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Abstract: The literature on green analytical approaches for caffeine estimation is limited. As a
consequence, this study aimed to establish a reverse-phase high-performance thin-layer chromatog-
raphy (HPTLC) technique for caffeine estimation in a variety of commercial energy drinks (ED) and
pharmaceutical formulations that is rapid, sensitive, and green. The combination of ethanol-water
(55:45 v v−1) was used as a mobile phase. The detection of caffeine was carried out at 275 nm. The
green reverse-phase HPTLC method was linear in the concentration range of 50–800 ng band−1.
Furthermore, the developed method for caffeine estimation was simple, quick, economical, accurate,
precise, robust, sensitive, and green. The amount of caffeine in different marketed ED (ED1–ED10)
was recorded in the range of 21.02–37.52 mg 100 mL−1 using the developed HPTLC method. However,
the amount of caffeine in different commercial formulations (F1–F3) was estimated as 10.63–20.30 mg
100 mL−1 using the same method. The “analytical GREEnness (AGREE)” scale for the developed
analytical method was predicted to be 0.80, utilizing 12 distinct components of green analytical
chemistry, indicating the HPTLC approach’s excellent greener profile. Overall, the developed method
for estimating caffeine in marketed ED and dosage forms was found to be reliable.

Keywords: AGREE scale; caffeine; energy drinks; formulations; green HPTLC; validation

1. Introduction

Caffeine (1,3,7-trimethylxanthine) is a pseudo-alkaloidal compound, obtained from
various plants, such as tea leaves (Thea sinensis), coffee beans (Coffea arabica), and kola
nuts (Cola nitida) [1,2]. It has several pharmacological activities, such as central nervous
system stimulant, analgesic, antipyretic, anti-inflammatory, antimigraine, and anticancer
activity [1–4]. It is an active component of various painkillers and antimigraine pharma-
ceutical products [2] in combination with paracetamol [5]. Caffeine is also present in
various commercially available energy drinks (ED) and herbal products [2]. As a result,
it is critical to conduct a qualitative and quantitative investigation of caffeine in ED and
herbal products.

A wide range of analytical methods is available for caffeine estimation in commercial
ED and herbal products. Several UV-based spectrometry methods have been used to
quantify caffeine in commercial ED and herbal products [6–10]. Caffeine has also been
determined in commercial ED and herbal products using a variety of high-performance
liquid chromatography (HPLC) methods [11–18]. Caffeine in commercial ED has also
been determined using ultra-fast liquid chromatography and ultra-performance liquid
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chromatography methods [19,20]. Some gas-chromatography tandem mass-spectrometry
(GC-MS) methods have also been utilized for caffeine estimation in ED [21–23]. Caf-
feine measurement in commercial ED, herbal products, and pharmaceutical formula-
tions has also been conducted using several high-performance thin-layer chromatography
(HPTLC) techniques [2,9,22,24–26]. Furthermore, solid-phase Fourier-transform Raman
spectroscopy [27], surfactant-mediated matrix-assisted laser desorption/ionization [28],
microemulsion electrokinetic chromatography [29], and micellar electrokinetic chromatog-
raphy [30] methods have been used for the estimation of caffeine in ED and herbal products.
A single green HPTLC approach was utilized for caffeine estimation in commercial ED and
herbal products using the binary combination of ethyl acetate and methanol as the green
solvents [2]. However, its greenness scale was not estimated. Using ethyl-acetate-ethanol
(EtOH) and EtOH-water as the mobile phases, we recently published the green normal-
phase and reverse-phase HPTLC methods for the simultaneous determination of caffeine
and paracetamol in allopathic formulations [31].

The safety and ecofriendly aspects of most of the reported analytical methods of
caffeine estimation were not taken into consideration. Green HPTLC methods offer a wide
range of advantages, including simplicity, economical performance, low operation costs,
rapid analysis, parallel analysis of many samples, rapid detection, and reduced environ-
mental pollution in comparison to other methods of analysis [32–35]. As a consequence,
a reverse-phase HPTLC method for caffeine estimation was developed in the current
study. For the assessment of greenness index of analytical methods, several ecofriendly
approaches are reported [34–39]. However, the “analytical GREEnness AGREE” approach
uses all twelve principles of “green analytical chemistry (GAC)” for the assessment of
greener index of these techniques [38]. As a consequence, the “AGREE metric methodol-
ogy” was utilized for the assessment of the developed reverse-phase HPTLC method’s
green scale [38]. The investigated solvents such as EtOH and water are categorized as
green solvents according to GAC principle [40–42]. Due to the safety and non-toxicity
of EtOH and water towards the environment, these solvents are considered to be green
solvents [42,43]. Accordingly, the binary mixture of EtOH and water was selected as the
green solvent system in this research. The goal of the current investigation is to design and
validate a rapid, sensitive, and environmentally friendly reverse-phase HPTLC method
for determining caffeine in ED and herbal products. The International Conference for Har-
monization (ICH)-Q2-(R1) guidelines [44] were used to validate the green reverse-phase
HPTLC method of caffeine quantification.

