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A B S T R A C T

Ilex guayusa, a traditional Amazonian plant rich in caffeine and polyphenols, has attracted interest for its anti
oxidant and neuroprotective properties. This study evaluates the potential of green compressed fluid extraction 
techniques to recover bioactive compounds from I. guayusa leaves using environmentally friendly solvents: 
pressurized liquid extraction (PLE), gas-expanded liquids (GXL), and supercritical fluid extraction (SFE). A 
mixture design approach combining CO2, ethanol, water, and 2-methyltetrahydrofuran (2-MTHF) in different 
proportions as solvents was applied to optimize extraction conditions. Among the tested methods, GXL extraction 
yielded the highest phenolic content and demonstrated superior antioxidant (ABTS and DPPH) and anti- 
inflammatory (inhibition of lipoxigenase, LOX) activities. Conventional water maceration showed stronger 
cholinesterase inhibition, suggesting complementary neuroprotective potential. Chemical profiling (HPLC-DAD- 
ESI-MS/MS) of the optimized extract confirmed the presence of phenolic acids and flavonoids associated with the 
observed bioactivities. These findings highlight the effectiveness of compressed fluid-based green extraction for 
obtaining multifunctional phytochemicals from I. guayusa, with promising applications in functional foods and 
nutraceuticals.

1. Introduction

Ilex guayusa is a plant native to the Amazon basins of Ecuador, 
Colombia and Peru [1]; it belongs to the genus Ilex of the family Aqui
foliaceae. It is traditionally cultivated in Amazonian chakra agroforestry 
systems, a diversified and sustainable land-use practice managed 

primarily by Indigenous communities. These chakra systems integrate 
culturally significant plants for food, medicine, and ritual, preserving 
both biodiversity and traditional ecological knowledge [2,3]. Within 
this context, I. guayusa has long been used as a medicinal plant by the 
indigenous Kichwa to help digestion, stimulate appetite, diuresis, clean 
blood and mouth, headache, treat diabetes and infertility, etc. [1,4,5]
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but also as ritualistic plant by Jivaro Indians [6]. In a tea-like beverage, 
it is mainly made by picking and drying leaves [7]. Due to its health 
benefits and almost absence of toxicity [8], together with a mellow and 
unbitter taste, it has been widely promoted as a new type of healthy 
beverage in Europe and the USA in recent years [9–11]. Guayusa is well 
known to be a caffein-rich source [12,13], but also, this plant, contains 
other bioactive components with potential antioxidant, 
anti-inflammatory, antibacterial, and neuroprotective properties 
[14–18]. However, there is a limited understanding of these bioactive 
compounds, especially in terms of neuroprotection. Recently, studies 
have reported that phenolic compounds, mainly chlorogenic acids, in 
guayusa extract have certain potential for improving people’s cognition, 
mood and motor-cognitive performance [19,20]. Within this context, 
I. guayusa is valued not only for its stimulant properties when consumed 
as a tea, but also for its broader role in community health, spiritual 
practices, and as part of local pharmacopoeias. This deep integration of 
cultivation and cultural significance underscores the importance of 
exploring I. guayusa’s bioactive compounds to support both traditional 
uses and potential new applications in ethnopharmacology.

Alzheimer’s disease (AD) is the most prevalent neurocognitive dis
order, characterized by cognitive dysfunction and declining behavioral 
ability, etc. AD incidence has grown rapidly in recent years, with the 
global number of reported dementia cases estimated to reach 74.7 
million by 2030 and 131.5 million by 2050 [21]. The pathogenesis of AD 
is complex, involving multiple factors; among them antioxidant, neu
roinflammation and cholinergic deficit [22] have been identified as 
possible target mechanisms and therefore, the search for bioactive 
compounds addressing these multiple factors has become one of the 
therapeutic strategies [22]. While several studies have explored the 
biological activities of plant-derived compounds [23–29], the present 
work focuses primarily on the optimization and comparative evaluation 
of compressed fluid-based extraction techniques for Ilex guayusa. The 
inclusion of in vitro assays (antioxidant, anti-inflammatory, and 
anti-cholinesterase) serves to characterize the functional potential of the 
extracts obtained under different extraction conditions, rather than to 
assess their therapeutic efficacy. This approach allows us to correlate 
extraction parameters with bioactive compound recovery, providing 
insights into the efficiency and selectivity of green solvent systems.

