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Abstract: The greenness evaluation of literature analytical methods for pterostilbene (PT) analysis
was not performed. Accordingly, the rapid, sensitive, and green/sustainable reversed-phase high-
performance thin-layer chromatography (RP-HPTLC) method was developed and compared to
the normal-phase (NP)-HPTLC (NP-HPTLC) for the estimation of PT with a classical univariate
calibration. The RP quantification of PT was performed using green solvent systems; however, the
NP analysis of PT was performed using routine solvent systems. The PT was detected at 302 nm for
both of the methods. The greenness scores for the current analytical assays were evaluated by the
analytical GREEnness (AGREE) metric approach. The classical univariate calibration for RP and NP
methods indicated the linearity range as 10–1600 and 30–400 ng band−1, respectively. The RP method
was more reliable for PT analysis compared to the NP method. The PT contents in commercial
capsule dosage form were found to be 100.84% using the RP method; however, the PT contents in
commercial capsule dosage form were determined as 92.59% using the NP method. The AGREE
scores for RP and NP methods were 0.78 and 0.46, respectively. The sustainable RP-HPTLC assay
was able to detect PT in the presence of its degradation products, and hence it can be considered as
a selective and stability-indicating method. Accordingly, the RP-HPTLC method with univariate
calibration has been considered as a superior method over the NP-HPTLC method for PT analysis.

Keywords: AGREE score; pterostilbene; sustainable HPTLC; validation

1. Introduction

Natural polyphenolic compounds are potent antioxidants, which have a vital role in
the prophylaxis and management of several diseases [1,2]. Pterostilbene (PT) is one of the
polyphenolic compounds [3]. It has been found in several plants and fruits but is mainly
isolated from Pterocarpus marsupium [3–5]. In the Indian traditional system of medicine,
PT has been used in the treatment of diabetes and hypertension [6]. It showed diversified
therapeutic activities in literature, which includes antioxidant [7,8], anti-inflammatory [8],
antitumor [8,9], antidiabetic [10], cardioprotective [11], and neuroprotective [12], etc. The
quality control and standardization of PT in its commercial polyherbal formulations are
important due to its diversified therapeutic activities.

Various pharmaceutical assays have been applied for the qualitative and quantitative
estimation of PT in medicinal plants, pharmaceutical products, commercial polyherbal
formulations, and physiological fluids [13–23]. Some ultra-violet (UV) spectrophotometry-
based assays were used for the quantification of PT in its plant/pharmaceutical-based
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products [13,14]. Various high-performance liquid chromatography (HPLC)-based assays
have also been developed and validated for the quantification of PT in plant extracts, food
products, pharmaceutical products, and wine samples [15–17]. HPLC-based assays were
also applied for the determination of PT in biological samples [18,19]. An ultra-fast liquid
chromatography (UFLC)-based assay is also established for PT analysis in its commercial
capsule dosage form [20]. Some ultra-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS)-based assays were developed and validated for the analysis
of PT in rat plasma along with other bioactive compounds [21,22]. A high-performance
thin-layer chromatography (HPTLC) technique had also been reported for PT analysis in
Ayurvedic antidiabetic plants [23].

Based on literature analytical methods of PT, it has been found that the various
analytical methods are established for the estimation of PT in the variety of sample ma-
trices [13–23]. Nevertheless, the greenness score of reported analytical methods was not
taken into consideration. Nowadays, the analytical assays related to the green analytical
chemistry (GAC) or environmental-friendly analytical techniques are increasing markedly
for the determination of naturally derived phytopharmaceuticals [24–29]. Various metric
approaches are established for the prediction of greenness profiles of pharmaceutical analyt-
ical techniques [30–34]. Among these approaches, only the analytical GREEnness (AGREE)
approach includes all 12 principles of GAC for the evaluation of the greenness profile [32].
Accordingly, AGREE metric approach was applied for the greenness evaluation of present
reversed-phase (RP)-HPTLC (RP-HPTLC) and normal-phase (NP)-HPTLC (NP-HPTLC)
methods [32].

Therefore, the present work was an attempt to develop and validate a rapid, sensitive,
and sustainable RP-HPTLC-based assay in comparison to the NP-HPTLC-based assay for
the determination of PT in its commercial capsule dosage form. The present RP and NP
spectrodensitometry assays for the quantitation of PT were validated in terms of various
validation parameters, including linearity, system suitability parameters, accuracy, preci-
sion, robustness, sensitivity, selectivity, and specificity/peak purity as per the International
Council for Harmonization for the Technical Requirements for Pharmaceuticals for Human
Use (ICH) Q2 (R1) guidelines [35].

