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In the food and pharmaceutical industries, green technologies refer to the use of methods and ma-

terials that do not negatively impact the environment and offer safety advantages. The aim of this paper is 

to extract methylxanthine derivatives from food and beverage samples using ultrasound-assisted deep eu-

tectic solvent extraction (UAE-DES), ultrasound (UAE), and microwave-assisted extraction (MAE), and 

traditional extraction with chloroform. A chemometric tool was applied for data analysis and molecular 

docking was used to predict neuroprotective potential. The high-performance liquid chromatography 

(HPLC) method was employed for methylxanthines determination. The results showed that green ap-

proaches effectively extracted theobromine (1,3-dimethylxanthine) and caffeine (1,3,7-trimethylxanthine) 

from food and beverages, with UAE-DES emerging as the most effective technique. Caffeine's high bind-

ing energy (–6.7 kcal/mol) against the adenosine receptor (A2A) observed by molecular docking suggest-

ed that it may have neuroprotective effects and could be used in multiple fields with promising future de-

velopment possibilities. According to the results, the application of DESs as high dissolving, low cost, 

and environmental-friendly solvents has significant potential in the pharmaceutical and food industry.  
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ЗЕЛЕНА ЕКСТРАКЦИЈА НА МЕТИЛКСАНТИНСКИ ДЕРИВАТИ  

ОД ХРАНА И ПИЈАЛАЦИ СО УПОТРЕБА НА ДЛАБОКО ЕВТЕКТИЧНИ РАСТВОРУВАЧИ  

И ИСТРАЖУВАЊА IN SILICO НА НЕВРОПРОТЕКТИВНИОТ ПОТЕНЦИЈАЛ 

 

Во прехранбената и фармацевтската индустрија зелените технологии се однесуваат на 

употреба на методи и материјали кои не влијаат негативно врз животната средина и нудат 

предности во поглед на безбедноста. Целта на овој труд е екстракција на метилксантински 

деривати од примероци храна и пијалаци со користење ултразвучно помогната екстракција со 

длабоко евтектични растворувачи (UAE-DES), ултразвучна екстракција (UAE), микробраново 

помогната екстракција (MAE), како и традиционална екстракција со хлороформ. За анализа на 

податоците беа применети хемометриски алатки, а молекуларното докирање беше искористено за 

предвидување на неврозаштитниот потенцијал. За определување на метилксантините беше 

применет методот на високоефикасна течна хроматографија (HPLC). Резултатите покажаа дека 

зелените пристапи ефикасно ги екстрахираат теоброминот (1,3-диметилксантин) и кофеинот 

(1,3,7-триметилксантин) од храна и пијалаци, при што UAE-DES се покажа како најефикасна 

техника. Високата енергија на врзување на кофеинот (–6,7 kcal/mol) со аденозинскиот рецептор 

(A2A), утврдена со молекуларно докирање, укажува дека кофеинот може да има неврозаштитни 

ефекти и да се применува во повеќе области со ветувачки можности за идниот развој. Според 

резултатите, примената на длабоко евтектични растворувачи, поради нивната способност за 

висока растворливост, ниската цена и еколошката прифатливост, има значителен потенцијал во 

фармацевтската и прехранбената индустрија. 
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1. INTRODUCTION 

 

Methylxanthine derivatives (caffeine, theo-

bromine, and theophylline), among the most con-

sumed alkaloids in the world, are the subject of many 

studies due to their stimulating effects on the nerv-

ous, cardiovascular, and muscular systems.1–3 It is 

believed that blocking adenosine receptors in the 

brain, inhibiting phosphodiesterase, mobilizing intra-

cellular calcium, and modifying GABA (gamma-

aminobutyric acid) receptors are the mechanisms 

responsible for these stimulating effects in humans. 

They occur naturally in coffee, tea, and cocoa, or are 

added to a variety of beverages. Testing the neuro-

protective effect of coffee, as well as examining caf-

feine's contribution to this effect, has recently been 

the focus of many studies.4,5  

Traditional methylxanthine extraction from 

natural products required the use of toxic solvents, 

which generated large amounts of solvent waste, 

left unhealthy residues in final products, and re-

sulted in low yields.6,7 Green technologies are in-

creasingly employed in the pharmaceutical and 

food industries to promote ecologically acceptable 

activities that cause little or no harm to humans. 

