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Abstract: There has been no assessment of the greenness of the described analytical techniques for
the simultaneous determination (SMD) of caffeine and paracetamol. As a result, in comparison
to the greener normal-phase high-performance thin-layer chromatography (HPTLC) technique,
this research was conducted to develop a rapid, sensitive, and greener reversed-phase HPTLC
approach for the SMD of caffeine and paracetamol in commercial formulations. The greenness of
both techniques was calculated using the AGREE method. For the SMD of caffeine and paracetamol,
the greener normal-phase and reversed-phase HPTLC methods were linear in the 50–500 ng/band
and 25–800 ng/band ranges, respectively. For the SMD of caffeine and paracetamol, the greener
reversed-phase HPTLC approach was more sensitive, accurate, precise, and robust than the greener
normal-phase HPTLC technique. For the SMD of caffeine paracetamol in commercial PANEXT
and SAFEXT tablets, the greener reversed-phase HPTLC technique was superior to the greener
normal-phase HPTLC approach. The AGREE scores for the greener normal-phase and reversed-
phase HPTLC approaches were estimated as 0.81 and 0.83, respectively, indicated excellent greenness
profiles for both analytical approaches. The greener reversed-phase HPTLC approach is judged
superior to the greener normal-phase HPTLC approach based on numerous validation parameters
and pharmaceutical assays.

Keywords: caffeine; greener HPTLC; paracetamol; simultaneous determination; validation

1. Introduction

Paracetamol (Figure 1A) is the commonly administered anti-inflammatory and an-
tipyretic medicine, especially in case of pediatric and geriatric patients [1,2]. It is com-
mercially available in a wide range of dosage forms [2]. Caffeine (Figure 1B) is a pseudo-
alkaloidal drug that is commonly used in combination with paracetamol [3,4]. The combi-
nation of paracetamol and caffeine is the world’s most widely used combination [4]. As
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a result, the qualitative and quantitative standardization of caffeine and paracetamol in
commercially available formulations is necessary.
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Figure 1. Chemical structures of (A) paracetamol and (B) caffeine.

An extensive literature search revealed various analytical approaches for the simul-
taneous determination (SMD) of caffeine and paracetamol in commercial formulations
and biological fluids. For the SMD of caffeine and paracetamol in commercial formula-
tions, different spectrometry techniques involving various chemical procedures, such as
derivatization have been used [5–10]. For the SMD of caffeine and paracetamol in vari-
ous commercial dosage forms, several high-performance liquid chromatography (HPLC)
techniques have been used [4,11–19]. Caffeine and paracetamol were also quantified simul-
taneously in a human plasma sample using a HPLC method [19]. For the SMD of caffeine
and paracetamol in human plasma samples, a liquid-chromatography mass-spectrometry
(LC–MS) technique was also used [20]. For the SMD of caffeine and paracetamol in
their pure forms and formulations, certain high-performance thin-layer chromatography
(HPTLC) techniques have been used [21–23]. Various voltammetry-based approaches have
also been applied for the SMD of caffeine and paracetamol in their dosage forms [24–27].
Dual-mode gradient HPLC and HPTLC methods have also been used for the SMD of
caffeine and paracetamol in the presence of paracetamol impurities [28]. The electrospray
laser desorption ionization mass spectrometry technique was also utilized for the SMD of
caffeine and paracetamol in tablets [29]. An electrochemical cell-on-a-chip device fabricated
using 3D-printing technology was also used for the SMD of caffeine and paracetamol [30].
A genetic algorithm based on wavelength selection was also applied for the SMD of caffeine
and paracetamol [31]. Some other approaches, such as near-infrared spectrometry [32],
flow-injection spectrometry [33], micellar liquid chromatography [34], and micellar elec-
trokinetic capillary chromatography [35] approaches were also proposed for the SMD of
caffeine and paracetamol in their dosage forms. Published reports on the SMD of caffeine
and paracetamol suggested various analytical approaches for their analysis. However, the
greenness scale of any of the reported analytical approach was not estimated. In addition,
greener HPTLC approaches have not been utilized for the SMD of caffeine and paracetamol.
For the estimation of the greenness scale, different quantitative analytical methodologies
have been presented [36–40]. For the estimation of the greenness scale, only the “Analytical
Greenness (AGREE)” analytical approach considers all twelve green analytical chemistry
(GAC) principles [38]. As a result, the AGREE analytical methodology was applied for
the estimation of greenness scale of the greener normal-phase and reversed-phase HPTLC
approaches [38].

In comparison to the greener normal-phase HPTLC approach, the current study in-
tends to establish and validate a rapid, sensitive, and greener reversed-phase HPTLC
approach for the SMD of caffeine and paracetamol in commercial formulations. Follow-
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ing “The International Council for Harmonization (ICH)” Q2-R1 recommendations, the
greener normal-phase and reversed-phase HPTLC methods for the SMD of caffeine and
paracetamol were validated [41].