2. Materials and Methods
2.1. Materials

The working standard of PT and different reagents such as hydrochloric acid (HCl),
sodium hydroxide (NaOH), and hydrogen peroxide (H2O2) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). HPLC-grade chloroform (CHCl3), methanol (MeOH), and
ethanol (EtOH) were obtained from E-Merck (Darmstadt, Germany). Water (H2O) used in
the study was deionized water, which was obtained from a Milli-Q unit. PT commercial
capsules were procured from the pharmaceutical shop in Al-Kharj, Saudi Arabia.

2.2. Analysis and Chromatography

For the analysis of PT using the current analytical techniques, the chromatography
and analytical conditions included in supplementary Table S1 were used.

2.3. Univariate Calibration Plot for PT

The weighed amount of PT (10 mg) was dispensed in 100 mL of MeOH to obtain
100 µg mL−1 stock solution of PT. This stock solution was diluted again with MeOH to
obtain PT concentrations in the 10–1600 ng band−1 range and 30–400 ng band−1 range
for the sustainable RP and routine NP assays, respectively. The prepared solutions of PT
were applied to RP-plates for the sustainable RP spectrodensitometry assay and NP-plates
for routine NP spectrodensitometry assay. The peak area for PT was recorded at each
concentration using RP and NP spectrodensitometry assays. In the present work, a single
analyte, i.e., PT, was quantified, and therefore a classical univariate calibration plot was
used for the estimation of PT [36,37]. The classical univariate calibration plot for PT was
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constructed by plotting its concentrations against peak area. The univariate calibration
plot of PT for the sustainable RP assay was recorded in the 10–1600 ng band−1 range;
however, the univariate calibration curve of PT for routine NP assay was recorded in
30–400 ng band−1 range.

2.4. Sample Processing for the Estimation of PT in Capsule Dosage Form

For the estimation of PT in marketed capsule dosage forms, five capsules with an
equivalent amount of 150 mg of PT were taken randomly, and the average weight was
noted. The capsule contents were taken out and mixed thoroughly to obtain the fine
powder. The powder containing 150 mg of PT was dispensed in 100 mL of MeOH. Then,
10 mL of this stock was further diluted using MeOH to obtain the stock of 100 mL. The
resultant samples of capsule dosage forms were filtered and sonicated for 15 min. The
prepared samples were used for the quantitation of PT in marketed capsule dosage forms
using the proposed analytical assays.

2.5. Validation Studies

The present RP and NP spectrodensitometry assays for the estimation of PT were
validated for linearity range, system suitability, accuracy, precision, robustness, selec-
tivity, and sensitivity according to ICH-Q2 (R1) guidelines [35]. The PT linearity was
obtained by plotting PT concentrations versus its peak area. The linearity was obtained
at 10–1600 ng band−1 range for sustainable RP spectrodensitometry assay and
30–400 ng band−1 range for routine NP spectrodensitometry assay. The parameters of
system suitability for the current analytical techniques were obtained by the evaluation of
retardation factor (Rf), asymmetry/tailing factor (As), and number of theoretical plates per
meter (N m−1) [33,34]. The determination of Rf, As, and N m−1 was carried out according
to literature [33].

The accuracy for the current analytical techniques was recorded as % recovery, which
was determined at three different quality control (QC) levels, including low QC (LQC;
10 ng band−1), middle QC (MQC; 800 ng band−1), and high QC (HQC; 1600 ng band−1)
for sustainable RP method. The accuracy for the routine NP method was evaluated at LQC
(30 ng band−1), MQC (100 ng band−1), and HQC (400 ng band−1). The % recovery of PT
was estimated for each solution (n = 6) for both methods [35].

The precision for the current analytical techniques was evaluated as instrumental and
intra/interday precision. The instrumental precision was obtained by the repeated analysis
of fixed concentration several times (n = 6). This precision was evaluated at MQC for
RP-HPTLC and NP-HPTLC assays. Intraday precision was estimated by the determination
of PT at the same QC levels used for the accuracy evaluation on the same day for RP and NP
spectrodensitometry assays (n = 6). Interday precision was evaluated by the determination
of PT at the same QC levels on three consecutive days for RP and NP spectrodensitometry
assays (n = 6) [35].