2. Materials and Methods
2.1. Materials

The working standard of caffeine (potency: 98.8%) was procured from Sigma Aldrich
(St. Louis, MO, USA). HPLC-grade solvents ethanol, methanol, and chloroform were pro-
cured from E-Merck (Darmstadt, Germany). Commercial ED (ED1–ED10) and herbal
products (F1–F3) containing caffeine were procured from a local market in Al-Kharj,
Saudi Arabia.

2.2. Chromatography and Analytical Conditions

The reverse-phase HPTLC analysis was performed using the CAMAG HPTLC in-
strument (CAMAG, Muttenz, Switzerland). The estimation of caffeine was performed on
10 × 20 cm glass plates precoated with reverse-phase silica gel 60 F254S plates (E-Merck,
Darmstadt, Germany). The samples to the reverse-phase TLC plates were spotted as the
6 mm bands utilizing a CAMAG Automatic Sampler 4 (ATS4) applicator (CAMAG, Geneva,
Switzerland). The sample applicator was fitted with CAMAG Microliter Syringe (Hamilton,
Bonaduz, Switzerland). The application rate for caffeine estimation was constant at 150 nL
s−1. The TLC plates were developed in an Automatic Developing Chamber 2 (ADC 2)
(CAMAG, Muttenz, Switzerland) to a distance of 80 mm using EtOH-water (55:45, v v−1)
greener mobile phase. The development chamber was saturated with vapors of EtOH-water
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(55:45, v v−1) for 30 min at 22 ◦C. Caffeine was detected using a wavelength of 275 nm at a
scanning rate of 20 mm s−1 and slit size set to 4 × 0.45 mm.

2.3. Preparation of Caffeine Standard Solutions for Calibration and Quality Control (QC) Samples

Caffeine standard (10 mg) was dissolved in 100 mL of EtOH-water (55:45, v v−1)
solvent system to generate a stock solution of caffeine with a concentration of 100 µg mL−1.
To achieve caffeine concentrations in the 50–800 ng band−1 range, different amounts of
this stock solution were diluted further using EtOH-water (55:45, v v−1) solvent system.
Caffeine solutions were spotted onto TLC plates and peak area for caffeine was measured.
The caffeine calibration curve was created by plotting caffeine concentrations vs. observed
peak area. In addition, three QC solutions were obtained separately for derivation of
validation parameters for the HPTLC method, including low QC (LQC; 100 ng band−1),
middle QC (MQC; 500 ng band−1), and high QC (HQC; 800 ng band−1).

2.4. Sample Processing of Caffeine from Marketed ED

Diverse ingredients are present in commercial ED of caffeine. To eliminate all produced
gases, the commercial ED (ED1–ED10) samples were degassed using an ultrasonic bath.
All ED samples were lyophilized for five days by transferring them into lyophilizer. After
the lyophilization process, the obtained dried samples were dissolved in methanol-water
(25: 75 v v−1). The liquid-liquid extraction was performed using chloroform to extract
caffeine. The collected chloroform fractions were dried under reduced pressure using a
rotary evaporator at 40 ◦C. The collected samples were utilized as test solutions to assess
the presence of caffeine in marketed ED.

2.5. Processing of Samples for the Determination of Caffeine in Marketed Herbal Products

The average weight of ten marketed tablets from each herbal product (F1–F3) was
computed. For each brand (equivalent to 10 mg of caffeine), the tablets were crushed and
powdered. A quantity of each brand’s powder was extracted separately using chloroform
(3 × 70 mL) for 30 min. The chloroform extracts from each sample were combined and
concentrated in vacuo. The concentrate from each sample was separately reconstituted
in 10 mL chloroform and stored under refrigeration till further use. Using the developed
method, the acquired samples were used to quantify the caffeine contents in marketed
herbal products.