Among the 12 principles of green chemistry, one is 

the use of environmentally friendly solvents and 

substances.8 

Ionic liquids (IL) are considered among the 

most significant green solvents; nonetheless, they 

have disadvantages, including high cost and manu-

facturing complexity. Recently, ILs have increas-

ingly been replaced by harmless solvents called 

deep eutectic solvents (DESs), which are less ex-

pensive and more environmentally friendly.8 DESs 

consist of combinations of two or three compo-

nents that form hydrogen bond interactions with 

each other, creating a eutectic mixture with a lower 

boiling point than the individual components. At 

least two components are required to synthesize 

DESs: a hydrogen bond donor (HBD) and a hydro-

gen bond acceptor (HBA).9 

The most synthesized DESs are miscible 

with water and hydrophilic organic solvents, which 

has limited the use of such DESs with lipophilic 

samples. In recent years, special attention has been 

paid to the synthesis of hydrophobic DESs, which 

has expanded their use in the extraction of natural 

components and pharmaceuticals.10 In hydrophobic 

DESs, the HBD is usually a fatty acid due to its 

hydrophobicity, with moderate ability to partici-

pate in hydrogen interactions.11 

Some studies have investigated using DESs 

for the extraction of caffeine and theobromine 

from natural sources, but there are no comprehen-

sive studies that compare using DESs enhanced by 

ultrasound-assisted extraction (UAE) as extractants 

with other conventional or green methods.2,12,13 

The aim of this work was to extract methylxan-

thine derivatives (caffeine and theobromine) from 

food and beverages using ultrasound-assisted DES 

extraction (UAE-DES), as well as two other green 

techniques, ultrasound (UAE) and microwave-

assisted extraction (MAE). Traditional extraction 

with chloroform, the solvent of choice for 

methylxanthine extraction, was performed to com-

pare the obtained results with green extraction 

techniques. Chemometric analysis was applied to 

detect similarities and dissimilarities among the 

applied extraction methods. Given that there are no 

previous studies of this kind, this paper also in-

cludes in silico molecular docking analysis of caf-

feine as a blocker of adenosine A2A receptors, and 

a comparison with istradefylline, a medicine with a 

similar structure and known neuroprotective effect, 

indicated in the treatment of Parkinson's disease. 

In line with the ideas of sustainable devel-

opment, the use of effective and environmentally 

friendly extraction techniques for methylxanthines 

may help reduce energy use and pollution emis-

sions during production processes. Apart from ob-

taining caffeine-containing green, non-toxic ex-

tracts, it is important to provide answers regarding 

their potential medical uses beyond those that are 

already well-established. Caffeine is currently only 

known to be used in supplements to improve alert-

ness, athletic performance, and fatigue levels.14,15 It 

can also be incorporated into analgesics (pain med-

ications) to increase their efficacy as an analgesic 

adjuvant.16 Due to the lack of clinical studies and 

the limited number of animal experiments on caf-

feine's neuroprotective effect, there are currently 

no approved supplements that could be used to 

prevent neurological diseases or alleviate the 

symptoms of those that already exist.17–21 In light 

of these findings, this work focused on in silico 

tests that aimed to contribute to the current scien-

tific base on the role of caffeine and its similarities 

with medicines already used in the prevention and 

treatment of conditions linked to adenosine A2A 
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receptors, with the goal of developing innovative 

supplements to improve public health. 
 

 

2. EXPERIMENTAL 

 

2.1. Samples 
 

Commercial samples of food and beverages 

used in this work were available for sale at markets 
in the Republic of Serbia: green tea (Macval), 

black tea (Teekanne), instant coffee (Jacobs), black 

coffee (Grand), Red Bull® (Red Bull GmbH), 

Guarana® (Knjaz Miloš a.d.), ice tea (Sola), Coca-

Cola® (Coca-Cola Company), and organic cocoa 

(Sanaterra). 

 

2.2. Standard substances and reagents 
 

Standards of caffeine and theobromine (> 99 

%), menthol, methyl salicylate, and dodecanoic 

acid were obtained from Sigma Aldrich (Deisenho-

fen, Germany). HPLC-grade acetonitrile, chloro-

form, tetrahydrofuran, and sodium hydroxide were 

purchased from Fluka (Bluchs, Switzerland). Dis-

tilled deionized water (dd H2O) was used through-

out the experiments. DESs, menthol:dodecanoic 

acid in a molar ratio of 2:1, and menthol:methyl 

salicylate in a ratio of 1:1, were prepared from an 

appropriate amount of each component, using an 

analytical scale (Sartorius, Germany) with an accu-

racy of 0.1 mg. It was determined that the relative 

standard uncertainty of the mole fraction of the 

measured components was less than ±0.03. The 

water content of the pure components was deter-

mined by Karl-Fischer titration using an 831 Karl-

Fischer coulometer (Metrohm, Switzerland), and 

the results were 42 ppm, 41 ppm, and 12 ppm for 

menthol, methyl salicylate, and dodecanoic acid, 

respectively. Purity for all components was 99 %. 