The robustness for the current analytical methods was evaluated by making some
minor changes in the chromatographic conditions, which includes the minor modifications
in various instrumental conditions such as mobile phase compositions, total run length,
wavelength, and saturation time for RP and NP spectrodensitometry assays. For the
sustainable RP spectrodensitometry assay, the original EtOH-H2O (80:20, v v−1) mobile
phase was changed to EtOH-H2O (82:18, v v−1) and EtOH-H2O (78:22, v v−1) compositions,
and the change in Rf values and chromatographic response were recorded. For the routine
NP spectrodensitometry assay, the original CHCl3-MeOH (90:10, v v−1) mobile phase was
changed to CHCl3-MeOH (92:8, v v−1) and CHCl3-MeOH (88:12, v v−1) compositions, and
the changes in Rf values and chromatographic response were recorded [33,35]. The total
run length was modified from 80 to 82 and 78 mm for RP and NP spectrodensitometry
assays, and the changes in Rf values and chromatographic response were noted. The
saturation time was modified from 30 to 32 and 28 min, and the changes in Rf values
and the chromatographic response were recorded for RP and NP spectrodensitometry
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assays [35]. The detection wavelength was changed from 302 to 304 and 298 nm, and
the changes in Rf values and chromatographic response were recorded for RP and NP
spectrodensitometry assays [33].

The sensitivity for the current analytical assays was estimated as the limit of detection
(LOD) and limit of quantification (LOQ) using a standard deviation technique. The blank
sample was injected in triplicates, and the standard deviation was calculated for the current
analytical assays. The LOD and LOQ of PT for RP and NP spectrodensitometry assays
were calculated using the Equations (1) and (2), respectively [35]:

LOD = 3.3 × σ

S
(1)

LOQ = 10 × σ

S
(2)

In which σ is the standard deviation and S is the slope for the univariate calibration
plot of PT.

The specificity/peak purity for the current analytical assays was determined by
comparing the Rf values and spectrodensitometry spectra of PT in marketed capsule
dosage forms with those of pure PT.

2.6. Selectivity/Degradation Studies

Based on the superior validation parameters such as linearity range, accuracy, preci-
sion, robustness, and sensitivity of the sustainable RP spectrodensitometry assay compared
to the routine NP spectrodensitometry assay, the selectivity/degradation studies were eval-
uated for the sustainable RP spectrodensitometry assay only. The selectivity/degradation
studies were performed to evaluate the stability-indicating properties of the sustainable RP-
HPTLC method. Degradation was performed under different stress conditions, which in-
clude acid degradation, base degradation, oxidative degradation, thermal degradation, and
photolytic degradation, as reported previously [33,35]. For the acid- and base-degradation
studies, the target concentration of PT was dispensed in the required amounts of acid
(1 M HCl) or base (1 M NaOH) (n = 3.0). The resultant samples were heated under reflux
for 12 h. The samples were evaporated separately under vacuum. The residues obtained
were reconstituted with 10 mL of MeOH. The required solution containing 500 ng band−1

of PT was spotted on the TLC plates. The chromatograms were recorded and evaluated for
the degradation products using the sustainable RP spectrodensitometry assay [33].

For the oxidative degradation studied, the target concentration of PT was dispensed
in the required amount of MeOH, and an aliquot of 50 mL of H2O2 (3%, v v−1) was added
(n = 3.0). The samples were heated in a boiling water bath for a period of 12 h. The obtained
samples were evaporated under vacuum. The residues obtained were reconstituted with
10 mL of MeOH. The required solution containing 500 ng band−1 of PT was spotted on the
TLC plates. The chromatograms were recorded and evaluated for the degradation products
using the sustainable RP spectrodensitometry assay [33].

For thermal degradation studies, the target concentration of PT was dispensed in
the required amount of MeOH and kept in a hot air oven at 55 ◦C for 24 h. After 24 h,
the required solution containing 500 ng band−1 of PT was spotted on the TLC plates.
The chromatograms were recorded and evaluated for the degradation products using the
sustainable RP spectrodensitometry assay [33].