Green extraction techniques support sustainability by using eco- 
friendly solvents and energy-efficient processes. Compressed fluid 
technologies, supercritical fluid extraction (SFE), pressurized liquids 
(PLE), and gas-expanded liquids (GXL), enable precise control of 
extraction conditions while minimizing environmental impact [30]. SFE 
uses non-toxic CO2 with tunable solvent strength [31,32]. PLE enhances 
efficiency by operating at conditions above solvent boiling points [31, 
33]. GXL combines CO2 with organic solvents to reduce viscosity and 
improve yield [34–38]. These methods effectively recover antioxidant 
and neuroprotective compounds [35,38–40].

In this study, we used four compressed green solvents, including CO2, 
water, ethanol and 2-methyltetrahydrofuran (2-MTHF) to extract 
bioactive compounds from Ilex guayusa through different techniques, 
GXL, SFE and PLE. Recent studies have demonstrated the superior effi
ciency of 2-MTHF in recovering phenolic compounds and antioxidants 
from plant matrices, as well as its recyclability and environmental ad
vantages compared to conventional solvents [41,42]. These properties 
make 2-MTHF, along with well-known green solvents, a suitable 
candidate for sustainable extraction processes, aligning with the goals of 
green chemistry and the scope of this study. Cadena-Carrera et al. [43]
showed that SFE using CO2 and ethanol as a cosolvent significantly 
enhanced antioxidant capacity and phenolic content, while also 
revealing antifungal activity and identifying key phytochemicals such as 
caffeine and squalene. More recently, Meneses et al. [44] applied a su
percritical antisolvent process to encapsulate guayusa antioxidants, 
achieving caffeine reduction and improved recovery of chlorogenic acid. 
While previous studies have explored the use of compressed fluids for 
extracting phenolic compounds from various plant sources, including 

Ilex guayusa, they have typically focused on isolated techniques or 
limited bioactivity endpoints. In contrast, the present study aims to 
provide a comprehensive and comparative evaluation of three green 
compressed fluid-based extraction technologies (GXL, SFE and PLE) for 
the recovery of multifunctional bioactive compounds from guayusa 
leaves. The specific objectives of this work are: (i) to optimize solvent 
composition using a mixture design approach using CO2, ethanol, water 
and 2-MeTHF; (ii) to assess extraction efficiency in terms of yield and 
total phenolic content of extracts; (iii) to evaluate the antioxidant 
(DPPH, ABTS), anti-inflammatory (LOX), and anticholinesterase (AChE, 
BuChE) activities of the extracts; and (iv) to identify key phenolic acids 
and flavonoids via HPLC-DAD-MS/MS and correlate them with observed 
bioactivities. Notably, this is the first study to report lipoxygenase 
(LOX), acetylcholinesterase (AChE), and butyrylcholinesterase (BuChE) 
inhibition in Ilex guayusa extracts obtained through compressed fluid 
extraction, linking these bioactivities to specific phenolic compounds 
identified via HPLC-MS and positioning our work as a novel contribution 
to both sustainable extraction technology and guayusa bioactivity 
research.Besides the sustainability of the process has been quantified 
using a Green Chemistry metric. This comprehensive comparison aimed 
to evaluate the potential of compressed fluids for extracting bioactive 
compounds from Ilex guayusa, providing insights for its future applica
tions in antioxidant, anti-inflammatory, and neuroprotective therapies.

2. Materials and methods

2.1. Plant material

The Ilex guayusa samples were kindly donated by Fundación Com
ercio para el Desarrollo (Fundación COPADE). The samples were dried 
and minced leaves of Ilex guayusa, also containing small pieces of twigs, 
collected in Archidona, Napo Province, Ecuador. The particle size 
ranged from 0.2 to 2 mm, which is the typical range used for guayusa tea 
preparations. The sample was stored in opaque bags at 4 ◦C for experi
ments after the first unpacking.