Although pure menthol was a solid component at 

room temperature, DESs containing dodecanoic 

acid and methyl salicylate were liquid at room 

temperature. 

 

2.3. Ultrasound-assisted DES extraction 
 

For the extraction of solid food and beverage 

samples, 0.3 g of solid sample, 5 ml of distilled 

water, and 2 ml of DES were mixed in a test tube. 

The mixture was vortexed (Ibx Instruments, Swit-

zerland) for 30 s. The tubes were then placed in an 

ultrasonic bath (Clifton, UK), and the extraction 

was performed for 20 minutes (input power of 

250 W and a frequency of 40 kHz). The contents 

were then centrifuged for 15 minutes (Sigma 2-7, 

SIGMA Laborzentrifugen GmbH, Germany). The 

supernatant was drawn with a syringe and filtered 

through a nylon membrane filter (RC-45/25, 0.45 

μm) directly into the vial for high-performance 

liquid chromatography (HPLC) analysis. 

The procedure for the extraction of liquid 

food and beverage samples involved the evapora-

tion of 10 ml of the liquid sample in a beaker. Five 

milliliters (5 ml) of water (pH = 8) was added to 

the dry residue, and the sample was transferred to a 

test tube. Two milliliters (2 ml) of DES was added, 

and the mixture was vortexed for 30 s. The tubes 

were then placed in an ultrasonic bath, and the ex-

traction was carried out for 20 minutes (180 W). 

After this procedure, the contents were centrifuged 

for 15 minutes. The supernatant was drawn with a 

syringe and filtered through a nylon membrane 

filter (0.45 μm) directly into the vial prior to HPLC 

analysis. Liquid samples, when necessary, were 

degassed in an ultrasonic bath for 10 minutes. The 

methods for sample preparation and extraction of 

methylxanthines are described in the literature.2,22 

 

2.4. Ultrasound-assisted extraction 
 

UAE involved weighing 0.3 g of solid or 

measuring 10 ml of the liquid sample that had been 

previously evaporated to dryness, adding 7 ml of 

water (pH = 8), and mixing on a vortex mixer for 

30 s. The tubes were then placed in an ultrasonic 

bath (Clifton, UK), and the sample was extracted 

for 20 minutes. Samples were filtered through a 

nylon membrane filter (RC-45/25, 0.45 μm) direct-

ly into the vial and analyzed by HPLC. Liquid 

samples containing dissolved gases were pretreated 

in an ultrasonic bath for 10 minutes. 
 

2.5. Microwave-assisted extraction 
 

For the MAE of solid samples, 7 ml of water 

(pH = 8) was added to a beaker containing 0.3 g of 

solid sample and mixed thoroughly using a vortex 

mixer for 30 s. Extraction was carried out in a mi-

crowave oven (Midea, China), with temperature 

and pressure control, in sealed vessels at a power 

of 400 W for 30 s. Samples were filtered through a 

nylon membrane filter (0.45 μm) into the vial prior 

to HPLC analysis. 

The liquid samples were first pretreated, if 

necessary, in an ultrasonic bath for 10 minutes. 

Ten milliliters (10 ml) of the liquid sample was 

evaporated to dryness under reduced pressure, then 

prepared and treated using the same procedure as 

for the solid samples. 
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2.6. Extraction with chloroform 
 

The samples (5 g or 10 ml of the liquid sam-

ple, evaporated to dryness) were transferred to a 

laboratory beaker, 200 ml of warm water was add-

ed, and maceration was carried out for 30 minutes 

at room temperature with occasional stirring. The 

extract was separated by filtration, 10 ml was col-

lected for analysis, and the extract was purified on 

an SPE (solid-phase extraction) column (Supelco, 

Supelclean™ LC-18 SPE Tubes, 6 ml (0.5 g)). 