For the photolytic-degradation studies, the target concentration of PT was dispensed
in the required amount of MeOH and exposed to 254 nm light in a UV chamber for 24 h.
The samples were evaporated under vacuum. The residues obtained were reconstituted
with 10 mL of MeOH. The required solution containing 500 ng band−1 of PT was spotted
on the TLC plates. The chromatograms were recorded and evaluated for the degradation
products using the sustainable RP spectrodensitometry assay [33].
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The peak purity of PT at various stress conditions was also assessed. The peak purity
of PT was assessed by comparing the respective densitograms at peak start, peak middle,
and peak end, and average peak purity index was calculated at each stress condition [38,39].

2.7. Estimation of PT in Commercial Capsules

The processed samples of commercial capsule dosage form were applied to the TLC
plates for RP-HPTLC and NP-HPTLC methods, and respective chromatographic responses
were recorded. The chromatographic area of PT in capsule dosage form was then recorded.
The PT contents in commercial formulations were determined from the classical univariate
calibration plot of PT for RP-HPTLC and NP-HPTLC methods.

2.8. Greenness Assessment

The greenness scores for the current analytical assays were determined using all
12 different principles of GAC, reported previously [32]. The AGREE scores (0.0–1.0)
were obtained using AGREE: The Analytical Greenness Calculator (version 0.5, Gdansk
University of Technology, Gdansk, Poland, 2020) for the current analytical assays.

3. Results and Discussion
3.1. Method Development

Different analytical methodologies such as UV spectrophotometry, HPLC, UFLC,
UPLC-MS, and HPTLC have been used for the analysis of PT in different sample matri-
ces [13–23]. Nevertheless, the greenness scores with environmental viewpoint were not
in the literature. Accordingly, the present work was performed for the development of a
rapid, sensitive, and sustainable RP-HPTLC method in comparison to the NP-HPTLC for
the determination of PT in its capsule dosage form.

In the case of the sustainable RP spectrodensitometry assay for the PT analysis,
different proportions of EtOH and H2O such as EtOH-H2O (50:50, v v−1), EtOH-H2O
(60:40, v v−1), EtOH-H2O (70:30, v v−1), EtOH-H2O (80:20, v v−1), and EtOH-H2O
(90:10, v v−1) were studied as the mobile phase for the establishment of an acceptable
spectrodensitogram for PT determination. The results showed that the solvent systems
EtOH-H2O (50:50, v v−1), EtOH-H2O (60:40, v v−1), EtOH-H2O (70:30, v v−1), and EtOH-
H2O (90:10, v v−1) offered a weak spectrodensitogram for PT with a weak As value (>1.25).
However, EtOH-H2O (80:20, v v−1) solvent system offered a well-resolved and intact spec-
trodensitogram of PT with an acceptable As value (1.02) at Rf = 0.60 ± 0.01 (Figure 1).
Accordingly, EtOH-H2O (80:20, v v−1) was selected as the solvent system for the determi-
nation of PT in marketed capsules using the sustainable RP spectrodensitometry assay.

In the case of the routine NP-HPTLC assay for the determination of PT, different
proportions of CHCl3 and MeOH such as CHCl3-MeOH (50:50, v v−1), CHCl3-MeOH
(60:40, v v−1), CHCl3-MeOH (70:30, v v−1), CHCl3-MeOH (80:20, v v−1), and CHCl3-MeOH
(90:10, v v−1) were studied for the development of an acceptable spectrodensitogram
for the PT determination. The results showed that CHCl3-MeOH (50:50, v v−1), CHCl3-
MeOH (60:40, v v−1), CHCl3-MeOH (70:30, v v−1), and CHCl3-MeOH (80:20, v v−1) solvent
systems presented a poor spectrodensitogram of PT with poor As value (>1.30). However,
CHCl3-MeOH (90:10, v v−1) presented a well-resolved and compact spectrodensitogram
of PT with an acceptable As value (1.08) at Rf = 0.62 ± 0.01 (Figure 1). Accordingly, the
CHCl3-MeOH (90:10, v v−1) was selected as the solvent system for PT analysis using
the routine NP assay. The spectral bands for RP-HPTLC and NP-HPTLC assays were
recorded densitometrically, and the maximum chromatography response was obtained
at the wavelength (λmax) = 302 nm for RP-HPTLC and NP-HPTLC assays. Accordingly,
the entire analysis of PT was carried out at λmax = 302 nm for RP-HPTLC and NP-HPTLC
assays.
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Figure 1. Representative spectrodensitograms of standard pterostilbene (PT) recorded using routine normal-phase high-
performance thin-layer chromatography (HPTLC) and sustainable reversed-phase HPTLC techniques.

