
which was suitable for ERZ evaluation. Because of this, EtOH/
H2O (80:20 v/v) was selected as the optimal eco-friendly
mobile phase for the ERZ evaluation using the RP-HPTLC
method. When the ERZ spectral bands were examined under
spectrodensitometry mode, the maximum TLC response was
recorded at 199 nm. It was performed through the peak area
integration corresponding to the spectrodensitogram plot at
199 nm. As a result, the entire analysis of ERZ was performed
at 199 nm.
2.2. Validation Studies. The protocols ICH-Q2-R2 were

used to record the different ERZ validation parameters.45 The
results of evaluation of the linearity of ERZ calibration plots
using both methods are presented in Table 2. Between 50 and

600 ng/band, the ERZ calibration curve for the NP method
was linear. The ERZ calibration plot for the RP procedure was
linear in the range of 25−1200 ng/band. For the NP-HPTLC
method, the correlation coefficient (R) and determination
coefficient (R2) for ERZ were, respectively, 0.9965 and 0.9932.
ERZ’s R2 and R for the RP-HPTLC method were 0.9987 and
0.9988, respectively. These findings showed a significant
correlation between the ERZ concentrations and the measured
spot areas. These results all showed that the two ERZ
measurement methods were linear. However, the RP-HPTLC
approach was more linear than the NP-HPTLC method.

Both ERZ measurement techniques were evaluated for
accuracy in terms of % recovery. Table 3 presents the accuracy
measurement results for both approaches. The recoveries of

ERZ at three different quality control (QC) samples for the
NP-HPTLC technique were determined to be 94.15−
104.52%. Using the RP-HPTLC technique, the recoveries of
ERZ in three distinct QC samples were assessed and found to
be 98.77−100.96%. These outcomes demonstrated the validity
of both methods for the ERZ measurement. However, the RP-
HPTLC method performed more accurately than the NP-
HPTLC method when it came to quantifying the ERZ.

The data were reported as a % of the coefficient of variance
(%CV), and the intra- and interassay precisions of both
methods were evaluated in order to measure ERZ. Table 4
displays the intra- and interassay precisions for both ERZ
measuring techniques. The intra-assay CVs of ERZ for NP
procedure varied from 2.63 to 3.12%. The NP procedure’s
ERZ interassay CVs varied from 2.70 to 3.33%. The intra-assay
CVs of ERZ for the RP procedure varied from 0.87 to 0.97%.
The range of the ERZ CVs for interassay in the RP procedure
was 0.88−0.99%. These measurements demonstrated the
precision of both ERZ measurement techniques. However,
the RP-HPTLC approach was more precise than the NP-
HPTLC method for measuring the ERZ.

In order to measure the robustness of both ERZ measure-
ment techniques, intentionally planned modifications were
made to the mobile phase components. Table 5 displays the
results of the robustness measurements for both techniques.
The CVs for ERZ using the NP-HPTLC technique were 3.14−
3.30%. The ERZ Rf values for the NP-HPTLC technique were
found to be 0.28−0.30. The ERZ CVs for the RP-HPTLC
technique varied from 0.89 to 0.93%. The RP procedure’s ERZ
Rf values were found to range from 0.67 to 0.69. These
measurements demonstrated the robustness of both ap-
proaches for the ERZ measurement. In terms of ERZ
measurements, however, the RP-HPTLC approach fared better
than the NP-HPTLC method.

Figure 1. Representative spectrodensitograms of standard ERZ obtained by (A) NP- and (B) RP-HPTLC methods.

Table 2. Results of the Linearity Assessment of ERZ for the
NP-HPTLC and RP-HPTLC Procedures (Mean ± SD; n =
6)

parameters NP-HPTLC RP-HPTLC

linear range (ng/band) 50−600 25−1200
regression equation y = 12.805x + 1326.8 y = 12.956x + 641.86
R2 0.9932 0.9987
R 0.9965 0.9988
standard error of slope 0.92 0.34
standard error of

intercept
11.36 1.50

95% confidence interval
of slope

8.81−16.79 11.46−14.44

95% confidence interval
of intercept

1277.88−1375.71 635.37−648.34

LOD ± SD (ng/band) 7.17 ± 0.16 0.94 ± 0.01
LOQ ± SD (ng/band) 21.52 ± 0.48 2.82 ± 0.03

Table 3. Results of Accuracy Assessment of ERZ for the NP-
HPTLC and RP-HPTLC Procedures (Mean ± SD; n = 6)

conc. (ng/band) conc. found (ng/band) ± SD recovery (%) CV (%)