2.2. Chemicals and reagents

2-Methyltetrahydrofuran (2-MTHF), ethanol absolute, and Folin- 
Ciocalteu’s reagent were obtained from VWR chemicals (Fontenay-sous- 
Bois, France). Gallic acid (GA) was supplied by Alfa Aesar (Thermo 
Fisher scientific, Karlsruhe, Germany). Sodium carbonate (Na2CO3) and 
trizma hydrochloride (Tris-HCl) were purchased from VWR chemicals 
(Leuven, Belgium). 2,2’-azino-bis(3-ethilbenzothiazoline-6-sulphonic 
acid) (ABTS) and fluorescein sodium salt was purchased from Sigma 
Aldrich (St. Louis, MO, USA). 6-hydroxy-2,5,7,8-tetramethylchroman-2- 
carboxylic acid (Trolox) was purchased from Sigma Aldrich (97 %, 
Moscow, Russia). 1,1-Diphenyl-2-picrylhydrazyl (DPPH), 4-(amino
sulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD-F), galantamine hydro
bromide were purchased from TCI Chemicals (Tokyo, Japan). 
Lipoxidase (LOX) from Glycine max (soybean) was purchased from 
Sigma-Aldrich (Gillingham, United Kingdom). Phosphatidylcholine 
acetylcholinesterase (AChE) Type V1-S from Electrophorus electricus, 
butyrylcholinesterase (BuChE) from equine serum, acetylthiocholine 
iodide (ACth), butyrylcholine iodide (BCth), linoleic acid (LA), quer
cetin, potassium persulfate (K2S2O8), disodium phosphate (Na2HPO4) 
and monopotassium phosphate (KH2PO4) were obtained from Sigma- 
Aldrich (Madrid, Spain). LC-MS-grade formic acid and LC-MS-grade 
acetonitrile (ACN) were purchased from VWR Chemicals (Lutterworth, 
United Kingdom). CO2 (99.9 % purity) was purchased from Carburos 
Metálicos (Air Products Group, Madrid, Spain). Ultrapure MiliQ water 
was obtained from a Milipak® Express 40 system (Merk-Milipore, 
Darmstadt, Germany).
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2.3. Compressed fluids extractions

To optimize the extraction conditions for bioactive compounds from 
Ilex guayusa, a mixture experimental design was applied using Response 
Surface Methodology (RSM). This design evaluated the influence of 
different solvent compositions by changing the ratios of CO2, water, 
ethanol and 2-MTHF, that means, employing SFE, PLE and GXL, while 
maintaining constant temperature (50 ◦C) and pressure (100 bar). 
Twelve experimental conditions (Experiments 1–12, Table 1) were 
tested, where the solvent composition varied among supercritical CO2, 
ethanol/water (1:1, v/v), and 2-MTHF. Each experimental condition, 
including the central point and all other design points, was performed in 
triplicate (n = 3). In the mixture design, the central point corresponds to 
three separate experimental runs (Experiments 7, 11, and 12), each of 
which was independently replicated three times. To further assess the 
impact of pressure in SFE, additional experiments (Experiments 13–16, 
Table 1) were conducted using pure CO2 at pressures of 100, 200, and 
300 bar, while maintaining a constant temperature of 50 ◦C. For all the 
extractions extraction time was 50 min and total solvent flow was 4 mL/ 
min. Solvent ratios expressed as volumetric percentage (v%) measured 
in the pump head (room conditions for liquids, 50 bar, − 2 ºC for CO2). 
Taking into account that guayusa is typically consumed as tea, extrac
tions with water at 75 ◦C were considered as benchmark control to 
compare the efficiency with compressed fluid techniques (M1 and M2, 
Table 1); for these maceration experiments 24 h were selected to ensure 
maximal compound diffusion, see 2.4 for details. This experimental 
setup allowed for a comprehensive comparison of compressed fluid 
extraction techniques, identifying optimal conditions for obtaining 
bioactive compounds from Ilex guayusa while maintaining a sustainable 
and environmentally friendly approach.

Extractions were carried out in a homemade extractor, equipped 
with an oven, CO2 pump (PU-2080 Plus CO2; Jasco, Hachioji, Japan) and 
a manual micro-metering needle valve (Vici-Valco Instruments Co. Inc., 
Houston, TX, USA). In addition, the liquid solvents were delivered to the 
system using a PU-2080 pump (Jasco, Hachioji, Japan). The flows (CO2 
and liquid) were combined in a stainless-steel tee before entering the 
pre-heater loop, as previously described [45]. The experimental pro
cedure is as follows: for each experiment run, weigh 1.0 g of guayusa 
sample into the stainless-steel extraction cell (hand-tight homemade 
design, 25 mL). Each cell was packed from bottom to top with glass 
wool/ sample/ glass wool, to retain coarse plant residues while allowing 
efficient passage of dissolved compounds, minimizing clogging and 
ensuring consistent flow. As a result, the final extract was free of visible 