3.2. Validation Studies

The current analytical assays for the quantification of PT were validated for various
validation parameters following ICH-Q2 (R1) guidelines [35]. The resulting data for the
classical univariate calibration plot/regression analysis of PT for RP and NP spectrodensit-
ometry assays are summarized in Table 1. The univariate calibration plot for PT was linear
in the 10–1600 ng band−1 range for the sustainable RP spectrodensitometry assay, while the
univariate calibration plot for PT was linear in 30–400 ng band−1 range for the routine NP
spectrodensitometry assay. The determination coefficient (R2) values for PT were predicted
as 0.9992 and 0.9941 for the sustainable RP and routine NP spectrodensitometry assays,
respectively. These observations and data indicated that RP and NP spectrodensitometry
assays presented suitable linear regression data. In contrast, the linearity data of the sus-
tainable RP spectrodensitometry assay was superior to the routine NP spectrodensitometry
assay. Accordingly, the sustainable RP spectrodensitometry assay has been considered
more reliable for the determination of PT.



Processes 2021, 9, 1305 7 of 15

Table 1. Results for least square regression analysis of pterostilbene (PT) for the routine normal-phase
high-performance thin-layer chromatography (HPTLC) and the sustainable reversed-phase HPTLC
techniques (mean ± SD; n = 6).

Parameters Routine Normal-Phase
HPTLC

Sustainable
Reversed-Phase HPTLC

Linearity range (ng band−1) 30–400 10–1600
Regression equation y = 44.05x + 1855.30 y = 47.97x + 487.40

R2 0.9941 0.9992
Slope ± SD 44.05 ± 2.18 47.97 ± 1.74

Intercept ± SD 1855.30 ± 31.74 487.40 ± 6.21
Standard error of slope 0.80 0.71

Standard error of intercept 12.96 2.53
95% confidence interval of slope 40.22–47.88 44.91–51.02

95% confidence interval of intercept 1799.53–1911.06 476.48–498.31
LOD ± SD (ng band−1) 11.12 ± 0.37 3.51 ± 0.06
LOQ ± SD (ng band−1) 33.36 ± 1.11 10.53 ± 0.18

The system suitability parameters for RP and NP assays were evaluated, and results
are listed in Table 2. All the system suitability parameters such as Rf, As, and N m−1 for
RP and NP spectrodensitometry assays were suitable for PT analysis.

Table 2. System suitability parameters in terms of retention factor (Rf), asymmetry/tailing factor
(As), and number of theoretical plates per meter (N m−1) of PT for the routine normal-phase HPTLC
and the sustainable reversed-phase HPTLC techniques.

Parameters Routine Normal-Phase HPTLC Sustainable Reversed-Phase HPTLC

Rf 0.62 0.60
As 1.08 1.02

N m−1 4388 4784

The resulting data of accuracy analysis for RP and NP spectrodensitometry assays are
listed in Table 3. The % accuracy of PT for the sustainable RP spectrodensitometry assay
was found to be 98.79–100.94%. The % accuracy of PT for the routine NP spectrodensitom-
etry assay was predicted as 90.42–108.82%. The results of % accuracy indicated that the
sustainable RP assay was highly accurate for PT analysis in comparison to the routine NP
assay.

Table 3. Measurement of accuracy of PT for the routine normal-phase HPTLC and sustainable
reversed-phase HPTLC techniques (mean ± SD; n = 6).

Conc. (ng band−1) Conc. Found (ng band−1) ± SD Recovery (%) CV (%)

Routine normal-phase HPTLC

50 45.21 ± 1.12 90.42 2.47
150 163.24 ± 3.76 108.82 2.30
350 332.78 ± 7.16 95.08 2.15

Sustainable reversed-phase HPTLC

30 30.21 ± 0.26 100.70 0.86
500 493.98 ± 2.71 98.79 0.54
1500 1514.21 ± 7.91 100.94 0.52