NP-HPTLC
150 141.23 ± 3.87 94.15 2.74
200 188.74 ± 4.87 94.37 2.58
250 261.31 ± 5.12 104.52 1.95

RP-HPTLC
300 296.32 ± 3.11 98.77 1.04
400 397.65 ± 3.84 99.41 0.96
500 504.81 ± 4.41 100.96 0.87
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Both ERZ measurement techniques’ sensitivity was assessed
in terms of “limit of detection (LOD) and limit of
quantification (LOQ)”. Table 2 lists the obtained values of
“LOD and LOQ” for ERZ for both approaches. The “LOD and
LOQ” for ERZ for the NP procedure were derived to be 7.17
± 0.16 and 21.52 ± 0.48 ng/band, respectively. The “LOD and
LOQ” for ERZ for the RP procedure were calculated to be
0.93 ± 0.01 and 2.82 ± 0.03 ng/band, respectively. These
results demonstrated that both approaches were highly
sensitive to ERZ measurement. However, compared to the
NP procedure, the RP procedure was more sensitive in
measuring ERZ.

By contrasting the Rf values, superimposed UV spectrum,
and 3D spectrum of ERZ in marketed pharmaceutical tablets
with those of pure ERZ, we were able to assess the specificity
and peak purity of the recommended method for ERZ
assessment. The superimposed UV spectra of marketed
pharmaceutical tablets’ ERZ and pure ERZ are shown in
Figure 2. Figure S2 shows the 3D spectrum of marketed

pharmaceutical tablets and pure ERZ. By contrasting the
spectrum at the peak start (S), peak apex (M), and peak end
(E) positions of the spot, the peak purities of standard ERZ
and ERZ in marketed pharmaceutical tablets were eval-
uated.47,48 Standard ERZ and marketed pharmaceutical tablets’
computed values of r(S,M) and r(M,E) were found to be more
than 0.99, demonstrating the homogeneity of the peaks.49,50

The highest chromatographic response was observed for ERZ
in standard and commercial tablets at a wavelength of 199 nm.
The usage of the same UV spectrum, 3D spectrum, Rf data,
and wavelengths found in standard and marketed pharmaceut-
ical tablets demonstrated the specificity of the current methods
for ERZ assessment.
2.3. Forced-Degradation Evaluation. Under varied

stress circumstances, the forced degradation of the NP and
RP procedures was examined. The purpose of these
investigations was to evaluate the stability-indicating properties
of the current approaches. Figure 3 and Table 6 present the
results obtained from the NP-HPTLC approach. At different
stress levels, the ERZ peaks were clearly separated (Figure 3).
After deterioration, the quantity of ERZ was measured. The
quantity of degradation was computed based on the residual
amount of ERZ. Under conditions of acid breakdown (Figure
3A), 51.95% of ERZ was degraded and 48.05% remained
intact. Consequently, under acid breakdown conditions, ERZ
was extremely unstable. Under acid degradation conditions,
the ERZ Rf value remained constant (Rf = 0.29). The
molecules detected under acid degradation (peaks 2, 3, and
4 in Figure 3A) showed separation at Rf = 0.51, 0.64, and 0.71,
in that order. ERZ was maintained at 100.0% (Table 6) during
the base degradation (Figure 3B), oxidative degradation
(Figure 3C), and thermal degradation (Figure 3D) settings,
and no signs of ERZ degradation were found. The tailing was
observed in the drug peak under base degradation condition.
We tried to resolve this issue by changing the degradation
conditions by reducing and increasing the NaOH concen-
trations. However, no degradation was observed under those
conditions. As a result, we considered 100% drug recovery
under base degradation conditions. The tailing of the drug
peak under such circumstances might be due to the presence of
some unknown impurities in NaOH. Thermal chromatogram
baseline was also shifted slightly, but the drug was recovered at
100%. In both cases, the drug concentration was not below
LOD. ERZ was therefore resistant to heat, oxidative, and base
stress situations. During base degradation settings, the ERZ Rf
value was slightly displaced (Rf = 0.28). Nonetheless, the ERZ
Rf value remained constant (Rf = 0.29) in both the oxidative
and thermal degradation scenarios.