particulates, and no additional filtration was required. The pressure was 
set at 100 bar and the temperature at 50 ◦C. The pressure of 100 bar was 
chosen based on previous studies showing minimal influence of pressure 
on gas-expanded liquid (GXL) extraction performance [46]. The solvent 
consisted of a quaternary mixture of CO2-ethanol-water-2-MTHF 
(depending on the experimental conditions, see Table 1) with a constant 
flow rate of 4 mL/min. The extraction temperature (50 ◦C) and pressure 
(100 bar) were selected to ensure operation above the critical point of 
pure CO2, while remaining below the boiling points of the liquid 
co-solvents (ethanol, water, and 2-methyltetrahydrofuran). However, 
the actual phase state of the mixture depends on its specific composition 
and phase equilibria. We followed this strategy of mixture experimental 
design due to the lack of equilibrium data of the quaternary mixture of 
these solvents. Although phase equilibrium data are available for the 
CO2–EtOH–H2O system, the presence of 2-MTHF likely alters the phase 
behavior significantly. Under the extraction conditions used, it is 
probable that multiple phases (liquid, gas and supercritical) coexist in 
the extraction cell. However, a detailed equilibrium study of the qua
ternary mixture is beyond the scope of this work. A kinetic study was 
also performed for all the experimental runs, collecting fractions every 
10 min, up to a total extraction time of 50 min. After each extraction, the 
system was flushed with CO2 to avoid carryover. The solvent was 
removed using a gentle N2 stream at 40 ◦C to obtain the dried extracts. 
All the dried extracts were protected from light with aluminum foil and 
stored at 4 ◦C until further analysis. The extraction yield (%) was 
calculated by dividing the weight of extract after drying by the total 
weight of the material before extraction (Equation 1)

Extraction yield (%) = dry extract mass (g) × 100 / dry initial mass 
(g) (1) (Equation 1)

The extraction yield, TPC, DPPH radical scavenging ability, ABTS 
antioxidant activity, AChE inhibitory activity, and LOX inhibitory ac
tivity were used as response variables to explore the optimal solvent 
composition.

2.4. Conventional extraction (Maceration）

One gram of sample was weighed and mixed with 40 mL of water. 
The extraction was carried out at 75 ◦C for 24 h using a Thermomixer 
Comfort (Eppendorf SE, Hamburg, Germany). After extraction, the 
mixture was naturally filtered using filter paper with a pore size of 
34–42 µm.The 24-hour extraction at 75 ◦C was selected to ensure 
complete solubilization and diffusion of target bioactive compounds 
from the plant matrix. This duration and temperature combination was 
based on preliminary trials showing that shorter times resulted in lower 
yields, while 75 ◦C provided optimal thermal energy to enhance mass 
transfer without degrading thermolabile compounds. For a comparison 
with other extraction techniques, the solvent was also removed by using 
a stream of nitrogen gas directed over the surface of the liquid. This 
technique accelerates evaporation by reducing the water vapour pres
sure on the surface. The use of nitrogen also minimizes oxidation of 
sensitive compounds during the process. Dried extract was stored in a 
refrigerator at 4 ◦C protected from light until use. This procedure was 
performed in duplicate, namely M1 and M2 in Table 1.

2.5. Total phenolic content (TPC)

TPC was determined using the Folin-Ciocalteu method, following the 
colorimetric method described by Koşar et al. [47]. Briefly, 600 μL of 
water was mixed with 10 μL of sample, and then 50 μL of Folin-Ciocalteu 
reagent was added. After waiting for one minute, 150 μL of 20 % (w/v) 
Na2CO3 was added, followed by the addition of 90 μL of water, and the 
solutions were finally shaken to mix. The solutions were incubated in the 
dark at room temperature (22–25 ºC) for 2 h. After the reaction was 
complete, the absorbance was read at 760 nm (BioTeck Synergy HT 
microplate reader, Winooski, VT, USA). The TPC results (mean of three 
replicates) were obtained by plotting a calibration curve for gallic acid 

Table 1 
Experimental conditions for extracting bioactive compounds from Ilex guayusa 
using different compressed fluids techniques.

# CO2 

(v%)
Ethanol/water 
(1:1, v/v) 
(v%)

2- 
MTHF 
(v%)

Temp 
(ºC)

Pressure 
(bar)

GXL/SFE/ 
PLE

1 100 0 0 50 100
2 0 100 0 50 100
3 0 0 100 50 100
4 50 50 0 50 100
5 50 0 50 50 100
6 0 50 50 50 100
7 33.33 33.33 33.33 50 100
8 50 25 25 50 100
9 25 50 25 50 100
10 25 25 50 50 100
11 33.33 33.33 33.33 50 100
12 33.33 33.33 33.33 50 100

SFE 13 100 50 200
14 100 50 200
15 100 50 300
16 100 50 300

Maceration M1 Water 100 % 75 1
M2 Water 100 % 75 1
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(concentration range 0.031–2 mg/mL) and expressed as gallic acid 
equivalents (mg GA/g extract).