For purification on SPE, methanol (2 × 10 

ml) was passed through the SPE column, followed 

by HPLC-grade distilled water (2 × 10 ml). The 

sample (10 ml) was then passed through the col-

umn. Methylxanthines were extracted from the 

column with chloroform (10 ml), and the solvent 

was removed by evaporation under reduced pres-

sure. The dry residue was dissolved in 2 ml of wa-

ter (pH = 8.0), and methylxanthines were analyzed 

using HPLC by injecting 2 µl of the solution into 

the system.23  
 

2.7. HPLC analysis 
 

Methylxanthine analysis was performed us-

ing an HPLC method described in the literature, 

employing an HPLC-DAD model Agilent HP 1100 

system with an autosampler injector (Waldbron, 

Germany).23 HPLC analysis was conducted using a 

Zorbax C-8 column (4.6 mm × 150 mm, 5 μm par-

ticle size), with a mobile phase consisting of 0.5 % 

THF (pH = 8) and acetonitrile in a 95:5 ratio, a 

flow rate of 0.8 ml/min, UV detection at 273.4 nm, 

a column temperature of 25 °C, and a total analysis 

time of 10 minutes. 
 

2.8. Chemometric analysis 
 

Principal component analysis (PCA) was 

performed using Statistica v.12 software (Stat Soft 

Inc., Tulsa, USA). The extraction techniques 

(UAE-DES 1, UAE-DES 2, UAE, MAE, and chlo-

roform) were treated as cases, while the detected 

amounts of caffeine and theobromine in the ana-

lyzed samples were treated as variables. All data 

were standardized prior to calculation. 

 

2.9. Molecular docking analysis 
 

The chemical structures of ligand molecules 

in this study were obtained from the PubChem da-

tabase.24 Three-dimensional crystallographic struc-

tures were retrieved from the Protein Data Bank 

(PDB).25 Ligands and water molecules were re-

moved, polar hydrogen atoms were added, and par-

tial atomic charges were calculated using the Gas-

teiger method 26 with AutoDock Tools (AutoDock 

v. 4.2.3, United States). The grid box dimensions 

were set to 60 × 60 × 60 with a spacing of 0.375 Å 

between points. Molecular docking was conducted 

using the AutoDock 4.2.3. program package, em-

ploying the Lamarckian genetic algorithm and the 

standard docking procedure for a rigid receptor and 

flexible ligand, with 25 independent runs per lig-

and. Other parameters were set to their default val-

ues. Conformations of docked structures with the 

lowest binding energy were considered the most 

favorable docking pose. Discovery Studio Visual-

izer (v. 4.5, United States) was used to visualize 

the results and generate the figures. 
 

2.10. Statistical analysis 
 

Statistical analyses were performed using 

IBM SPSS (v. 22, United States). The data were 

presented as mean values ± standard deviation 

(SD). Mean values of the measured parameters 

were subjected to a one-way analysis of variance 

(ANOVA) using Duncan's multiple range test to 

determine significant differences among samples, 

with level of significance p < 0.05. 
 

 

3. RESULTS AND DISCUSSION 

 

3.1. HPLC-DAD determination of methylxanthines 
 

Caffeine and theobromine were determined 

by comparing the retention times and UV spectrum 

with standards of caffeine and theobromine. As 

shown in the Figure 1, it can be seen that there are 

no interferences or overlapping peaks from other 

active substances present in the samples, demon-

strating that the applied extraction and purification 

methods, as well as the analytical method, were 

suitable for the determination of caffeine and theo-

bromine in food and beverages. 
The results of caffeine content in food and 

beverage samples, obtained using different extrac-

tion techniques, are summarized in Table 1. The 

chemical structures of DESs (HBA and HBD) and 

a representative HPLC chromatogram are present-

ed in Figures 1A and 1B, respectively.  
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T a b l e  1  
 

Caffeine (1,3,7-trimethylxanthine) content in food and beverages 
 

Sample 

number 

Sample  

name 

Caffeine (mg/100 ml) Declaration 

Microwave Ultrasound DES 1 DES 2 Chloroform  

1 Red Bull 28.31 ± 0.11a 20.22 ± 0.07b 29.25 ± 0.08a 31.83 ± 0.08c 30.75 ± 0.08a ≥32 

2 Guarana 21.75 ± 0.07a 19.88 ± 0.08b 23.81 ± 0.09c 24.75 ± 0.06d 23.45 ± 0.06e ≥25 

3 Coca Cola 8.28 ± 0.03a 6.32 ± 0.02b 9.74 ± 0.03c 11.12 ± 0.04d 10.52 ± 0.09e ≥15 

4 Ice tea 8.89 ± 0.03a 5.48 ± 0.01b 9.21 ± 0.03a 10.44 ± 0.04c 9.33 ± 0.06a – 

Caffeine (mg/100 g) 