Table 7 and Figure 4 show the results of the RP-HPTLC
approach. At various stress levels, the ERZ peak exhibited good

Table 4. Measurement of ERZ Precision for NP-HPTLC and RP-HPTLC Procedures (Mean ± SD; n = 6)

intraday precision interday precision

conc. (ng/band) conc. (ng/band) SE CV (%) conc. (ng/band) SE CV (%)

NP-HPTLC
150 156.35 ± 4.89 1.99 3.12 159.63 ± 5.32 2.17 3.33
200 211.21 ± 5.91 2.41 2.79 214.52 ± 6.38 2.60 2.97
250 239.14 ± 6.31 2.57 2.63 262.35 ± 7.10 2.90 2.70

RP-HPTLC
300 304.15 ± 2.97 1.21 0.97 295.61 ± 2.95 1.20 0.99
400 406.31 ± 3.61 1.47 0.88 395.35 ± 3.58 1.46 0.90
500 492.89 ± 4.32 1.76 0.87 510.23 ± 4.53 1.84 0.88

Table 5. Results of Robustness Evaluation of ERZ for NP-
HPTLC and RP-HPTLC Procedures (Mean ± SD; n = 6)

mobile phase combination
(CHCl3-MeOH) results

conc.
(ng/band) original used

conc.
(ng/band)

CV
(%) Rf

NP-HPTLC
200 85:15 87:13 +2.0 186.41 ± 5.87 3.14 0.28

85:15 0.0 192.56 ± 6.13 3.18 0.29
83:17 −2.0 208.51 ± 6.89 3.30 0.30

RP-HPTLC
mobile phase composition (EtOH-H2O)

400 80:20 82:18 +2.0 389.41 ± 3.47 0.89 0.67
80:20 0.0 392.61 ± 3.58 0.91 0.68
78:22 −2.0 407.64 ± 3.81 0.93 0.69

Figure 2. UV spectrum of standard ERZ and marketed products.
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separation as well (Figure 4). 26.05% of the ERZ had degraded
after the application of acid stress, leaving 73.95% intact (Table
7 and Figure 4A). The ERZ Rf value (Rf = 0.68) did not
change in the acid degradation settings. At Rf = 0.49 and 0.57,
respectively, the acid degradation compounds (peaks 1 and 2
in Figure 4A) were separated. Consequently, in conditions of
acid breakdown, ERZ was extremely unstable. ERZ was
maintained at 100.0% (Table 7) during the base degradation
(Figure 4B), oxidative degradation (Figure 4C), and thermal
degradation (Figure 4D) settings, and no signs of ERZ
degradation were found. ERZ was therefore resistant to heat,
oxidative, and base stress situations. During base, oxidative,
and thermal degradation settings, the ERZ Rf value changed

minimally (Rf = 0.69 in all of these cases). For the RP-HPTLC
method, some shoulders were observed especially under base,
oxidative, and thermal degradation conditions. We tried to
resolve shoulder issues by changing the degradation con-
ditions. However, no degradation was observed under those
conditions. Both techniques were used to record the highest
decomposition of ERZ during acid degradation settings. These
findings showed that in the presence of its breakdown
products, ERZ might be detected by both NP- and RP-
HPTLC techniques. The stability-indicating characteristics of
both processes were indicated by these results. Both
approaches were stability-indicating for ERZ detection.
2.4. Application of NP- and RP-HPTLC Methods in

ERZ Analysis in Marketed Pharmaceutical Tablets. Both
techniques were applied in order to determine the ERZ in
marketed pharmaceutical tablets. By utilization of the NP
procedure to compare the single TLC spot at Rf = 0.29 ± 0.01
for ERZ with standard ERZ, the chromatogram of ERZ from
marketed pharmaceutical tablets was assessed. By use of the
NP procedure, the chromatographic peak of ERZ in
pharmaceutical tablets was the same as that of pure ERZ
(Figure 5A). By employing the RP procedure to compare the
single TLC spot at Rf = 0.68 ± 0.01 for ERZ with that of
standard ERZ, the chromatogram of pharmaceutical tablets
was evaluated. By using the RP procedure, the chromato-
graphic peak of ERZ in pharmaceutical tablets was similar to
that of pure ERZ (Figure 5B). Additionally, neither of the two
approaches revealed any additional signals related to the tablet
contents in the pharmaceutical tablets, suggesting that there
was no interaction between ERZ and the tablet ingredients.
The amount of ERZ in pharmaceutical tablets was ascertained
using the ERZ calibration plot for both methods. Using the NP
procedure, the amount of ERZ in pharmaceutical tablets was
found to be 87.41 ± 1.24%. Using the RP procedure, the

Figure 3. Chromatograms of ERZ recorded under (A) acid, (B) base, (C) oxidative, and (D) thermal degradations of ERZ by the NP-HPTLC
method.