2.6. Validation Parameters

Using ICH-Q2-R1 guidelines [44], the developed analytical method for caffeine esti-
mation was validated for linearity range, accuracy, precision, robustness, sensitivity, and
specificity. Caffeine linearity was assessed by plotting caffeine concentrations vs. observed
peak area. Caffeine linearity was determined in the 100–800 ng band−1 range. The system
suitability was assessed using the “retardation factor (Rf), asymmetry factor (As), and
number of theoretical plates per meter (N m−1)”. The “Rf, As, and N m−1” values were
calculated using their stated formulae at MCQ (500 ng band−1) [45].

The accuracy of the suggested analytical procedure was evaluated using the percent
recovery. The percent recovery of caffeine was evaluated at LQC (100 ng band−1), MQC
(500 ng band−1), and HQC (800 ng band−1).

Caffeine was measured at LQC, MQC, and HQC on the same day to evaluate intraday
precision, while, it was measured at LQC, MQC, and HQC on three consecutive days to
assess intermediate precision for the developed analytical method [44].

To evaluate the robustness of the developed HPTLC method, slight deliberate changes
in the mobile phase composition were introduced. For this purpose, mobile phase was
changed to EtOH-water (57:43, v v−1) and EtOH-water (53:47, v v−1), and the changes in
peak area and Rf values were recorded [44].
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The method sensitivity was determined for limit of detection (LOD) and limit of
quantification (LOQ), utilizing a standard deviation approach. The LOD and LOQ values
for the developed analytical method were determined using their regular equations [44,45].

The method specificity/peak purity was assessed by comparing the Rf values and UV
spectra of caffeine in ten different marketed ED and three different herbal products to those
of standard caffeine.

2.7. Determination of Caffeine in Marketed ED and Herbal Products

The caffeine peak areas of the prepared solutions of ten different marketed ED and
three different herbal products were obtained on reverse-phase TLC plates. The amount of
caffeine in all these samples was determined using the caffeine calibration curve for the
developed method.

2.8. Greenness Assessment

The “AGREE metric technique” [38] was used to assess the greener profile of the
developed method. The AGREE scales (in the range of 0.0–1.0) for the developed method
were determined using “AGREE: The Analytical Greenness Calculator (version 0.5, Gdansk
University of Technology, Gdansk, Poland, 2020)”.

3. Results and Discussion
3.1. Method Development

Literature survey revealed a limited number of green analytical methods for the
determination of caffeine. As a consequence, this investigation was designed to develop
and validate a green reverse-phase HPTLC method for caffeine estimation in ten different
marketed ED and three different herbal products.

For the estimation of caffeine in ten different marketed ED and three different herbal
products, various EtOH-water concentrations within the 45–90% EtOH range were studied
as the green mobile phases for method development. All of these binary solvent compo-
sitions were created in a saturated chamber (Figure 1). The results obtained showed that
the EtOH-water (55:45, v v−1) solvent composition offered a well-resolved intact peak of
caffeine at Rf = 0.42 ± 0.01 with an acceptable As value (As = 1.06 ± 0.02) (Figure 2). As
a consequence, the EtOH-water (55:45, v v−1) binary solvent composition was selected as
the mobile phase for caffeine estimation. The UV-spectral bands for the developed method
were evaluated at absorbance mode and the greatest TLC response was found at 275 nm.

Figure 1. Developed plate for standard caffeine, various energy drinks (ED), and commercial
formulations established using EtOH-water (55:45, v v−1) combination for the green high-performance
thin-layer chromatography (HPTLC) method.
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Figure 2. Representative chromatogram of standard caffeine obtained using the green HPTLC
method.

3.2. Validation Parameters

The developed analytical method for caffeine estimation was validated for linearity
range, accuracy, precision, robustness, sensitivity, and specificity [44]. The findings of the
linearity data of the caffeine calibration curve for the developed method are included in
Table 1. The caffeine calibration curve was linear in the concentration range of 50–800 ng
band−1 for the developed method. The “determination coefficient (R2)” and “regression
coefficient (R)” for caffeine were found to be 0.9973 and 0.9986, respectively. According
to these data, there was a good linear relationship between caffeine concentration and
measured TLC response.

Table 1. Results for the regression analysis of caffeine for the green high-performance thin-layer
chromatography (HPTLC) method (mean ± SD; n = 6).