Sample 

number 

Sample  

name 
Microwave Ultrasound DES 1 DES 2 Chloroform 

 

5 Green tea 210.00 ± 0.55a 174.57 ± 0.66b 547.35 ± 0.33c 596.64 ± 0.45d 550.22 ± 0.25e – 

6 Black tea 554.6 ± 0.25a 454.76 ± 0.75b 559.15 ± 0.33a 682.14 ± 0.92c 557.45 ± 0.92a – 

7 Black coffee 2683.64 ± 3.12a 2669.84 ± 5.11a 2855.10 ± 4.22b 5196.38 ± 2.25c 4027.33 ± 4.75d – 

8 Ness coffee 1809.99 ± 4.15a 1755.28 ± 4.33a 2075.96 ± 3.25b 4056.41 ± 5.33c 3985.25 ± 3.28c – 

9 Cocoa 79.95 ± 0.12a 73.18 ± 0.15b 92.57 ± 0.14c 98.52 ± 0.25d 78.22 ± 0.25e – 

 

Data are presented as mean of triplicate measurements ± SD. Different superscript letters within the same rows indicate significant 

differences of means at the 0.05 level. 

DES 1: menthol : dodecanoic acid 2 : 1; DES 2: menthol : methyl salicylate 1 : 1. 
 

 

 
 

Fig. 1. A) Chemical structures of DESs (HBA and HBD); B) Representative HPLC chromatogram  

of sample 1 UAE-DES 2 extraction: a) theobromine, b) caffeine 
 
 

Caffeine concentrations in food and bever-

age samples varied significantly depending on the 

extraction method used. The caffeine content in 

sample 1 ranged from 20.22 to 31.83 mg/100 ml, 

with UAE-DES 2 yielding a 1.57-fold higher 

amount than UAE. Additionally, the amount of 

caffeine matching the declared value was obtained 

using UAE-DES 2. Similar findings were observed 

for samples 2 and 3, where the caffeine concentra-

tion ranged from 19.88 to 24.75 mg/100 ml and 

from 6.32 to 11.12 mg/100 ml, respectively. UAE-

DES 2, as the most effective technique, yielded 

caffeine levels in these samples that matched the 

declared values. 

Caffeine levels in sample 4 ranged from 

8.89 to 10.44 mg/100 ml, with UAE-DES 2 

providing 1.17 times more caffeine than UAE. In 

the case of solid samples, the caffeine content was 

as follows: in sample 5, 174.57 – 596.64 mg/100 g; 

in sample 6, 454.76 – 682.14 mg/100 g; in sample 

7, 2669.84 – 5196.38 mg/100 g; in sample 8, 

1755.28 – 4056.41 mg/100 g; and in sample 9, 

73.18 – 98.52 mg/100 g. In these solid samples, the 

UAE-DES 2 technique yielded 3.42, 1.5, 1.95, and 

1.35 times more caffeine than UAE, respectively. 
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After UAE-DES 2, the conventional method 

of extracting caffeine using chloroform was the 

next most effective technique in the majority of the 

samples studied, as presented in Table 1. Since the 

results demonstrated a strong influence of extrac-

tion technique on caffeine content within the same 

samples, there was a clear need for careful selec-

tion of methods that employ non-toxic solvents and 

yield the highest concentration of the target com-

pound. 