Table 6. Outcomes of Forced-Degradation Experiments of
ERZ for the NP-HPTLC Assay under Varied Stress
Conditions (Mean ± SD; n = 3)

degradation
setting

degradation
products (Rf)

ERZ
Rf

ERZ remained
(ng/band)

ERZ recovered
(%)

1 M HCl 3 (0.51, 0.64,
0.71)

0.29 240.25 48.05 ± 1.86

1 M NaOH 0 0.28 500.00 100.00 ± 0.00
30% H2O2 0 0.29 500.00 100.00 ± 0.00
thermal 0 0.29 500.00 100.00 ± 0.00

Table 7. Results of Forced-Degradation Evaluation of ERZ
for the RP-HPTLC Method under Varied Stress Conditions
(Mean ± SD; n = 3)

degradation
setting

degradation
products (Rf)

ERZ
Rf

ERZ remained
(ng/band)

ERZ recovered
(%)

1 M HCl 2 (0.49, 0.57) 0.68 369.75 73.95 ± 2.38
1 M NaOH 0 0.69 500.00 100.00 ± 0.00
30% H2O2 0 0.69 500.00 100.100 ± 0.00
thermal 0 0.69 500.00 100.00 ± 0.00
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amount of ERZ in pharmaceutical tablets was found to be
99.28 ± 1.34%. The % ERZ contents in two different brands of
commercial tablets, T1 and T2, were determined to be 100.99
and 99.98%, respectively in the literature using the HPLC
method.8 The results of the proposed NP- and RP-HPTLC
methods of ERZ analysis in commercial tablets were compared
with the reported HPLC method using the Student’s t test and
the variance ratio F-test. The obtained t and F values between
the present NP procedure and the reported HPLC method
were found to exceed their theoretical values, suggesting that
there were significant variations in the accuracy and precision
of the compared methods. However, the obtained t and F
values between the present RP procedure and the reported
HPLC method did not exceed their theoretical values,
suggesting that there were no significant variations in the
accuracy and precision of the compared methods.8 As a result,
the present NP procedures were inferior to the reported HPLC
method and the present RP procedures were similar to the

reported HPLC method.8 These findings demonstrated that
the RP procedure worked better than the NP procedure for the
measurement of ERZ. As a result, RP procedures can be
efficiently applied in determining ERZ in ERZ-containing
pharmaceutical formulations compared to NP procedures.
2.5. Greenness Evaluation. A number of techniques, such

as NEMI,36 GAPI,37 AES,38 RGB,39 EAT,40 AMVI,41 AMGS,42

ChlorTox,43 and AGREE,44 can be used to assess the
greenness of developed pharmaceutical analysis methods. In
the current work, the greenness of both strategies was
evaluated using four different approaches: NEMI,36 AES,38

ChlorTox,43 and AGREE.44 The typical pictograms for the
NEMI of both approaches are displayed in Figure S3. Just two
of the circles for the NP-HPTLC approach were green (Figure
S3A). However, the RP-HPTLC method yields a four-
quadrant green circle (Figure S3B), reflecting the method’s
greenness, because all of the chemicals used are neither toxic,
persistent, bioaccumulative, and toxic (PBT), or corrosive and

Figure 4. Chromatograms of ERZ recorded under (A) acid, (B) base, (C) oxidative, and (D) thermal degradations of ERZ by the RP-HPTLC
method.

Figure 5. Representative spectrodensitograms of ERZ in marketed tablets obtained by (A) NP- and (B) RP-HPTLC methods.
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produce little waste. The RP procedure fared better than the
NP procedure based on the NEMI results.

Table 8 displays the outcomes of the AES scales, with
penalty points for both strategies. The AES scale for the NP
procedure was calculated to be 67. On the other hand, the AES
scale of the RP procedure was found to be 93. The RP
procedure fared better than the NP procedure, according to
the AES results. Additionally, we calculated the AES scales of
several HPLC methods found in the literature and compared
them to the NP and RP procedures currently used for ERZ
assessment (Table 8). AES scales ranging from 65 to 77 were
calculated using several HPLC methods found in the
literature.8−10,13,16,17 Based on AES scales, it was discovered
that all previously published HPLC methods for ERZ
determination were significantly inferior to the current RP-

HPTLC approach. 8 − 1 0 , 1 3 , 1 6 , 1 7 According to AES
scales,8−10,13,16,17 the majority of documented HPLC methods
for ERZ determination were judged to be better than the
current NP-HPTLC approach.

Table 9 displays the total ChlorTox and individual solvent
ChlorTox scale results for both procedures in relation to
published HPLC methods. The current NP-HPTLC method’s
estimated total ChlorTox scale was 3.74 g, indicating that it
was hazardous and unsafe.47 On the other hand, the current
RP-HPTLC method’s computed total ChlorTox scale was 0.82
g, indicating that it was environmentally benign and safe.43

Additionally, we calculated the ChlorTox scales for several
HPLC methods found in the literature and compared them to
NP and RP procedures currently used for ERZ assessment
(Table 9). It was calculated that the ChlorTox scales for