2.6. In vitro bioactivity assays

2.6.1. Antioxidant capacity assay: DPPH and ABTS
DPPH assay followed the method of Brand-Williams et al. [48] with 

some modifications. First, a working solution (0.06 mM) of DPPH was 
prepared by diluting it in 100 % ethanol. Then 25 μL of the extracts at 
different concentrations were added to 975 μL of the DPPH working 
solution and mixed. A volume of 300 μL was transferred to a 96-well 
microplate and the initial absorbance (t = 0 h) was read at 516 nm 
(BioTeck Synergy HT microplate reader, Winooski, VT, USA). The 
absorbance was then measured again after 4 h of incubation in the dark 
at room temperature (22–25 ºC). The inhibition rate was calculated to 
obtain a linear response between 20 % and 80 %. The DPPH results 
(mean of three replicates) were expressed as the half-maximal inhibitory 
concentration (IC50 μg/mL).

ABTS assay was determined according to the method proposed by 
Sánchez-Martínez et al. [49]. Briefly, ABTS+ • radicals were prepared in 
the dark at room temperature (22–25 ºC) by reacting 5 mL of 7 mM ABTS 
with 88 μL of potassium persulfate stock solution for 16 h. Then, on the 
day of the test, a diluted ABTS working solution was prepared by dis
solving 1 mL of ABTS+• radical solution in 70 mL PBS 5 mmol. Next, 
100 μL of extracts dissolved at different concentrations in pure EtOH and 
250 μL of ABTS working solution were added to a 96-well microplate. 
After incubation at room temperature in the dark for 45 min, the 
absorbance at 734 nm was measured (BioTeck Synergy HT microplate 
reader, Winooski, VT, USA). The ABTS results (mean of three replicates) 
were expressed as the half-maximal inhibitory concentration 
(IC50 μg/mL).

2.6.2. Anti-inflammatory activity assay: LOX
LOX inhibitory assay was determined using a fluorescence assay 

based on enzymatic kinetics described by Whent et al. [50] and 
Sánchez-Martínez et al. [49]. In brief, 100 μL of extracts of different 
concentrations, 75 μL of fluorescein (2 μM) in 150 mM Tris/HCl buffer 
(pH 9), 75 μL of LOX (0.0208 U/mL in buffer), and 100 μL of linoleic acid 
(the concentration was calculated based on the Km value in EtOH) were 
added to a 96-well plate whose absorbance was measured at 485 nm 
(λexcitation) and 530 nm (λemission) every minute for 15 min at 25 ◦C. 
Quercetin was used as positive control and negative control did not 
contain sample extract (concentration is 0). The LOX results (mean of 
three replicates) were expressed as the half-maximal inhibitory con
centration (IC50 μg/mL).

2.6.3. Anti-cholinesterase activity assay: AChE and BuChE
Both acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) 

inhibition assays were measured by fluorescent enzyme kinetics based 
on Ellman’s method and on the procedure by Sánchez-Martínez et al. 
[49]. Briefly, 100 μL of extracts of different concentrations, 100 μL of 
Tris-HCl buffer (pH 8), and 25 μL of AChE or BuChE (0.8 U/mL in buffer) 
were added to a 96-well plate, and the plate was incubated for 10 min in 
the dark at room temperature (22–25 ºC). Next, the 96-well plate was 
placed in a microplate reader with an automatic dispenser (Biotek, 
Winoski, VT, USA), and the device was set to automatically inject 25 μL 
of ABD-F (125 μ Mol in buffer) and 50 μL of ACth or BuCth (the con
centration was calculated based on the Km value in ultrapure water) into 
each well. After the automatic addition, the reaction medium was mixed 
and the absorbance was measured at 389 nm (λexcitation) and 513 nm 
(λemission) every 10 s for 15 min at 37 ◦C. Galantamine was used as 
positive control and negative control did not contain sample extract 
(concentration is 0). The results (mean of three replicates) were 
expressed as the half-maximal inhibitory concentration (IC50 μg/mL).

2.7. HPLC-DAD-ESI-MS/MS analysis

The GXL extract (concentration 0.1 mg/mL in ethanol and water 
(1:1, v/v)) was filtered with a 0.22 µm nylon filter before entering the 
chromatographic separation. A HPLC system Agilent 1200 series (Agi
lent Technologies, Palo Alto, CA, USA) equipped with an online degas
ser, binary pump, constant temperature chamber, autosampler and a 
diode array detector (DAD) was used. For the chromatographic sepa
ration, a Phenomenex Gemini NX-C18 column (150 mm × 2 mm, 3 μm) 
was selected. The mobile phase consisted of (A) water with 0.1 % formic 
acid and (B) acetonitrile with 0.1 % formic acid. The gradient elution 
program was as follow: 10 % B at 0 min, 40 % B at 25 min. Flow rate was 
0.2 mL/min, while the column temperature was set at 30 ℃. Injection 
volume was 20 μL. For the detection of the compounds in the DAD, the 
selected wavelengths were 254 nm, 280 nm and 310 nm.