When green extraction methods were con-

sidered, it was evident that UAE-DES extraction 

produced caffeine levels consistent with the de-

clared values of the products, while other green 

extraction methods yielded significantly lower val-

ues. This difference was likely due to the hydro-

phobic DES used in this study, which served as an 

effective extractive medium for non-polar organic 

compounds.27,28 

When comparing the two different DESs 

used, both of which show promise as green sol-

vents in the food industry, higher caffeine yields 

were achieved with DES 2. This increase was at-

tributed to stronger hydrogen bonding interaction 

between caffeine and DES 2.2 As shown in Figure 

1A, the structure of methyl salicylate enabled more 

hydrogen bonding interactions with caffeine than 

dodecanoic acid. Recent research has also con-

firmed that methyl salicylate is an excellent solvent 

for caffeine, showing that caffeine solubility in 

methyl salicylate is nearly 70 % higher than in wa-

ter. Computational simulation demonstrated that 

the clathrate-like organization of methyl salicylate 

molecules around caffeine effectively prevented its 

self-aggregation in solution.22 

The results of our study were slightly higher 

than those reported in a similar study on caffeine 

extraction from coffee beans using UAE-DES (be-

taine and sorbitol), which yielded 229 – 514 

mg/100 g.12 This difference may be attributed to 

the higher efficiency of the DESs used in our 

study, as well as variations in coffee samples and 

general extraction conditions. Additionally, our 

results were comparable to those of a study em-

ploying automated homogeneous liquid–liquid mi-

croextraction based on DES (choline chloride with 

phenol at 1:3 molar ratio) for HPLC-UV determi-

nation of caffeine in beverages, where caffeine 

concentrations in energy drinks ranged from 27 to 

32.5 mg/100 ml.29  

The results of theobromine content in the 

analyzed samples are presented in Table 2 and 

Figure 1B.  

 

 

 

T a b l e  2  
 

Theobromine (3,7-dimethylxanthine) content in food and beverages 
 

Sample 

number 

Sample 

name 

Theobromine (mg/100 ml) 

Microwave Ultrasound DES 1 DES 2 Chloroform 

1 Red Bull < LOD < LOD < LOD < LOD < LOD 

2 Guarana < LOD < LOD < LOD < LOD < LOD 

3 Coca Cola < LOD < LOD < LOD < LOD < LOD 

4 Ice tea < LOD < LOD < LOD < LOD < LOD 

Sample 

number 

Sample 

name 

Theobromine (mg/100 g) 

Microwave Ultrasound DES 1 DES 2 Chloroform 

5 Green tea 25.66 ± 0.05b 23.75 ± 0.09b 32.98 ± 0.17a 33.45 ± 0.09a 31.00 ± 0.15a 

6 Black tea 26.66 ± 0.05b 21.45 ± 0.08b 34.75 ± 0.09a 36.50 ± 0.19a 33.52 ± 0.10a 

7 Black coffee < LOD < LOD < LOD < LOD < LOD 

8 Ness coffee < LOD < LOD < LOD < LOD < LOD 

9 Cocoa 411.28 ± 0.35b 392.50 ± 0.50b 450.66 ± 0.62a 468.92 ± 0.50a 455.75 ± 0.45a 
 

Data are presented as mean of triplicate measurements ± SD. Different superscript letters within the same rows indicate significant 

differences of means at the 0.05 level. 

DES 1: menthol : dodecanoic acid 2 : 1; DES 2: menthol : methyl salicylate 1 : 1. 

LOD – limit of detection 
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Theobromine was only present in solid sam-

ples of green tea, black tea, and cocoa (samples 5, 

6, and 9), while samples of coffee and energy 

drinks (samples 1, 2, 3, 4, 7, and 8) contained the-

obromine below the detection limit. In sample 5, 

theobromine ranged from 23.75 to 33.45 mg/100 g; 

in sample 6, from 21.45 to 36.5 mg/100 g; and in 

sample 9, from 392.5 to 469.92 mg/100 g. In sam-

ple 5, UAE-DES 2 yielded 1.41 times more theo-

bromine than UAE. In sample 6, UAE-DES 2 pro-

vided 1.7 times more, and in sample 9, 1.19 times 

higher theobromine content compared to UAE. 

UAE-DES 1, followed by traditional extrac-

tion with chloroform, were the next most effective 

techniques after UAE-DES 2. Among green extrac-

tion techniques, DES-based extraction proved to be 

the most effective. Similar to the case of caffeine, 

DES 2 exhibited a greater affinity for theobromine 

extraction than DES 1, which may be attributed to the 

formation of more intense hydrogen bonding interac-

tions between DES 2 and theobromine. 

Extraction of theobromine using DESs has 

been rarely reported in the literature. Although al-

ternative DESs have been used, the theobromine 

content obtained in our study matched the results 

of Pavlović et al. DES-MAE-assisted theobromine 

extraction from cocoa beans (24.65 – 49.12 

mg/100 g).13 In contrast to choline chloride : bu-

tane-1,4 diol (1:2), DES 2 (menthol : methyl salic-

ylate, 1:1) selected in our research demonstrated 

comparable efficacy as an extractant. 