Parameters Values

Linearity range (ng band−1) 50–800
Regression equation y = 28.429x + 813.89

R2 0.9973
R 0.9986

SE of slope 0.35
SE of intercept 2.42
95% CI of slope 26.90–29.95

95% CI of intercept 803.45–824.32
LOD ± SD (ng band−1) 16.87 ± 0.45
LOQ ± SD (ng band−1) 50.61 ± 1.35

R2: determination coefficient; R: regression coefficient; SE: standard error; CI: confidence interval; LOD: limit of
detection; LOQ: limit of quantification.

At MQC (500 ng band−1), the system suitability parameters for the developed analyt-
ical test were evaluated, and the findings are given in Table 2. The “Rf, As, and N m−1”
values for the developed analytical test were determined to be 0.42 ± 0.01, 1.06 ± 0.02, and
5241 ± 4.58, respectively. The results showed that the developed method was suitable for
estimating caffeine in ten different marketed ED and three different herbal products.
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Table 2. System suitability parameters of caffeine for the green HPTLC method (mean ± SD; n = 3).

Parameters Green HPTLC Method

Rf 0.42 ± 0.01
As 1.06 ± 0.02

N m−1 5241 ± 4.58

Rf: retardation factor; As: asymmetry factor; N m−1: number of theoretical plates per meter.

The accuracy assessment findings for the developed method are listed in Table 3.
The percent caffeine recovery for the developed method was found to be between 98.5
and 101.6 percent at three distinct QC levels. The accuracy of the developed method for
caffeine estimation in ten different marketed ED and three distinct herbal products was
demonstrated by these percent caffeine recoveries.

Table 3. Accuracy assessment findings of caffeine for the green HPTLC method (mean ± SD; n = 6).

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

100 98.52 ± 1.36 98.5 1.38
500 508.23 ± 3.54 101.6 0.69
800 788.36 ± 6.94 98.5 0.88

The precision for the developed method was measured as the percent of the coefficient
of variance (% CV) and the findings are listed in Table 4. The results revealed the precision
of the developed method for caffeine estimation in ten different marketed ED and three
different herbal products.

Table 4. Precision assessment findings of caffeine for the green HPTLC method (mean ± SD; n = 6).

Conc.
(ng Band−1)

Intraday Precision Interday Precision

Conc. Found (ng
Band−1) ± SD

Standard
Error CV (%) Conc. Found (ng

Band−1) ± SD
Standard

Error CV (%)

100 101.45 ± 0.84 0.34 0.82 99.21 ± 0.92 0.37 0.92
500 494.31 ± 3.11 1.26 0.62 491.23 ± 3.53 1.44 0.71
800 792.34 ± 4.74 1.93 0.59 806.32 ± 5.15 2.10 0.63

The data from the robustness study for the developed method are listed in Table 5.
The percent CVs for the robustness analysis for the developed method were 0.65–0.77%.
The Rf values of caffeine were found to be 0.41–0.43. The minor deviations in the Rf values
of caffeine and lower % CVs revealed the robustness of the developed method for caffeine
estimation in ten ED and three herbal products.

Table 5. Robustness assessment of findings of caffeine for the green HPTLC method (mean ± SD; n = 6).

Conc.
(ng Band−1)

Mobile Phase Composition (EtOH-Water) Results
Original Used Conc. (ng Band−1) ± SD CV (%) Rf

57:43 +2.0 492.54 ± 3.22 0.65 0.41
500 55:45 55:45 0.0 504.51 ± 3.66 0.72 0.42

53:47 −2.0 511.21 ± 3.97 0.77 0.43

The sensitivity of the developed method was measured as “LOD and LOQ” and
the findings are presented in Table 1. The “LOD and LOQ” for the developed method
were determined to be 16.87 ± 0.45 and 50.61 ± 1.35 ng band−1, respectively, for caffeine
estimation. These values of “LOD and LOQ” for the developed method revealed the
sensitivity for the estimation of low levels of caffeine in ten different marketed ED and
three different herbal products.
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The peak purity and specificity of the developed method was determined by compar-
ing the UV spectra of caffeine (275 nm) in ten different marketed ED and three different
herbal products with that of standard caffeine. Figure 3 presents the UV spectra of standard
caffeine and caffeine in ten different marketed ED and three different herbal products,
superimposed. The identical UV spectra, Rf values, and detection wavelength of caffeine in
standard caffeine, ten commercial ED, and three herbal products demonstrated the peak
purity and specificity of the developed method.

Figure 3. UV absorption spectra of standard caffeine, different ED, and various commercial formula-
tions, superimposed.