The different types of precisions for both of the analytical assays were evaluated as
the percent of coefficient of variation (% CV). The resulting data for instrumental precision
are included in Table S2, and the resulting data for intra/interday precisions are listed in
Table 4. The % CV for the instrumental precision of sustainable RP and routine NP methods
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were estimated as 0.41% and 3.07%, respectively. The % CVs for the intraday precision of
the sustainable RP method were estimated as 0.16–0.54%. The % CVs for interday precision
of the sustainable RP method were estimated as 0.18–0.64%. The % CVs for the intraday
precision of the routine NP method were found to be 3.06–3.34%. The % CVs for interday
precision of the routine NP method were found to be 3.32–3.48%. The recorded values of
instrumental and inter/intraday precisions indicated that the sustainable RP assay was
highly precise than the routine NP assay for PT analysis.

Table 4. Measurement of intra/interday precision of PT for the routine normal-phase HPTLC and
the sustainable reversed-phase HPTLC techniques (mean ± SD; n = 6).

Conc.
(ng band−1)

Intraday Precision Interday Precision

Area ± SD Standard Error CV (%) Area ± SD Standard Error CV (%)

Routine normal-phase HPTLC

50 4008 ± 134 54.71 3.34 3965 ± 138 56.34 3.48
150 12,878 ± 412 168.23 3.19 13,453 ± 452 184.56 3.35
350 17,672 ± 542 221.31 3.06 16,986 ± 564 230.29 3.32

Sustainable reversed-phase HPTLC

30 2213 ± 12 4.89 0.54 2176 ± 14 5.71 0.64
500 21,342 ± 86 35.11 0.40 22,521 ± 98 40.01 0.43

1500 73,654 ± 125 51.04 0.16 72,876 ± 133 54.30 0.18

The resulting data of robustness analysis after modifying the mobile phase composi-
tions for the RP and NP spectrodensitometry assays are listed in Table 5. The % CVs were
estimated as 0.37–0.41% for the sustainable RP spectrodensitometry assay. The Rf values for
PT were predicted as 0.59–0.61 for the sustainable RP spectrodensitometry assay. However,
the % CVs were recorded as 2.95–3.06% for the routine NP spectrodensitometry assay. The
Rf values for PT were predicted as 0.60–0.64 for the routine NP spectrodensitometry assay.
The resulting data for robustness analysis after modifying the total run length for the RP
and NP spectrodensitometry assays are presented in Table S3. The % CVs after this change
were predicted as 0.44–0.49% for the sustainable RP spectrodensitometry assay. The Rf
values of PT were predicted as 0.58–0.62. However, the % CVs after this change were
determined as 2.39–2.47% for the routine NP spectrodensitometry assay. The Rf values of
PT were predicted as 0.60–0.65. The results for the robustness analysis after modification of
saturation time for the RP and NP spectrodensitometry assays are listed in Table S4. The %
CVs after this change were found to be 0.46–0.47% for the sustainable RP spectrodensitom-
etry assay. The Rf values of PT were predicted as 0.58–0.61. However, the % CVs after this
modification were found to be 2.41–2.60% for the routine NP spectrodensitometry assay.
The Rf values of PT were predicted as 0.61–0.63. The results for robustness analysis after
changing detection wavelength for the RP and NP spectrodensitometry assays are listed
in Table S5. The % CVs after changing detection wavelength were found to be 0.53–0.57%
for the sustainable RP spectrodensitometry assay. However, the % CVs after changing the
detection wavelength were found to be 2.24–2.69% for the routine NP spectrodensitometry
assay. The Rf value of PT after changing the detection wavelength was also not changed for
RP and NP spectrodensitometry assays. The small changes in chromatographic conditions
and low % CVs showed that RP and NP spectrodensitometry assays were robust enough
for PT analysis. However, the sustainable RP spectrodensitometry assay was more robust
than the routine NP assay for PT analysis.
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Table 5. Results of robustness analysis after modifying the mobile compositions for the routine normal-phase HPTLC and
the sustainable reversed-phase HPTLC techniques (mean ± SD; n = 6).