 

3.2. Chemometric analysis 

 

The use of chemometrics has given signifi-

cant results in many fields, such as biological, 

food, and pharmaceutical research, by predicting 

and identifying similarities and differences among 

the examined samples.30 Principal component 

analysis (PCA) was applied in this study to identify 

the most suitable method for caffeine and theo-

bromine extraction from food and beverage sam-

ples. Within the initial data matrix, different ex-

traction techniques represented the objects of PCA, 

while the amounts of caffeine and theobromine in 

the analyzed samples represented the variables. 

New variables, or principal components (PC), were 

obtained through PCA by decomposing the original 

data into loading and score vectors. The first two 

PCs (PC1 and PC2), which accounted for most of 

the variation in the dataset, explained 92.06% of the 

total variance in the initial data matrix (Fig. 2A).
 

 

 
 

Fig. 2. A) Eigenvalues of correlation matrix; B) Principal component analysis.  

Projection of cases – extraction techniques in the space defined by the first two principal components (PC1 and PC2) 
 
 

PC1 allowed the distinction between two 

groups of extraction techniques based on the caf-

feine and theobromine content of the analyzed 

samples (Fig. 2B). The first group consisted of mi-

crowave- and ultrasound-assisted extraction meth-

ods, which proved to be less efficient for caffeine 

and theobromine extraction from the analyzed 

samples compared to the other techniques. Extrac-

tion using DES 1, DES 2, and chloroform com-

prised the second group, suggesting similar effi-

ciency of these solvents for methylxanthine extrac-

tion. PC2 enabled further separation of DES 1 

from the other two solvent-based extractions. 

When selecting an appropriate extraction 

method, it was important to consider the character-

istics of the chosen solvent. Given the disad-

vantages of using organic solvents such as chloro-
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form, including toxicity, lack of recyclability, and 

cost, the preferred method should be UAE-DES 2. 

 

3.3. Molecular docking 

 

Molecular docking was applied to investigate 

and compare the interactions between caffeine and 

istradefylline with the A2A receptor, and the results 

are presented in Table 3 and Figures 3 and 4. 

Molecular docking was used as an effective 

tool to illustrate the interactions between ligands 

and proteins, enabling the analysis of small mole-

cule behavior at the protein binding site, and it 

played a major role in the discovery of new 

drugs.31,32 The obtained results were compared with 

those of istradefylline, a medicine with neuroprotec-

tive effects and clinical applications, which, like 

caffeine, is a xanthine derivative that enhances do-

paminergic activity by inhibiting the A2A recep-

tor.33 As shown in Table 3, it was observed that both 

caffeine and istradefylline exhibited high inhibitory 

potential against A2A, with binding energies of –6.3 

and –8.9 kcal/mol, respectively.  

 

 

                T a b l e  3  
 

Results of molecular docking analysis of caffeine and istradefylline against A2A receptor 
 

Compound 
Binding energy 

(kcal/mol) 

 Interaction site 

Hydrogen bond Distance (Å) 

Other interactions 

(Pi-cation/Pi-alkyl/Pi-

sigma, Pi-Pi) 

Caffeine –6.3 AsnA 253 3.33 

GluA 169a, PheA 168a, 

LeuA 249b, IleA 66b, 

AlaA 63b, IleA 274c  

Istradefylline –8.7 

AsnA 253 

SerA 67 

TyrA 271 

GluA 169 

3.40 

3.59 

3.29 

3.78 

LeuA 249b, IleA 274b, 

MetA 270b, LeuA 267b, 

PheA 168d 

 

       a-cation, b-alkyl, c-, d- 

 
 

These results indicated that caffeine pos-

sessed significant binding energy, consistent with 

literature reports in which binding energies less 

than –6 kcal/mol demonstrated good inhibitory 

potential against the A2A receptor.34,35 Hydrogen 

bonds and hydrophobic interactions contributed 

most significantly to the binding energies.36 By 

applying molecular docking, it was observed that 

both caffeine and istradefylline participated in the 

formation of hydrogen bonds as well as numerous 

hydrophobic interactions with the binding site on 

the receptor A2A. 

In Figure 3, it was evident that the carbonyl 

group of caffeine formed a hydrogen bond with the 

amino acid residue asparagine (AsnA 253), as a part 

of the interaction site on the A2A receptor. In addi-

tion, -cation, -alkyl, and - interactions were ob-

served with the amino acids glutamine (GluA 169), 

phenylalanine (PheA 168), leucine (LeuA 249), iso-

leucine (IleA 66 and IleA 274), and alanine (AlaA 

63). The hydrophobic cleft formed by methionine 

(MetA 270 and MetA 177), tryptophan (TrpA 246), 

and valine (ValA 84) provided additional stability of 

the ligand within the active site of A2A. 