Mass spectrometry was coupled after the DAD. The mass spectrom
eter was a Bruker Ion Trap MS Esquire 2000 (Bruker Corp, Bremen, 
Germany). Using an ESI electrospray ionization source in negative 
ionization mode, with a nebulizer gas at 25 psi (1.72 bar), a dry gas flow 
rate of 10 L/min, a capillary temperature of 350 ◦C, a capillary voltage of 
3500 V in an automatic MS/MS fragmentation, and scan range of 
50–1200 m/z.

2.8. Statistical analysis

Design-Expert 13 software was used for optimization and statistical 
analysis of mixture experimental designs. The significance of model 
terms was evaluated by analysis of variance (ANOVA), employing the F- 
test. A significance level of p < 0.05 was used to determine statistical 
significance. All other statistical analyses were performed using IBM 
SPSS Statistics 25.0, and Origin 2024 was used for graphics.

2.9. Sustainability assessment using Path2green

To evaluate the environmental sustainability of the optimized com
pressed fluid extraction process, we applied the Path2Green metric, a 
semi-quantitative tool based on the updated 12 principles of green 
extraction [51]. This framework assesses the entire workflow, including 
solvent selection, energy input, scalability, waste generation, and 
post-extraction handling. Each principle is scored from − 1 to + 1, 
reflecting its alignment with sustainable practices. The evaluation was 
performed using the Path2Green mobile application developed by Souza 
Mesquita et al. [51], which generates a radar chart to visualize strengths 
and areas for improvement, along with an aggregated sustainability 
score.

3. Results and discussion

3.1. Solvent mixture optimization

Kinetic studies were conducted as part of the optimization process 
for the mixture experimental design (Table 1, Experiments 1–12), with 
the entire extraction process lasting 50 min and extracts collected at 10- 
minute intervals. According to the definitions proposed by Jessop and 
Subramaniam [34], the experiments can be classified based on their 
extraction pressure, temperature, and solvent composition. Experiment 
1 using neat CO2 is SFE, experiments that use only liquid solvents (2, 3, 
and 6) are PLE, and the others are GXL. Fig. 1a illustrates the yield 
progression across the mixture experimental design (GXL/SFE/PLE) 
extractions, showing a rapid increase within the first 30 min, corre
sponding to the constant extraction rate (CER) period, followed by a 
slower but continuous rise in the final 20 min, corresponding to the 
falling extraction rate (FER) period. Even if the diffusion-controlled 
period (DC) is not reached, considering the slow increase in yield that 
can be expected after the FER, a total extraction time of 50 min was 
selected. This selection was confirmed by the average yield from the 
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three central point replicates (33.3 % CO2, 33.3 % ethanol/water (1:1, 
v/v), 33.3 % 2-MTHF) in the mixture design (Fig. 1b) that revealed 
statistically significant differences (p < 0.05) in yield at different time 
points up to 50 mins, although the slope of the curve in the FER period 
(0.149) was much smaller than the slope of the curve in the FER period 
(0.323) and therefore, further improvement cannot be expected after 
this extraction time. Although some extraction curves did not reach a 
complete plateau within 50 min, the extraction time was limited to 
50 min to balance yield maximization with solvent and energy con
sumption. Extending the extraction time further would have resulted in 
only minor yield increases, while significantly increasing solvent use 
and processing time. This decision aligns with the principles of green 
extraction and sustainable process design. Based on these findings, a 
total extraction time of 50 min was selected for further analyses. For this 
purpose, new extractions were performed in which the entire extract 
was collected as a single fraction over the 50-min period. Since SFE 
(Table 1, Experiments 13–16) was performed using the same equipment, 
to maintain experimental consistency, extracts for SFE were also 
collected at 10-min intervals, with a total extraction duration of 50 min.

Response surface optimization was applied to the mixture experi
mental design to determine the optimal composition of the quaternary 
solvent system (CO2, water, ethanol, and 2-MTHF) for extracting 
bioactive compounds from Ilex guayusa. Each solvent component was 
tested at varying proportions (0 %, 25 %, 33.3 %, 50 %, and 100 %) to 

evaluate their effects on key response variables, including extraction 
yield, TPC, antioxidant capacity (DPPH and ABTS), acetylcholinesterase 
inhibition (AChE), and lipoxygenase inhibition (LOX). The experimental 
results are summarized in Table 2.