Table 8. Proposed Methodology’s Greenness Evaluation Using the Analytical Eco-Scale (AES) and Penalty Points and a
Comparison with Published HPLC Methods

penalty points

reagents/instruments/waste HPLC [9] HPLC [10] HPLC [13] HPLC [16] HPLC [8] HPLC [17] present NP-HPTLC present RP-HPTLC

EtOH 4
H2O 0 0 0
CHCl3 12
MeOH 18 18 18 18 18
acetonitrile 12 12 12
acetate buffer 0
phosphate buffer 0
orthophosphoric acid 12 12 8
KH2PO4 (0.5 mM) 0
instruments 0 0 0 0 0 0 0 0
waste 5 5 5 5 5 5 3 3
total penalty points 29 23 29 35 23 31 33 7
AES scale 71 77 71 65 77 69 67 93

Table 9. Results of the ChlorTox Scales for the Current Approach Compared to Reported HPLC Methods in Terms of the
Relative Dangers Concerning Chloroform (CHsub/CHCHCld3

) Calculated Using the WHN Model

analytical stage solvent/reagent relative hazard (CHsub/CHCHCld3
) msub (mg) ChlorTox (g) total ChlorTox (g) ref

sample preparation CHCl3 1.00 1700 1.70 3.74 present NP-HPTLC
MeOH 0.56 300 0.17

HPTLC analysis CHCl3 1.00 1700 1.70
MeOH 0.56 300 0.17

sample preparation EtOH 0.26 1600 0.41 0.82 present RP-HPTLC
HPTLC analysis EtOH 0.26 1600 0.41
sample preparation acetonitrile 0.39 314 0.12 3.12 9

orthophosphoric acid 0.56 713 0.40
HPLC analysis acetonitrile 0.39 1572 0.61

orthophosphoric acid 0.56 3564 1.99
sample preparation MeOH 0.56 356 0.20 1.40 10
HPLC analysis MeOH 0.56 2138 1.20
sample preparation acetonitrile 0.39 275 0.11 3.77 13

orthophosphoric acid 0.56 772 0.43
HPLC analysis acetonitrile 0.39 1651 0.64

orthophosphoric acid 0.56 4633 2.59
sample preparation MeOH 0.56 792 0.44 1.10 16
HPLC analysis acetonitrile 0.39 1698 0.66
sample preparation MeOH 0.56 277 0.16 1.40 8
HPLC analysis MeOH 0.56 2218 1.24
sample preparation MeOH 0.56 791 0.44 5.10 17

orthophosphoric acid 0.56 119 0.07
HPLC analysis MeOH 0.56 7121 3.99

orthophosphoric acid 0.56 1069 0.60
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several literature HPLC methods ranged from 1.40 to 5.10
g.8−10,13,16,17 Based on ChlorTox scales, it was discovered that
all previously published HPLC methods for ERZ detection
were significantly less effective than the present RP-HPTLC
method.8−10,13,16,17 On the basis of ChlorTox scales, the
majority of documented HPLC methods for ERZ detection
were discovered to be better than the current NP-HPTLC
approach.8−10,13,16,17

The most popular quantitative approach for assessing
greenness is the AGREE methodology, which considers all
12 GAC criteria.44 The overall AGREE scale for both
approaches is shown in Figure 6. The total AGREE scale
was predicted by the current NP-HPTLC approach to be 0.48
(Figure 6A). Nonetheless, the total AGREE scale of 0.89
(Figure 6B) was estimated by the current RP-HPTLC
technique. The AGREE results once more showed that, in
terms of the AGREE scale, the present RP-HPTLC approach
performed better than the NP-HPTLC method. Overall
greenness approaches compared with all documented HPLC
methods show that the current RP procedure for ERZ analysis
in pharmaceutical tablets has an excellent greener profile.

3. CONCLUSIONS
Stability-indicating HPTLC methods for ERZ measurement
are lacking in the literature. As an alternative to the
conventional stability-indicating NP-HPTLC approach, the
goal of this study was to develop and evaluate a sensitive and
environmentally friendly stability-indicating RP-HPTLC strat-
egy for ERZ assessment in pharmaceutical tablets. For
measuring the ERZ, the RP method is more linear, accurate,
precise, robust, sensitive, and environmentally friendly than the
NP method. The ERZ % recovery values were higher upon
using the RP procedure than when using the NP procedure.
Selectivity- and stability-indicating traits were found in both
techniques. The RP procedure fared better on the greenness
scale than the NP procedure, according to the findings of the
NEMI, AES, ChlorTox, and AGREE evaluations. These
findings demonstrated that the RP strategy performed better
than the NP strategy for assessing ERZ in the pharmaceutical
tablets. The potential strategies such as low solvent usage,
optimizing solvent consumption, reducing waste, and replacing
organic solvents with aqueous buffers could further enhance
the greenness of the developed HPTLC methods. Subsequent
studies can evaluate ERZ in plasma samples and assess its
pharmacokinetics using proven HPTLC techniques.