Istradefylline, as presented in Figure 4, 

formed four hydrogen bonds via its carbonyl and 

hydroxyl groups with amino acids residues of as-

paragine (AsnA 253), serine (SerA 67), tyrosine 

(TyrA 271), and glutamine (GluA 169). -alkyl, -

, and - interactions were formed with leucine 

(LeuA 249 and LeuA 267), isoleucine (IleA 274), 

methionine (MetA 270), and phenylalanine (PheA 

168). Additional stabilization of the ligand was 

provided by hydrophobic clefts formed by leucine 

(LeuA 167 and LeuA 85), alanine (AlaA 63), va-

line (ValA 84), tryptophan (TrpA 246), methionine 

(MetA 174), and histidine (HisA 264). 

While the neuroprotective effect of caffeine 

was investigated in a limited number of epidemio-

logical and animal studies, no clinical studies have 

addressed this topic to date. Prior epidemiological 

research examined the potential neuroprotective 

effects of caffeine, as well as the potential health 

benefits of consuming foods and beverages high in 

caffeine, in relation to cognitive function and 

symptoms of Alzheimer's disease. These studies 

demonstrated, through in vivo and in vitro tests, 

positive neuroprotective effects of caffeine, but 

more detailed investigations into the mechanism of 

action were required.4,37 
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Fig. 3. Caffeine interactions at the active site of A2A: A) Three-dimensional display; B) Two-dimensional display 

 
 

 
Fig. 4. Istradefylline interactions at the active site of A2A: A) Three-dimensional display; B) Two-dimensional display 

 

 

According to an epidemiological study that 

included 13,137 cognitively healthy subjects over 

the age of 65, it was concluded that consuming 1 – 

2 cups of coffee per day had a moderate neuropro-

tective effect, especially among women and non-

smokers.38 Another study included 2,513 partici-

pants over 60 years of age, in which caffeine intake 

was monitored using two 24-hour dietary recall 

questionnaires, and cognition was assessed using 

the CERAD (Consortium to Establish a Registry 

for Alzheimer's Disease) test, animal fluency test, 

and DSST(DANTES Subject Standardized Tests). 

It was reported that participants with a caffeine 

intake of 226.4 – 495 mg/day performed signifi-

cantly better on the DSST compared to those who 

did not consume coffee and caffeine.39 

A previous animal study demonstrated that 

in an 18 – 19 month mouse model of Alzheimer's 

disease, memory significantly improved after 4 – 5 

weeks of caffeine administration at a dose of 1.5 

mg/day (the human equivalent of 500 mg/day) 

compared to the control group (4 weeks: 217 %, 5 
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weeks: 198 %).40 Additionally, other studies 

showed that caffeine consumption dramatically 

enhanced the performance of the Alzheimer's dis-

ease mice model, highlighting its protective effects 

against cognitive decline and its role in improving 

memory retention.19,20 

There were no in silico studies of the neuro-

protective effect of caffeine or comparisons with 

medicines used in the treatment of neurological dis-

orders against which the data from our research could 

be evaluated. The obtained results only served as a 

supplement to existing knowledge, indicating that 

caffeine may possess neuroprotective properties and 

could be applied across various disciplines, with 

promising prospects for further research.  
 
 

4. CONCLUSION 

 

In this study, active components with a wide 

range of pharmacological activity and significant 

medicinal value were extracted using deep eutectic 

solvents, which were environmentally friendly and 

energy-efficient. The DES composed of men-

thol:methyl salicylate in a 1:1 molar ratio was 

identified as the optimal solvent for methylxan-

thine extraction, and the UAE-DES 2 method 

yielded up to 3.4 times higher amounts of 

methylxanthine compared to UAE. These findings 

demonstrated that this novel, non-toxic solvent was 

a potent extractant capable of efficiently extracting 

non-polar organic compounds, and could be widely 

applied for effective methylxanthine extraction 

from food and beverages. 

Additionally, molecular docking was em-

ployed to explore whether the obtained green ex-

tracts could be utilized in applications beyond 

those already recognized. The study examined 

their structural characteristics, neuroprotective 

properties, and potential mechanisms of action, 

providing data that contributed to a rational and 

scientific grounded basis for future development 

and application of methylxanthine derivatives.  
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