To assess the significance and interactions of these variables, ANOVA 
of the quadratic regression models for each response variable was con
ducted, with results presented in Tables S1–S6 (Supplementary Mate
rials). These analyses highlight the individual (linear) contributions and 
quadratic interactions of each solvent component on the measured 
bioactivities. Additionally, Fig. 2 illustrates the response surface plots 
for each response variable, visually depicting the trends and optimiza
tion patterns identified in the quadratic regression models. This 
approach enabled a comprehensive understanding of the solvent com
position’s influence on extraction efficiency and bioactivity, guiding the 
selection of optimal solvent composition for sustainable and effective 
extraction.

As can be seen in Table 2, solvents’ composition significantly influ
enced yield, TPC, and bioactivity of the obtained Ilex guayusa extracts.

3.1.1. Extraction yield
As shown in Table 2, extraction yield for Experiments 1–12 ranged 

from 0.37 % to 35.69 %. Fig. 2a illustrates the response surface for 
extraction yield, where the highest yields were observed in areas close to 
Ethanol/water (1:1, v/v) and 2-MTHF, while the regions near pure CO2 

Fig. 1. (a) Kinetic extraction curves showing the yield progression of Ilex guayusa extracts under different solvent compositions (CO2, ethanol/water, 2-MTHF) at 50 
◦C and 100 bar. (b) Extraction yield kinetics at the central point of the mixture design (33.3 % CO2, 33.3 % ethanol/water, 33.3 % 2-MTHF), highlighting statistically 
significant differences (p < 0.05) at different time intervals. Results are expressed as mean ± SD (n = 3), with different letters indicating significant differences.

Table 2 
Results of the mixture experimental design for extracting bioactive compounds from Ilex guayusa using compressed fluids. Each extraction was performed in triplicate 
(n = 3). Values are expressed as mean ± standard deviation (SD).

# Experimental Factors Response variables

CO2 (v 
%)

Ethanol/water 
(1:1 v/v) (v%)

2-MTHF 
(v%)

Extraction yield 
(%)

TPC (mg GA/ g 
extract)

DPPH (IC50 µg/ 
mL)

ABTS (IC50 µg/ 
mL)

AChE (IC50 µg/ 
mL)

LOX (IC50 µg/ 
mL)

1 100 0 0 0.37 ± 0.04 n.d n.d n.d 417.74 ± 28.44 60.06 ± 6.5
2 0 100 0 25.38 ± 3.04 188.69 ± 0.45 38.14 ± 1.04 4.96 ± 0.05 125.81 ± 6.04 20.07 ± 1.94
3 0 0 100 11.36 ± 1.98 18.33 ± 0.88 194.8 ± 5.51 38.76 ± 0.58 88.81 ± 13.1 111.03 ± 10.91
4 50 50 0 9.50 ± 1.31 202.41 ± 3.81 11.66 ± 0.34 4.68 ± 0.15 110.02 ± 10.78 12.21 ± 0.96
5 50 0 50 9.87 ± 1.17 7.03 ± 0.2 319.63 ± 8.39 83.22 ± 2.42 110.79 ± 12.45 64.31 ± 3.89
6 0 50 50 35.69 ± 3.99 133.69 ± 5.1 21.36 ± 0.83 7.41 ± 0.06 117.5 ± 10.96 14.61 ± 0.36
7* 33.33 33.33 33.33 12.09 ± 1.99 167.92 ± 3.42 21.23 ± 0.05 6.15 ± 0.23 94.67 ± 1.54 25.5 ± 2.15
8 50 25 25 4.64 ± 0.61 109.91 ± 5 38.35 ± 0.96 9.67 ± 0.21 98.51 ± 4.83 12.58 ± 1.81
9 25 50 25 15.55 ± 2.17 198.36 ± 3.21 21.88 ± 1.94 5.83 ± 0.02 93.11 ± 8.15 26.94 ± 2.01
10 25 25 50 11.18 ± 1.82 163.35 ± 12.4 21.31 ± 0.91 6.65 ± 0.19 82.25 ± 6.06 17.26 ± 2.23
11* 33.33 33.33 33.33 11.03 ± 1.47 112 ± 10.01 25.57 ± 0.44 6.64 ± 0.15 84.91 ± 9.38 25.46 ± 2.17
12* 33.33 33.33 33.33 11.75 ± 1.88 168.44 ± 5.13 17.74 ± 1.48 5.99 ± 0.14 78.08 ± 9.68 30.62 ± 0.29