2. Results and Discussion
2.1. Method Development

For the development of a suitable band for the SMD of caffeine and paracetamol using
the greener normal-phase HPTLC technique, various amounts of ethyl acetate (EA) and
ethanol (E), including EA/E (50:50, v/v), EA/E (60:40, v/v), EA/E (70:30, v/v), EA/E (80:20,
v/v), EA/E (85:15, v/v), and EA/E (90:10, v/v) were studied as the greener mobile phases.

The greener mobile phases, such as EA/E (50:50, v/v), EA/E (60:40, v/v), EA/E
(70:30, v/v), EA/E (80:20, v/v), and EA/A (90:10, v/v) revealed poor chromatographic
peaks of caffeine and paracetamol with high asymmetry factor (As) for caffeine (As > 1.25)
and paracetamol (As > 1.30). When the greener mobile phase EA/E (85:15, v/v) was
evaluated, it was discovered that this greener mobile phase provided well-resolved and
intact chromatographic peaks for caffeine at a retardation factor of (Rf) = 0.40 ± 0.01 and for
paracetamol of Rf = 0.59 ± 0.02 (Figure 2). Caffeine and paracetamol were also predicted to
have As values of 1.06 and 1.08, respectively, which are very trustworthy. As a consequence,
the EA/E (85:15, v/v) was chosen as the final mobile phase for the SMD of caffeine and
paracetamol in commercial tablets utilizing the greener normal-phase HPTLC method.
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Figure 2. Normal-phase high-performance thin-layer chromatography (HPTLC) chromatogram of
standard caffeine and paracetamol.

For the development of a suitable band for the SMD of caffeine and paracetamol
using the greener reversed-phase HPTLC technique, various amounts of E and water (W),
including E/W (50:50, v/v), E/W (60:40, v/v), E/W (70:30, v/v), E/W (80:20, v/v), and
E/W (90:10, v/v) were studied as the greener mobile phases. All of the green mobile phases
investigated were created under chamber saturation conditions (Figure 3).

The greener mobile phases, such as E/W (60:40, v/v), E/W (70:30, v/v), E/W (80:20,
v/v), and E/W (90:10, v/v) revealed poor chromatographic peaks of caffeine and parac-
etamol with poor As for caffeine (As > 1.30) and paracetamol (As > 1.35). When the
greener mobile phase E/W (50:50, v/v) was evaluated, it was discovered that this greener
mobile phase provided well-resolved and intact chromatographic peaks of caffeine at
Rf = 0.43 ± 0.01 and of paracetamol at Rf = 0.57 ± 0.02 (Figure 4). Caffeine and paraceta-
mol were also predicted to have As values of 1.10 and 1.09, respectively, which are very
trustworthy. As a consequence, the E/W (50:50, v/v) was chosen as the final mobile
phase for the SMD of caffeine and paracetamol in commercial tablets utilizing the greener
reversed-phase HPTLC method. The maximum response was obtained at a wavelength of
260 nm for caffeine and paracetamol when the spectral bands for caffeine and paracetamol
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were recorded using densitometry mode. As a result, the whole SMD of caffeine and
paracetamol took place at 260 nm.
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2.2. Method Validation

The ICH-Q2-R1 guidelines were used to estimate various parameters for the SMD
of caffeine and paracetamol [41]. The results of the linear regression analysis of caffeine
and paracetamol calibration curves utilizing the greener normal-phase HPTLC technique
are summarized in Table 1. Caffeine and paracetamol calibration curves were linear in the
50–500 ng/band range for both drugs. Caffeine and paracetamol’s determination coeffi-
cients (R2) were found to be 0.9928 and 0.9970, respectively. Caffeine and paracetamol’s
regression coefficients (R) were found to be 0.9963 and 0.9984, respectively. The values of R2

and R were highly significant for both the compounds (p < 0.05). These findings suggested a
strong link between the concentration and measured response of caffeine and paracetamol.
All these findings indicated the reliability of the greener normal-phase HPTLC approach
for the SMD of caffeine and paracetamol.
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Table 1. Results of the linear regression analysis for the simultaneous determination (SMD) of caffeine
and paracetamol using the greener normal-phase high-performance thin-layer chromatography
(HPTLC) method (mean ± SD; n = 6).