4. MATERIALS AND METHODS
4.1. Materials. “Beijing Mesochem Technology (Beijing,

China)” is the source of pure ERZ. “E-Merck (Darmstadt,
Germany)” provided the HPLC grade solvents, including
EtOH, MeOH, and CHCl3. The Milli-Q equipment provided
H2O of HPLC quality. Commercial ERZ tablets, each
containing 15 mg of ERZ, were purchased at a pharmacy in
Riyadh, Saudi Arabia. The remaining components were of AR
grade.
4.2. Instrumentation and Analytical Settings. The

“HPTLC CAMAG TLC system (CAMAG, Muttenz, Switzer-
land)” was used to determine the ERZ in commercial tablets.
The solutions were spotted in the form of 6 mm bands with
the help of a “CAMAG Automatic TLC Sampler 4 (ATS4)
Sample Applicator (CAMAG, Geneva, Switzerland)”. The
sample applicator was filled with the “CAMAG microliter
Syringe (Hamilton, Bonaduz, Switzerland)”. 150 nL/s was
used as the application rate for ERZ analysis. The glass-coated
plates were developed using a linear ascending mode at a
distance of 8 cm in a “CAMAG automated developing
chamber 2 (ADC2) (CAMAG, Muttenz, Switzerland)”. The
development chamber was filled with the vapors of the
respective mobile phase for 30 min at an ambient temperature
of 22 °C. At a wavelength of 199 nm, ERZ was detected. The
slit size and scan speed were set to 4 × 0.45 mm2 and 20 mm/
s, respectively. For every measurement, three or six replications
were used. The program that was utilized was WinCAT’s
(version 1.4.3.6336, CAMAG, Muttenz, Switzerland).

Both assays employed the same equipment and analytical
parameters. The mobile phases and stationary phase/TLC
plates were the primary differences between the NP- and RP-
HPTLC procedures. In the NP procedure, the optimal mobile
phase was CHCl3/MeOH (85:10 v/v), while in the RP
procedure, the optimal mobile phase was EtOH/H2O (80:20
v/v). The stationary phase was “glass-coated plates (plate size:
10 × 20 cm2) pre-coated with silica gel (particle size: 5 μm) 60
NP-18F254S plates” in the NP procedure. The stationary
phase was “glass-coated plates (plate size: 10 × 20 cm2) pre-
coated with silica gel (particle size: 5 μm) 60 RP-18F254S
plates” in the RP procedure. The choices of silica gel 60 NP-
18F254S and RP-18F254S plates will definitely influence the
performance and selectivity of the NP- and RP-HPTLC
methods. The particle sizes of both NP and RP plates were
very low (5 μm) in addition to the thinner layer for both
plates. The lower particle size provides a higher packing

Figure 6. Representative images for AGREE scales for (A) NP-HPTLC and (B) RP-HPTLC methods derived by the AGREE calculator.
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density and a smooth surface. In addition, the low particle size
and thinner layer would result in enhanced detection
sensitivity and analysis speed.
4.3. Calibration Curves for ERZ. A stock solution with a

concentration of 100 μg/mL of ERZ was created by dissolving
precisely weighed 10 mg of ERZ into the appropriate amounts
of CHCl3/MeOH (85:15 v/v) for NP-HPTLC and EtOH/
H2O (80:20 v/v) for RP-HPTLC. By diluting variable amounts
of ERZ stock solution with CHCl3/MeOH (85:15 v/v), ERZ
concentrations in the 50−600 ng/band range were further
created for the NP procedure. On the other hand, ERZ
concentrations in the 25−1200 ng/band range were produced
using the RP procedure, which entailed diluting the various
amounts of ERZ stock solution using EtOH/H2O (80:20 v/v).
10 μL of each ERZ concentration were spotted on NP and RP
TLC plates, respectively, for the NP- and RP-HPTLC
procedures. To determine each ERZ concentration’s peak
response, both techniques were applied. ERZ calibration
curves were constructed by plotting the observed spot area
against the ERZ concentrations using six replications (n = 6).
4.4. Sample Preparation for the Measurement of ERZ

in Commercial Tablets. Twenty-five tablets containing 15
mg of ERZ each were randomly ingested in order to measure
the amount of ERZ in commercial tablets. Next, the average
weight was calculated. The fine powder was obtained by
crushing and triturating the tablets. The fine powder, which
contained 15 mg of total ERZ, was dispersed using 10 mL of
the appropriate mobile phase. The resultant mixes were filtered
and sonicated for 15 min.35 The produced solutions were
evaluated for ERZ in commercial tablets using both
procedures.
4.5. Validation Assessment. Both ERZ measurement