Conc.
(ng band−1)

Mobile Phase Composition (CHCl3-MeOH) Results
Original Used Area ± SD % CV Rf

Routine normal-phase HPTLC

92:8 +2.0 12,982 ± 398 3.06 0.60
150 90:10 90:10 0.0 13,654 ± 406 2.97 0.62

88:12 −2.0 14,321 ± 423 2.95 0.64

Sustainable reversed-phase HPTLC
Mobile phase composition (EtOH-H2O)

82:18 +2.0 22,981 ± 87 0.37 0.59
500 80:20 80:20 0.0 23,113 ± 93 0.40 0.60

78:22 −2.0 23,541 ± 98 0.41 0.61

The sensitivity for the RP and NP spectrodensitometry assays was obtained by the
determination of LOD and LOQ, and the results are listed in Table 1. The LOD and
LOQ for the sustainable RP spectrodensitometry assay were estimated as 3.51 ± 0.06 and
10.53 ± 0.18 ng band−1, respectively, for PT. However, the LOD and LOQ for the routine
NP spectrodensitometry assay were determined as 11.12 ± 0.37 and 33.36 ± 1.11 ng band−1,
respectively, for PT. These observations and results indicated that the sustainable RP spectro-
densitometry assay was highly sensitive compared to the routine NP spectrodensitometry
assay.

The specificity/peak purity for RP and NP spectrodensitometry assays was assessed
by comparing the overlaid spectrodensitograms of PT in capsule dosage form with that of
pure PT. The overlaid spectrodensitogram of pure PT and PT in capsule dosage form for
the RP and NP spectrodensitometry assays are summarized in Figure 2. The maximum
chromatographic response for PT in pure PT and commercial capsule dosage form was
found at λmax = 302 nm for RP and NP spectrodensitometry assays. The similar spectro-
densitograms, Rf values, and λmax of PT in pure PT and capsule dosage form suggested
the specificity/peak purity for the RP and NP spectrodensitometry assays.
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3.3. Selectivity/Degradation Studies

The selectivity/degradation studies for the sustainable RP-HPTLC method were
evaluated under various stress conditions. The results for the sustainable RP spectrodensit-
ometry assay are included in Figure 3 and Table 6. The chromatographic peaks from such a
study suggested well-separated peaks of PT with some additional peaks of degradation
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products (Figure 3). Under acid-degradation study, 82.46% of PT remained, and only
17.54% was decomposed (Table 6 and Figure 3A). Hence, PT was stable enough under
acid-degradation study. The acid-induced degradation peak (peak 1 in Figure 3A) was
resolved with an Rf value of 0.74. The Rf value of PT under acid-degradation study was not
shifted (Rf = 0.60). Under base-degradation study, 99.28% of PT remained, and only 0.72%
was decomposed (Table 6). The base-induced degradation peak (peak 1 in Figure 3B) was
resolved with an Rf value of 0.35. The Rf value of PT under base-degradation study was
also unchanged (Rf = 0.60). Under oxidative-degradation study, 80.72% of PT remained,
and 19.28% was decomposed (Table 6 and Figure 3C). Hence, the PT was also stable under
oxidative-degradation study. The H2O2-induced degradation peaks (peaks 2 and 3 in
Figure 3C) were resolved with Rf values of 0.81 and 0.83, respectively. The Rf value of
PT under oxidative-degradation study was also unchanged (Rf = 0.60). Under thermal
(Figure 3D) and photolytic (Figure 3E) degradation studies, 100.00% of PT remained, and
no decomposition of PT was recorded. Therefore, PT was highly stable under thermal
and photolytic-degradation studies. Using the RP spectrodensitometry assay, the highest
degradation of PT was recorded under oxidative-degradation study. The peak purity
index of PT was also assessed in order to evaluate the peak purity. The peak purity index
at various stress conditions was determined at 0.994–1.03 (Table 6), suggesting that PT
was successfully resolved under various stress conditions. Accordingly, the present RP
spectrodensitometry assay was able to detect PT in the presence of its degradation products.
These observations and results indicated the selectivity and stability-indicating nature of
the present RP spectrodensitometry assay.

Table 6. Resulting data of selectivity/degradation studies of PT at various stress conditions for the sustainable RP-HPTLC
method (mean ± SD; n = 3).