Parameters Caffeine Paracetamol

linearity range (ng/band) 50–500 50–500
R2 0.9928 0.9970
R 0.9963 0.9984

slope ± SD 19.36 ± 0.96 18.05 ± 0.54
intercept ± SD 387.62 ± 4.38 95.66 ± 2.14

standard error of slope 0.39 0.22
standard error of intercept 1.78 0.87

95% confidence interval of slope 17.68–21.05 17.10–19.00
95% confidence interval of intercept 379.92–395.31 91.90–99.42

LOD ± SD (ng/band) 16.84 ± 0.27 17.05 ± 0.31
LOQ ± SD (ng/band) 50.52 ± 0.81 51.15 ± 0.93

R2: determination coefficient; R: regression coefficient; LOD: limit of detection; LOQ: limit of quantification.

The resulting data for the linear regression analysis of caffeine and paracetamol
calibration curves utilizing the greener reversed-phase HPTLC technique are summarized
in Table 2. Caffeine and paracetamol calibration curves were linear in the 25–800 ng/band
range for both drugs. Caffeine and paracetamol’s R2 were found to be 0.9976 and 0.9966,
respectively. Caffeine and paracetamol’s R were found to be 0.9987 and 0.9982, respectively.
The values of R2 and R were highly significant for both the compounds (p < 0.05). These
findings again suggested a strong link between the concentration and measured response
of caffeine and paracetamol. All these findings indicated the reliability of the greener
reversed-phase HPTLC technique for the SMD of caffeine and paracetamol. However, the
greener reversed-phase HPTLC technique was more linear than the greener normal-phase
HPTLC technique.

Table 2. Results for linear regression analysis for the SMD of caffeine and paracetamol using the
greener reversed-phase HPTLC method (mean ± SD; n = 6).

Parameters Caffeine Paracetamol

linearity range (ng/band) 25–800 25–800
R2 0.9976 0.9966
R 0.9987 0.9982

slope ± SD 20.54 ± 1.05 17.12 ± 0.47
intercept ± SD 833.46 ± 7.51 696.63 ± 6.21

standard error of slope 0.42 0.19
standard error of intercept 3.06 2.53

95% confidence interval of slope 18.70–22.38 16.29–17.94
95% confidence interval of intercept 820.26–846.65 685.71–707.54

LOD ± SD (ng/band) 8.52 ± 0.12 8.71 ± 0.13
LOQ ± SD (ng/band) 25.56 ± 0.36 26.13 ± 0.39

R2: determination coefficient; R: regression coefficient; LOD: limit of detection; LOQ: limit of quantification.

The parameters of the system appropriateness for the greener normal-phase HPTLC
methodology are summarized in Table 3. For the SMD of caffeine and paracetamol, the Rf,
As, and number of theoretical plates per meter (N/m) for the greener normal-phase HPTLC
technique were determined to be satisfactory. The parameters of the system appropriateness
for the greener reversed-phase HPTLC methodology are summarized in Table 4. For the
SMD of caffeine and paracetamol, the Rf, As, and N/m for the greener reversed-phase
HPTLC technique were also determined to be satisfactory.
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Table 3. System suitability parameters in terms of retardation factor (Rf), asymmetry factor (As),
and a number of theoretical plates per meter (N/m) of caffeine and paracetamol for the greener
normal-phase HPTLC method (mean ± SD; n = 3).

Parameters Caffeine Paracetamol

Rf 0.40 ± 0.01 0.59 ± 0.02
As 1.06 ± 0.02 1.08 ± 0.03

N/m 5245 ± 5.81 4978 ± 5.19

Table 4. The Rf, As, and N/m values of caffeine and paracetamol for the greener reversed-phase
HPTLC method (mean ± SD; n = 3).

Parameters Caffeine Paracetamol

Rf 0.43 ± 0.01 0.57 ± 0.02
As 1.10 ± 0.03 1.09 ± 0.02

N/m 5182 ± 5.92 5367 ± 6.32

For assessing caffeine and paracetamol, the percent of recovery was utilized to estimate
the accuracy of the greener normal-phase and reversed-phase HPTLC techniques. The
accuracy evaluation results for the greener normal-phase HPTLC technique are summarized
in Table 5. Using the greener normal-phase HPTLC technique, the percent recoveries of
caffeine and paracetamol at three separate quality control (QC) samples were expected to
be 97.13–104.88 and 96.57–103.23 percent, respectively. The accuracy evaluation results for
the greener reversed-phase HPTLC technique are summarized in Table 6. Using the greener
reversed-phase HPTLC technique, the percent recoveries of caffeine and paracetamol at
three separate QC samples were expected to be 98.84–100.62 and 98.60–101.50 percent,
respectively. These results showed that both analytical techniques were accurate for the
SMD of caffeine and paracetamol. For the SMD of caffeine and paracetamol, however,
the greener reversed-phase HPTLC methodology was more accurate than the greener
normal-phase HPTLC methodology.