techniques were validated for multiple validation criteria in
accordance with ICH-Q2-R2 guidelines.45 Pharmaceutical
analytical procedures are assessed using the ICH-Q2-R2
protocols. These protocols must be followed in order for
analytical methods to be registered in the USA, Japan, and the
EU. The analytical methods should be verified for linear range,
sensitivity (LOD and LOQ), accuracy, precision, repeatability,
specificity, robustness, and robustness, as per the ICH-Q2-R2
criteria.45 ERZ linearity was assessed by plotting the observed
peak response against the ERZ concentrations. The linearity
for the NP technique of ERZ analysis in the 50−600 ng/band
range was assessed using six replicates (n = 6). Six replicates (n
= 6) of the RP technique were used to evaluate the ERZ
linearity over the 25−1200 ng/band range.
Rf, As, and N/m were computed to determine the parameters

for the system appropriateness for both ERZ measurement
methods. Using their published formulas,35 Rf, As, and N/m for
both ERZ measurement procedures were determined.

The accuracy of the two ERZ measuring techniques was
calculated utilizing spiking technology/standard addition
strategy, expressed as % recoveries.45 The preanalyzed ERZ
solution (100 ng/band) was spiked with additional 50, 100,
and 150% ERZ solution for the NP procedure in order to
achieve low-QC (LQC) levels of 150 ng/band, middle-QC
(MQC) levels of 200 ng/band, and high-QC (HQC) levels of
250 ng/band of ERZ. To attain LQC, MQC, and HQC levels
of 300, 400, and 500 ng/band of ERZ by the RP procedure, an
additional 50, 100, and 150% ERZ solution was mixed with the
200 ng/band preanalyzed ERZ solution. The selection of
different concentrations for recovery studies was due to
different linearity ranges for both methods. For NP procedures,

the linearity range was 50−600 ng/band. However, the
linearity range for RP procedures was 25−1200 ng/band.
The % recovery was determined using the spiking method-
ology. The target concentration was selected as 100 ng/band
from the middle of the linearity range for NP procedures. In
the target concentration (100 ng/band), 50−150% extra
concentration was spiked to obtain LQC, MQC, and HQC
of 150, 200, and 250 ng/band, respectively. Similarly, the
target concentration was selected as 200 ng/band from the
middle of the linearity range for RP procedures. In the target
concentration (200 ng/band), 50−150% extra concentration
was spiked to LQC, MQC, and HQC of 300, 400, and 500 ng/
band, respectively. An investigation was conducted on three
distinct ERZ QC solutions in order to evaluate the accuracy of
both approaches. For both approaches, six replications (n = 6)
were used to calculate the % recovery at each QC level. The %
recovery for both approaches was determined using eq 1:

= ×recovery (%)
measured concentration

theoretical concentration
100

(1)

The precision of the NP- and RP-HPTLC techniques for
ERZ was evaluated in terms of interassay (intermediate
precision) and repeatability (intra-assay precision). Six
replicates of freshly made ERZ solutions were tested for
repeatability (intra-assay precision) for both procedures on the
same day at LQC, MQC, and HQC (n = 6). Like recovery
studies, three different concentrations based on LQC, MQC,
and HQC for both methods were selected. Because the
linearity ranges for both methods were different, the selected
concentrations for precision studies were different. For each
approach, ERZ interday precision was assessed using six
replicates (n = 6) of freshly generated ERZ solutions at the
same QC samples spread over 3 days.45

A number of deliberate modifications were made to the
relevant mobile phase’s content in order to evaluate the
robustness of ERZ for both approaches. The standard CHCl3/
MeOH (85:15 v/v) mobile phase for ERZ was changed to
CHCl3/MeOH (87:13 v/v) and CHCl3/MeOH (83:17 v/v)
for the NP-HPTLC experiment. Six replications (n = 6) were
used to record the variations in peak response and Rf. The eco-
friendly mobile phase EtOH/H2O (80:20 v/v) for the RP-
HPTLC method was changed to EtOH/H2O (82:218 v/v)
and EtOH/H2O (78:22 v/v), and six replications (n = 6) were
used to record the uncertainties in spot area and Rf.