Stress Condition Number of Degradation
Products (Rf)

PT Rf PT Remaining (ng band−1) PT Recovered (%) Peak Purity Index

1M HCl 1 (0.74) 0.60 412.30 82.46 1.02
1M NaOH 1 (0.35) 0.60 496.40 99.28 0.998
3% H2O2 2 (0.81, 0.83) 0.60 403.60 80.72 1.04
Thermal 0 0.60 500.00 100.00 0.999

Photolytic 0 0.60 500.00 100.00 0.994
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3.4. Determination of PT in Commercial Formulations

The applicability of current analytical assays was confirmed in the estimation of PT in
its commercial capsule dosage form. The HPTLC peak of PT from the commercial capsule
dosage form was identified by comparing its single TLC band at Rf = 0.60 with that of pure
PT for the sustainable RP assay. The RP spectrodensitogram of PT in commercial capsule
dosage form for the RP method is shown in Figure S1, which was observed to be similar
to that of pure PT. The HPTLC peak of PT from the commercial capsule dosage form was
identified by comparing its single TLC band at Rf = 0.62 with that of pure PT for the routine
NP method. The NP spectrodensitogram of PT in commercial capsule dosage form for the
routine NP method is also shown in Figure S1, which showed a similar spectrodensitogram
with that of pure PT.

The PT contents of the commercial capsule dosage form were quantified using the
classical univariate calibration curve of PT for the current analytical assays. The % PT
contents in commercial capsule dosage form were found to be 100.84% using the sustainable
RP method; however, the % PT contents in commercial capsule dosage form were estimated
as 92.59% using the routine NP method. These results and observations showed that the
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sustainable RP method was superior to the routine NP method for the determination of PT
in the commercial capsule dosage form.

3.5. Assessment of Greenness Profile Using AGREE Approach

As mentioned earlier, various metric approaches are available for the evaluation of
greenness profiles of the analytical assays [30–34]. However, AGREE metric approach
includes all 12 principles of GAC in comparison to the other metric approaches [32].
Accordingly, in the present study, the greenness profile for the RP and NP assays was
evaluated by AGREE: The Analytical Greenness Calculator (version 0.5, Gdansk University
of Technology, Gdansk, Poland, 2020). The predicted AGREE scores for the RP and NP
assays are shown in Figure 4. The AGREE scores for the sustainable RP and routine NP
assays were obtained as 0.78 and 0.46, respectively. Based on predicted AGREE scores, the
sustainable RP method has been considered as the excellent green analytical method for PT
analysis.
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4. Conclusions

The estimation of PT in commercial capsule dosage form was carried out using the
RP and NP spectrodensitometry assays. The present RP and NP spectrodensitometry
assays were validated well for linearity, system suitability parameters, accuracy, precision,
robustness, sensitivity, selectivity, and specificity for PT analysis. The greenness score for
the RP and NP spectrodensitometry assays was assessed by employing AGREE metric
approach. The sustainable RP spectrodensitometry assay was highly sensitive, accurate,
precise, and robust for PT analysis in comparison with the routine NP spectrodensitometry
assay. The sustainable RP spectrodensitometry assay was also found to be selective and
stability-indicating for the PT analysis in the presence of its degradation products. The sus-
tainable RP spectrodensitometry assay was superior to the routine NP spectrodensitometry
assay in the estimation of PT in the commercial capsule dosage form. The AGREE score for
the RP spectrodensitometry assay indicated the excellent greenness profile compared to
the NP spectrodensitometry assay. Overall, the sustainable RP spectrodensitometry assay
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has been considered superior over the routine NP spectrodensitometry assay. Accordingly,
the sustainable RP spectrodensitometry assay could be used for the estimation of PT in its
marketed formulations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pr9081305/s1, Figure S1: Representative chromatograms of PT in commercial formulation
recorded using routine normal-phase HPTLC and sustainable reversed-phase HPTLC techniques,
Table S1: Chromatographic conditions and instrumentations used for the determination of pteros-
tilbene (PT) for the routine normal-phase HPTLC and the sustainable reversed-phase HPTLC tech-
niques, Table S2: Results of instrumental precision for the routine normal-phase HPTLC and the
sustainable reversed-phase HPTLC techniques (mean ± SD; n = 6), Table S3: Results of robustness
analysis by changing total run length for the routine normal-phase HPTLC and the sustainable
reversed-phase HPTLC techniques (mean ± SD; n = 6), Table S4: Results of robustness analysis by
changing the saturation time for the routine normal-phase HPTLC and the sustainable reversed-
phase HPTLC techniques (mean ± SD; n = 6), Table S5: Results of robustness analysis by changing
the detection wavelength for the routine normal-phase HPTLC and the sustainable reversed-phase
HPTLC techniques (mean ± SD; n = 6).
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