Table 5. Measurement of the accuracy of caffeine and paracetamol for the greener normal-phase
HPTLC method (mean ± SD; n = 6).

Conc. (ng/Band) Conc. Found (ng/Band) ± SD Recovery (%) CV (%)

Caffeine

100 97.13 ± 2.24 97.13 2.30
300 314.65 ± 4.87 104.88 1.54
500 492.31 ± 6.13 98.46 1.24

Paracetamol

100 103.23 ± 3.12 103.23 3.02
300 289.71 ± 7.12 96.57 2.45
500 514.41 ± 9.12 102.88 1.77

CV: coefficient of variance.

The precision of the greener normal-phase and reversed-phase HPTLC techniques
was investigated as intra/inter-assay precision and given as a percent of the coefficient of
variation (CV) for the SMD of caffeine and paracetamol. Table 7 summarizes the results
of intra/inter-day precisions for the SMD of caffeine and paracetamol using the greener
normal-phase HPTLC technique. The percent CVs of caffeine and paracetamol for the
intra-day variation were estimated as 1.30–2.39 and 1.91–3.42 percent, respectively. The
percent CVs of caffeine and paracetamol for inter-day variation were estimated as 1.51–2.55
and 1.86–3.56 percent, respectively. Table 8 summarizes the results of intra/inter-day
precisions for the SMD of caffeine and paracetamol using the greener reversed-phase
HPTLC technique. The percent CVs of caffeine and paracetamol for the intra-day variation
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were estimated as 0.40–0.85 and 0.52–0.96 percent, respectively. The percent CVs of caffeine
and paracetamol for inter-day variation were estimated as 0.42–0.78 and 0.55–1.03 percent,
respectively. These findings indicated that both the analytical approaches were precise
for the SMD of caffeine and paracetamol. However, the greener reversed-phase HPTLC
methodology was more precise than the greener normal-phase HPTLC methodology for
the SMD of caffeine and paracetamol.

Table 6. Measurement of the accuracy of caffeine and paracetamol for the greener reversed-phase
HPTLC method (mean ± SD; n = 6).

Conc. (ng/Band) Conc. Found (ng/Band) ± SD Recovery (%) CV (%)

Caffeine

50 50.31 ± 0.41 100.62 0.81
300 296.54 ± 1.45 98.84 0.48
800 795.61 ± 3.45 99.45 0.43

Paracetamol

50 49.18 ± 0.41 98.36 0.83
300 304.51 ± 1.64 101.50 0.53
800 807.54 ± 4.15 100.94 0.51

CV: coefficient of variance.

Table 7. Assessment of intra/inter-day precision of caffeine and paracetamol for the greener normal-
phase HPTLC method (mean ± SD; n = 6).

Conc.
(ng/Band)

Intraday Precision Interday Precision
Conc.

(ng/Band) ± SD Standard Error CV (%) Conc.
(ng/Band) ± SD Standard Error CV (%)

Caffeine

100 96.54 ± 2.31 0.94 2.39 103.65 ± 2.65 1.08 2.55
300 292.97 ± 5.02 2.04 1.71 291.98 ± 5.61 2.29 1.92
500 512.45 ± 6.68 2.72 1.30 483.27 ± 7.31 2.98 1.51

Paracetamol

100 96.89 ± 3.32 1.35 3.42 95.61 ± 3.41 1.39 3.56
300 313.56 ± 7.52 3.07 2.39 286.51 ± 7.59 3.09 2.64
500 486.67 ± 9.32 3.80 1.91 516.41 ± 9.61 3.92 1.86

CV: coefficient of variance.

Table 8. Assessment of intra/inter-day precision of caffeine and paracetamol for the greener reversed-
phase HPTLC method (mean ± SD; n = 6).

Conc.
(ng/Band)

Intraday Precision Interday Precision
Conc.

(ng/Band) ± SD Standard Error CV (%) Conc.
(ng/Band) ± SD Standard Error CV (%)

Caffeine

50 50.42 ± 0.43 0.17 0.85 49.61 ± 0.39 0.15 0.78
300 303.21 ± 1.51 0.61 0.49 297.54 ± 1.31 0.53 0.44
800 806.31 ± 3.61 1.47 0.40 797.61 ± 3.40 1.38 0.42

Paracetamol

50 49.54 ± 0.48 0.19 0.96 50.21 ± 0.52 0.21 1.03
300 305.61 ± 1.78 0.72 0.58 296.54 ± 1.81 0.73 0.61
800 794.65 ± 4.21 1.71 0.52 804.61 ± 4.47 1.82 0.55

CV: coefficient of variance.