3.3. Determination of Caffeine in Marketed ED and Herbal Products

The validated method was applied to estimate caffeine content in ten marketed ED
and three herbal products. By comparing the single TLC spot at Rf = 0.42 ± 0.01 for caffeine
in ED and herbal products with those of standard caffeine, the HPTLC peak of caffeine
from ten ED and three herbal products was verified. The representative densitograms of
caffeine in some ED, such as ED3, ED6, ED8, and ED10 are included in Figure 4, which pre-
sented concordant peaks of caffeine with that of standard caffeine. Similar chromatograms
were also recorded for other ED, such as ED1, ED2, ED4, ED5, ED7, and ED9 (Figure not
shown). Furthermore, five, four, four, and two additional peaks were also detected in
ED3 (Figure 4A), ED6 (Figure 4B), ED8 (Figure 4C), and ED10 (Figure 4D), respectively.
The densitograms of caffeine in herbal products F1–F3 are included in Figure 5, which
also presented the caffeine peak. Additionally, seven, four, and three peaks were also
detected in herbal products F1 (Figure 5A), F2 (Figure 5B), and F3 (Figure 5C), respec-
tively. The existence of extra peaks in various ED and herbal products indicated that
the developed HPTLC method might be used to estimate caffeine in the presence of im-
purities/different substances. The caffeine content of ten different ED and three herbal
products was estimated using caffeine calibration curve and the findings are summarized
in Table 6. The amount of caffeine in the ED (ED1–ED10) was recorded in the range of
21.02–37.52 mg 100 mL−1. However, the amount of caffeine in the herbal products (F1–F3)
was 10.63–20.30 mg 100 mL−1. The caffeine content of the products was expressed as a
percentage of the label claim for each product as recorded in Table 6. These results demon-
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strated the suitability of the developed HPTLC method in determining caffeine content in
marketed ED and herbal products.

Figure 4. Representative chromatograms of caffeine in (A) ED-3, (B) ED-6, (C) ED-8, and (D) ED-10.

Figure 5. Representative chromatograms of caffeine in (A) marketed formulation F1, (B) marketed
formulation F2, and (C) marketed formulation F3.
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Table 6. Determination of caffeine in different energy drinks (ED) and various commercial formula-
tions using the green HPTLC method (mean ± SD; n = 3).

Samples Label Content of Caffeine (mg 100 mL−1) Caffeine Found (mg 100 mL−1) Percent of Label Amount

ED1 30 30.52 ± 1.01 98.2
ED2 30 29.19 ± 1.00 102.7
ED3 32 31.21 ± 1.03 102.5
ED4 32 32.89 ± 1.04 97.2
ED5 30 28.08 ± 1.01 106.8
ED6 20 21.02 ± 0.80 95.1
ED7 32 31.88 ± 2.02 100.3
ED8 30 29.98 ± 1.01 100.0
ED9 35 37.52 ± 2.01 93.2
ED10 35 35.93 ± 2.04 97.3

F1 10 10.63 ± 0.50 94.0
F2 20 20.30 ± 0.60 98.4
F3 15 15.92 ± 0.65 94.2

3.4. Greenness Assessment

Despite the fact that several approaches for determining a greener scale of analytical
methods have been documented [34–39], only the “AGREE methodology” [38] employs
all twelve GAC principles. As a result, the “AGREE Calculator” was utilized to determine
the greenness scale of the developed HPTLC method. The overall AGREE score for the
developed method is shown in Figure 6. The overall AGREE score for the developed
method was calculated to be 0.80, indicating that the developed method for caffeine
estimation is exceptionally green.

Figure 6. Representative diagram for AGREE scale for the green HPTLC method estimated utilizing
“AGREE: The Analytical Greenness Calculator”.

4. Conclusions

The objective of this study is to develop and validate a reverse-phase HPTLC method
for estimating caffeine in ten different commercial ED and three different herbal products.
The developed HPTLC method was validated according to ICH guidelines. The developed
method was linear, rapid, accurate, precise, robust, sensitive, specific, and green for caffeine
estimation. The AGREE scale for the developed method showed its excellent green profile
for caffeine estimation. The developed reverse-phase HPTLC method was found to be
suitable for caffeine estimation in ten different marketed ED and three different marketed
herbal products. These results and data indicated that the green reverse-phase HPTLC
method can be successfully applied for the determination of caffeine in the wide range of
commercial products having caffeine as one of the active ingredients.
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