45

Using a standard deviation approach, the sensitivity of both
techniques for the ERZ was assessed in terms of “LOD and
LOQ”. For each of the two procedures, a blank sample (one
without ERZ) was injected six times, and the sample’s standard
deviation was calculated. The published equations for both
approaches were utilized to calculate ERZ “LOD and LOQ”
through six replications (n = 6).45

To evaluate the specificity and peak purity of both ERZ
techniques, the Rf values, UV-absorption spectra, and 3D
spectra of ERZ in commercial tablets were compared with that
of pure ERZ.
4.6. Forced-Degradation Studies. The forced-degrada-

tion studies were conducted for both techniques under acidic,
alkaline, oxidative, and thermal stress conditions.35,51 The ERZ
in the concentration of 500 ng/band for both techniques was
subjected to 24 h of thermal stress conditions in a hot air oven
at 55 °C, 1 M HCl (acid), 1 M NaOH (alkaline), and 30% v/v
H2O2 (oxidative). The solutions were diluted with correspond-
ing mobile phases. For these investigations, the comprehensive

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

https://doi.org/10.1021/acsomega.4c02399
ACS Omega 2024, 9, 23001−23012

23009

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


protocols as described in our most previously published
article35 were adhered to. Under the previously stated stress
conditions, ERZ chromatograms were acquired for both
approaches and examined for degradation products.
4.7. Application of NP- and RP-HPTLC Methods in the

Measurement of ERZ in Commercial Tablets. Commer-
cial tablet solutions were placed on NP and RP TLC plates,
respectively, to record the peak responses for ERZ in three
replicates (n = 3) using NP and RP procedures. The
commercial tablet’s ERZ content was determined using the
ERZ calibration plot for both approaches.
4.8. Greenness Assessment. Four different method-

ologies were used to analyze the greenness profile of both ERZ
determination methods: NEMI,36 AES,38 ChlorTox,43 and
AGREE.44 To obtain the initial evaluation based on PBT,
hazardous, corrosive, and waste materials, NEMI is em-
ployed.36 AES is a semiquantitative technique that considers
instruments, waste, and each step of the analytical process. For
the solvents/reagents that need minimal to no reagent use,
little energy, and no waste, an ideal analysis with 100 points is
predicted. Penalty points are awarded and deducted from the
final score of 100 if any of these conditions are not met.38

According to the ChlorTox scale approach, eq 243 is used to
determine the ChlorTox scale.

= × mChlorTox
CH

CH
sub

CHCl
sub

3 (2)

where msub is the mass of the substance of interest needed for a
single analysis, CHCHCld3

is the chemical hazard of standard
CHCl3, and CHsub is the chemical risk of the substance of
interest. The safety data sheet from Sigma-Aldrich (St. Louis,
MO) was used to aid in the computation of the values of
CHsub and CHCHCld3

using the weighted hazards number
(WHN) model.43 Using WHN method and safety data sheet
from Sigma-Aldrich (St. Louis, MO), CHsub values for the
substance of interests such as CHCl3, MeOH, and EtOH were
derived using eq 3:

= × + × + ×

+ ×

N N N

N

CH (1 ) (0.75 ) (0.5 )

(0.25 )
sub cat1 cat2 cat3

cat4 (3)

where the toxicity numbers for the 1, 2, 3, and 4 categories are
denoted, respectively, by the letters Ncat1, Ncat2, Ncat3, and Ncat4.

For substance CHCl3, Ncat1 = 1, Ncat2 = 4, Ncat3 = 3, and Ncat4
= 1 were taken from the safety data sheet of Sigma-Aldrich (St.
Louis, MO).

Hence for CHCl3, CHsub = (1 × 1) + (0.75 × 4) + (0.5 × 3)
+ (0.25 × 1) = 5.75.

For the substance MeOH, Ncat1 = 1, Ncat2 = 1, Ncat3 = 3, and
Ncat4 = 0 were taken from the safety data sheet of Sigma-
Aldrich (St. Louis, MO).

Hence for MeOH, CHsub = (1 × 1) + (0.75 × 1) + (0.5 × 3)
+ (0.25 × 0) = 3.25.

For the substance EtOH, Ncat1 = 0, Ncat2 = 2, Ncat3 = 0, and
Ncat4 = 0 were taken from the safety data sheet of Sigma-
Aldrich (St. Louis, MO).

Hence for EtOH, CHsub = (1 × 0) + (0.75 × 2) + (0.5 × 0)
+ (0.25 × 0) = 1.5.

The CHCl3 was used as a standard, and it was also the
substance of interest under the NP procedure. The already
calculated 5.75 value was used as the CHCHCld3

value for the
standard CHCl3. The values of msub required for a single

analysis are included in Table 9. Finally, the ChlorTox values
were obtained using eq 1.

The AGREE scale for both approaches to the ERZ analysis
was derived using the AGREE-metric technique.44 The
AGREE: The Analytical Greenness Calculator (version 0.5,
Gdansk University of Technology, Gdansk, Poland, 2020) was
used to calculate the AGREE scales for both approaches. The
values ranged from 0.0 to 1.0 based on 12 different GAC
principles.
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