By introducing slight deliberate modifications in the greener mobile phase compo-
nents, the durability of the greener normal-phase and reversed-phase HPTLC techniques
for the SMD of caffeine and paracetamol was examined. Table 9 summarizes the results
of robustness evaluation using the greener normal-phase HPTLC approach. The percent
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CVs for caffeine and paracetamol were estimated as 2.17–3.33 and 2.48–2.64 percent, re-
spectively. Caffeine and paracetamol Rf values were also estimated to be 0.39–0.41 and
0.58–0.60, respectively.

Table 9. Results of robustness analysis of caffeine and paracetamol for the greener normal-phase
HPTLC method (mean ± SD; n = 6).

Conc.
(ng/Band)

Mobile Phase Composition (Ethyl Acetate/Ethanol) Results
Original Used (ng/Band) ± SD % CV Rf

Caffeine

87:13 +2.0 294.98 ± 6.43 2.17 0.39
300 85:15 85:15 0.0 302.14 ± 6.87 2.27 0.40

83:17 −2.0 305.61 ± 7.13 2.33 0.41

Paracetamol

87:13 +2.0 287.21 ± 7.14 2.48 0.58
300 85:15 85:15 0.0 291.34 ± 7.72 2.64 0.59

83:17 −2.0 304.51 ± 8.02 2.63 0.60

CV: coefficient of variance; Rf: retardation factor.

Table 10 summarizes the results of robustness evaluation utilizing the greener reversed-
phase HPTLC methodology. The percent CVs for caffeine and paracetamol were estimated
as 0.91–0.94 and 0.95–1.04 percent, respectively. Caffeine and paracetamol Rf values were
also estimated to be 0.42–0.44 and 0.56–0.58, respectively. These results showed that both
analytical techniques were reliable for the SMD of caffeine and paracetamol. For the SMD
of caffeine and paracetamol, however, the greener reversed-phase HPTLC approach was
more robust than the greener normal-phase HPTLC approach.

Table 10. Results of robustness analysis of caffeine and paracetamol for the greener reversed-phase
HPTLC method (mean ± SD; n = 6).

Conc.
(ng/Band)

Mobile Phase Composition (Ethanol/Water) Results
Original Used (ng/Band) ± SD % CV Rf

Caffeine

52:48 +2.0 296.31 ± 2.71 0.91 0.42
300 50:50 50:50 0.0 303.54 ± 2.82 0.92 0.43

48:52 −2.0 306.87 ± 2.91 0.94 0.44

Paracetamol

52:48 +2.0 294.87 ± 2.81 0.95 0.56
300 50:50 50:50 0.0 303.21 ± 2.94 0.96 0.57

48:52 −2.0 307.81 ± 3.21 1.04 0.58

CV: coefficient of variance; Rf: retardation factor.

The “limit of detection (LOD) and limit of quantification (LOQ)” were used to evaluate
the sensitivity of the greener normal-phase and reversed-phase HPTLC methods for the
SMD of caffeine and paracetamol. The predicted values of “LOD and LOQ” for caffeine
and paracetamol utilizing the greener normal-phase HPTLC technique are summarized
in Table 1. Using the greener normal-phase HPTLC technique, the “LOD and LOQ” for
caffeine were estimated to be 16.84 ± 0.27 and 50.52 ± 0.81 ng/band, respectively. Using
the greener normal-phase HPTLC technique, the “LOD and LOQ” for paracetamol were
estimated to be 17.05 ± 0.31 and 51.15 ± 0.93 ng/band, respectively. The predicted values of
“LOD and LOQ” for caffeine and paracetamol utilizing the greener reversed-phase HPTLC
technique are summarized in Table 2. Utilizing the reversed-phase HPTLC technique, the
“LOD and LOQ” for caffeine were estimated to be 8.52 ± 0.12 and 25.56 ± 0.36 ng/band,
respectively. Using the greener reversed-phase HPTLC technique, the “LOD and LOQ”
for paracetamol were estimated to be 8.71 ± 0.13 and 26.13 ± 0.39 ng/band, respec-
tively. These data suggested that both analytical techniques were sensitive enough for
the SMD of caffeine and paracetamol. For the SMD of caffeine and paracetamol, how-
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ever, the reversed-phase HPTLC methodology was more sensitive than the normal-phase
HPTLC methodology.

By comparing the Rf values and superimposed ultra-violet (UV)-absorption spectra
of caffeine and paracetamol in the commercial tablets PANEXT and SAFEXT with that of
standards caffeine and paracetamol, the specificity of the greener HPTLC approach for
the SMD of caffeine and paracetamol was assessed. The overlaid UV spectra of standards
caffeine and paracetamol, as well as caffeine and paracetamol in the commercial tablets
PANEXT and SAFEXT, are shown in Figure 5.
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At a wavelength of 260 nm, the maximum densitometric responses of caffeine and
paracetamol in standards and the commercial tablets PANEXT and SAFEXT were recorded.
The specificity of the greener HPTLC technique for the SMD of caffeine and paracetamol
was demonstrated by the identical UV spectra, Rf data, and wavelengths of caffeine and
paracetamol in standards and the commercial tablets PANEXT and SAFEXT.

2.3. Application of Greener Normal-Phase and Reversed-Phase HPTLC Aapraches in the SMD of
Caffeine and Paracetamol in Commercial Tablets

For the SMD of caffeine and paracetamol in their commercial formulation, the greener
normal-phase and reversed-phase HPTLC techniques were used as an alternative to regular
analytical approaches. The chromatograms of caffeine and paracetamol from commercial
tablets were identified by comparing the TLC spots at Rf = 0.40 ± 0.01 for caffeine and
Rf = 0.59 ± 0.02 for paracetamol in comparison with those of standards for caffeine and
paracetamol using the greener normal-phase HPTLC approach. Figure 6 summarizes the
recorded chromatograms of caffeine and paracetamol in the commercial tablets PANEXT
(Figure 6A) and SAFEXT (Figure 6B), which showed identical peaks of caffeine and parac-
etamol to those of standards for caffeine and paracetamol in both the commercial tablets.

The chromatograms of caffeine and paracetamol from commercial tablets were identi-
fied by comparing their TLC spots at Rf = 0.43 ± 0.01 for caffeine and Rf = 0.57 ± 0.02 for
paracetamol with those of standards caffeine and paracetamol using the greener reversed-
phase HPTLC approach. Figure 7 summarizes the recorded chromatograms of caffeine and
paracetamol in the commercial tablets PANEXT (Figure 7A) and SAFEXT (Figure 7B), which
also showed identical peaks of caffeine and paracetamol to those of standards caffeine and
paracetamol in both commercial tablets.
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Using the greener normal-phase HPTLC technique, the percent assays of caffeine
in the commercial PANEXT and SAFEXT tablets were estimated to be 91.23 ± 1.14 and
92.45 ± 1.22 percent, respectively. Using the greener normal-phase HPTLC technique, the
percent assays of paracetamol in commercial PANEXT and SAFEXT tablets were estimated
to be 89.41 ± 1.04 and 91.13 ± 1.06 percent, respectively. Using the greener reversed-phase
HPTLC technique, the percent assays of caffeine in commercial PANEXT and SAFEXT
tablets were estimated to be 98.51 ± 1.42 and 101.12 ± 1.53 percent, respectively. Using the
greener reversed-phase HPTLC technique, the percent assays of paracetamol in commercial
PANEXT and SAFEXT tablets were estimated to be 99.42 ± 1.45 and 100.64 ± 1.49 percent,
respectively. The greener normal-phase and reversed-phase HPTLC methods were shown
to be suitable for the SMD of caffeine and paracetamol in commercial formulations. How-
ever, for the SMD of caffeine and paracetamol in commercial formulations, the reversed-
phase HPTLC methodology was more reliable than the normal-phase HPTLC methodology.

2.4. Greenness Estimation Using AGREE

Various quantitative approaches are available for the greenness estimation of analytical
approaches [36–40]. However, only AGREE applies all twelve GAC principles for greenness
estimation [38]. As a result, the greenness of the greener normal-phase and reversed-
phase HPTLC approaches was estimated by “AGREE: The Analytical Greenness Calculator
(version 0.5, Gdansk University of Technology, Gdansk, Poland, 2020)”. The typical diagram
for the AGREE scale of the greener normal-phase and reversed-phase HPTLC techniques
is shown in Figure 8. The AGREE scale was estimated to be 0.81 and 0.83 for the greener
normal-phase and reversed-phase HPTLC methods, respectively. These findings indicated
the excellent greenness nature of the greener normal-phase and reversed-phase HPTLC
approaches for the SMD of caffeine and paracetamol in their commercial formulations.
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3. Materials and Methods
3.1. Materials

The standards of caffeine and paracetamol were provided by “Sigma Aldrich (St. Louis,
MO, USA)”. HPLC-grades E and EA were provided by “E-Merck (Darmstadt, Germany)”.
The W was obtained from the Milli-Q unit in the laboratory. The commercial tablets
PANEXT and SAFEXT were obtained from the pharmacy shop in “Al-Kharj, Saudi Arabia”.
All other solvents utilized were of analytical grades.

3.2. Instrumentation and Analytical Procedures

The “HPTLC CAMAG TLC system (CAMAG, Muttenz, Switzerland)” was used for
the SMD of caffeine and paracetamol in their standards and commercial tablets. The sample
solutions were spotted as 6-mm bands utilizing a “CAMAG Automatic TLC Sampler 4
(ATS4) Sample Applicator (CAMAG, Geneva, Switzerland)”. The “CAMAG microliter
Syringe (Hamilton, Bonaduz, Switzerland)” was linked with sample applicator. The
application rate for the SMD of caffeine and paracetamol was fixed at 150 nL/s. Under linear
ascending mode, the TLC plates were developed in a “CAMAG automated developing
chamber 2 (ADC2) (CAMAG, Muttenz, Switzerland)” at a distance of 80 mm. For 30 min
at 22 ◦C, the development chamber was saturated with vapors of greener mobile phases.
Caffeine and paracetamol were detected using a wavelength of 260 nm. The slit size
(band length × width) and scanning rate were both set at 4 mm × 0.45 mm and 20 mm/s,
respectively. Three or six replicates were used for each estimation. The software used was
“WinCAT’s (version 1.4.3.6336, CAMAG, Muttenz, Switzerland)”.

The greener normal-phase and reversed-phase HPTLC methodologies used the same
instrumentation and analytical procedures as the normal-phase and reversed-phase HPTLC
approaches. The TLC plates and the greener mobile phase components were found to
be the most significant differences between the two procedures. In the greener normal-
phase HPTLC technique, the TLC plates were glass plates (plate size: 10 cm × 20 cm)
pre-coated with normal-phase silica gel (particle size: 5 µm) 60F254S plates, but in the
greener reversed-phase HPTLC approach, the TLC plates were glass plates (plate size:
10 cm × 20 cm) pre-coated with reversed-phase silica gel (particle size: 5 µm) 60F254S
plates. In both cases, the polymer-binder plate was not used. In the greener normal-phase
HPTLC approach, the greener mobile phase was EA/E (85:15, v/v); however, in the greener
reversed-phase HPTLC approach, the greener mobile phase was E/W (50:50, v/v).
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3.3. Calibration Curves and QC Sample for Caffeine and Paracetamol

Caffeine and paracetamol stock solutions were made individually by dispensing the
requisite amounts of both molecules in the specified amount of respective mobile phase,
resulting in a final stock solution of 100 µg/mL for both compounds. The concentrations
in the 50–500 ng/band range for caffeine and paracetamol were generated using the
greener normal-phase HPTLC methodology and the 25–800 ng/band range for caffeine and
paracetamol using the greener reversed-phase HPTLC methodology by diluting variable
volumes of caffeine or paracetamol stock solution with the respective mobile phase. For
the normal-phase HPTLC methodology, 200 µL of each concentration of caffeine and
paracetamol were put to normal-phase TLC plates and reversed-phase TLC plates for the
reversed-phase HPTLC methodology. Using both analytical techniques, the spot area of
each concentration of caffeine and paracetamol was measured. Caffeine and paracetamol
calibration curves were created by graphing the concentrations of both drugs against the
observed spot area in six repeats (n = 6). For the determination of various validation
parameters, three distinct QC samples were prepared freshly.

3.4. Processing of Samples for the SMD of Caffeine and Paracetamol in Commercial Tablets

Ten commercial tablets (each containing 65 mg of caffeine and 500 mg of paracetamol)
were weighed and the average weights were computed for the SMD of caffeine and parac-
etamol in PANEXT and SAFEXT. Each brand’s tablets were coarsely crushed and powdered.
A portion of each brand’s powder was dissolved in 100 mL of the relevant mobile phase.
For the greener normal-phase and reversed-phase HPTLC methods, 1 mL of this solution
of each brand of tablet was diluted again using 10 mL of the corresponding mobile phase.
The prepared solutions of PANEXT and SAFEXT commercial tablets were filtered and
sonicated for around ten minutes to remove any undissolved excipients. Using the greener
normal-phase and reversed-phase HPTLC methods, the generated solutions were used to
determine caffeine and paracetamol in commercial tablets PANEXT and SAFEXT.

3.5. Analytical Method Validation

Utilizing the ICH-Q2-R1 recommendations, the normal-phase and reversed-phase
HPTLC techniques for the SMD of caffeine and paracetamol were validated for various
parameters [41]. By graphing the concentrations of caffeine and paracetamol against their
measured spot area, the linearity range for caffeine and paracetamol was discovered. The
normal-phase HPTLC approach’s linearity for caffeine and paracetamol was evaluated in
the 50–500 ng/band range (n = 6). For the reversed-phase HPTLC method, the linearity for
caffeine and paracetamol was evaluated in the 25–800 ng/band range (n = 6).

The calculation of Rf, As, and N/m was used to evaluate the parameters for the system
acceptability for the greener normal-phase and reversed-phase HPTLC techniques for the
SMD of caffeine and paracetamol. For both analytical approaches, the Rf, As, and N/m
data were computed utilizing their reported equations [39].

The percent recovery was utilized to examine the accuracy of the normal-phase and
reversed-phase HPTLC methods for the SMD of caffeine and paracetamol. For caffeine
and paracetamol, the accuracy of the greener normal-phase HPTLC technique was tested
at three QC levels: lower QC (LQC; 100 ng/band), middle QC (MQC; 300 ng/band), and
high QC (HQC; 500 ng/band). For caffeine and paracetamol, the accuracy of the greener
reversed-phase HPTLC technique was tested at three QC levels: LQC (50 ng/band), MQC
(300 ng/band), and HQC (800 ng/band). Using both analytical techniques, the percent of
recovery for caffeine and paracetamol (n = 6) was assessed at each QC level.

Intra/inter-assay precision was measured for the greener normal-phase and reversed-
phase HPTLC methods for caffeine and paracetamol. Quantitation of newly prepared
caffeine and paracetamol solutions at LQC, MQC, and HQC on the same day for both
analytical techniques (n = 6), was used to examine intra-assay variation for caffeine and
paracetamol. Quantitation of freshly prepared solutions at LQC, MQC, and HQC on three
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consecutive days for both analytical techniques (n = 6) was used to investigate inter-assay
variation for caffeine and paracetamol.

For both analytical techniques, the robustness for caffeine and paracetamol was eval-
uated by making some slight purposeful modification in the mobile phase composition.
The greener mobile phase EA/E (85:15, v/v) for caffeine and paracetamol was altered to
EA/E (87:13, v/v) and EA/E (83:17, v/v) for the greener normal-phase HPTLC technique,
and the variations in chromatographic response and Rf values were recorded (n = 6). The
greener mobile phase E/W (50:50, v/v) for caffeine and paracetamol was altered to E/W
(52:48, v/v) and E/W (48:52, v/v) for the greener reversed-phase HPTLC technique, and
the variations in chromatographic response and Rf values were recorded (n = 6).

By using a “standard deviation” technique, the sensitivity of the greener normal-phase
and reversed-phase HPTLC approaches for caffeine and paracetamol was examined as
“LOD and LOQ”. Caffeine and paracetamol “LOD and LOQ” were computed using their
published equations for both analytical procedures (n = 6) [41].

The Rf values and UV spectra of caffeine and paracetamol in commercial tablets
PANEXT and SAFEXT were compared with those of standards caffeine and paracetamol to
determine the specificity of the greener normal-phase and reversed-phase HPTLC methods
for caffeine and paracetamol.

3.6. Application of Greener Normal-Phase and Reversed-Phase HPTLC Approaches in the SMD of
Caffeine and Paracetamol in Commercial Tablets

For the normal-phase HPTLC technique, the obtained solutions of the commercial
tablets PANEXT and SAFEXT were put on normal-phase TLC plates and on reversed-phase
TLC plates for the reversed-phase HPTLC technique. For all analytical techniques, the
chromatographic responses were documented using the identical experimental circum-
stances employed for the SMD of standards caffeine and paracetamol (n = 3). For both
analytical procedures, the quantities of caffeine and paracetamol in commercial tablets
were approximated using the calibration curves for caffeine and paracetamol.

3.7. Greenness Estimation Using AGREE

The AGREE technique [38] was utilized to assess the greenness scale for the normal-
phase and reversed-phase HPTLC procedures for the SMD of caffeine and paracetamol. The
AGREE scales (0.0–1.0) for the greener normal-phase and reversed-phase HPTLC approaches
was estimated utilizing “AGREE: The Analytical Greenness Calculator (version 0.5, Gdansk
University of Technology, Gdansk, Poland, 2020)” for both the analytical approaches.

4. Conclusions

The literature lacks greener analytical techniques for the SMD of caffeine and parac-
etamol. As a result, compared to the greener normal-phase HPTLC approach, this research
was carried out to develop and validate the rapid, sensitive, and greener reversed-phase
HPTLC approach for the SMD of caffeine and paracetamol in their commercial tablets.
For the SMD of caffeine and paracetamol, the greener reversed-phase HPTLC approach is
more linear, accurate, precise, robust, and sensitive than the greener normal-phase HPTLC
approach. The quantities of caffeine and paracetamol in commercial tablets PANEXT and
SAFEXT were found to be significantly higher using the reversed-phase HPTLC method-
ology compared with the normal-phase HPTLC methodology. The AGREE estimation
showed the excellent green properties of both the analytical approaches. For the SMD of
caffeine and paracetamol in commercial formulations, the greener reversed-phase HPTLC
approach has been presented superior to the greener normal-phase HPTLC approach based
on different validation criteria and pharmaceutical assays.
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