# Extraction; v%, volumetric percentage* Central point of mixture experimental design; IC50 values represent the concentration required to inhibit 50 % of activity in 
antioxidant (DPPH, ABTS), anti-inflammatory (LOX), and neuroprotective (AChE) assays., higher activity means lower IC50. n.d: not determined (maximum level of 
inhibition below 50 %). “n.d.” indicates activity below 50 % inhibition threshold
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exhibited the lowest yields. The highest yield (35.69 %) was obtained 
with 50 % Ethanol/water (1:1, v/v) and 50 % 2-MTHF (Experiment 6), 
whereas the lowest yield (0.37 %) was recorded with 100 % CO2 
(Experiment 1). These results indicate that the ternary solvent system 
(Ethanol/water (1:1, v/v) + 2-MTHF) was the most effective for maxi
mizing extraction yield, followed by the binary solvent system (Ethanol/ 
water (1:1, v/v)), which achieved a 25.38 % yield. Analysis of variance 
(ANOVA) for extraction yield (Table S1) revealed that the quadratic 
regression model was statistically significant (F = 9.19, p = 0.0036), 
with strong contributions from the linear mixture terms (F = 19.43, 
p = 0.0008). This indicates that the individual solvent components 
(CO2, ethanol/water, and 2-MTHF) had a substantial impact on 
extraction yield. Interaction terms (named as AB, AC, BC in Table S1) 
were not statistically significant (p > 0.05), suggesting limited syner
gistic effects between solvents. The model’s goodness-of-fit was sup
ported by R2 = 0.85 and adjusted R2 = 0.76, confirming its predictive 
reliability. Although the lack-of-fit was significant (F = 18.09, 
p = 0.0079), the low pure error (mean square = 2.12) indicates that the 

model still captures the main trends in the data. The regression equation 
derived from the model quantifies the influence of each solvent and 
supports the experimental observation that ethanol/water and 2-MTHF 
combinations yield the highest extraction efficiency. The ranking of 
solvent effects on yield was as follows: Ethanol/water (1:1, v/v)> 2- 
MTHF > CO2. These results are consistent with previous reports [40] in 
which the combination of multi-solvents maximized the extraction yield 
compared to pure CO2 extraction.

3.1.2. Total Phenolic Compounds (TPC)
The highest TPC (202.41 mg GA/g extract) was observed using 50 % 

CO2, 50 % Ethanol/water (1:1, v/v) (Experiment 4) as extraction sol
vent, followed by 198.36 mg GA/g extract using 25 % CO2, 50 % EtOH: 
H2O (1:1) and 25 % 2-MTHF (Experiment 9). Interestingly, the highest 
extraction yield (35.69 %) did not correspond to the highest TPC 
(133.69 mg GA/g extract, experiment 6), indicating that CO2 combined 
with an ethanol-water system was more effective for extracting phenolic 
compounds from Ilex guayusa. This phenomenon aligns with findings 

Fig. 2. Estimated response surface plots from the mixture design optimization showing the effect of solvent composition on: (a) Extraction yield (%), (b) Total 
phenolic content (TPC, mg GA/g extract), (c) DPPH radical scavenging activity (IC50 µg/mL), (d) ABTS antioxidant activity (IC50 µg/mL), (e) Acetylcholinesterase 
(AChE) inhibition (IC50 µg/mL), (f) Lipoxygenase (LOX) inhibition (IC50 µg/mL). A is the volumetric percentage of CO2 in the mixture, B is the volumetric per
centage Ethanol/water (1:1 v/v) in the mixture and C is the volumetric percentage of 2-methyltetrahydrofuran in the mixture.Each plot visualizes the influence of 
CO2, ethanol/water, and 2-MTHF proportions on the respective bioactivity or yield, with blue regions indicating higher activity or yield and red regions indicating 
lower values. Negative values in the response surfaces are a result of the mathematical modeling and do not have physical meaning. All experimentally measured 
values were positive.
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from other studies. For example, Dauber et al. [52] demonstrated that 
the addition of olive leaf extracts (obtained using supercritical CO2 
modified with ethanol) to canola oil resulted in improved oxidative 
stability of the oil. This enhancement was attributed to the selective 
extraction of phenolic antioxidants present in olive leaves. Moreover, 
Modzelewska et al. [53] emphasized that a polarity index between 6 and 
9 is optimal for phenolic compound extraction, with 50 % aqueous 
ethanol mixtures outperforming pure organic solvents in both yield and 
antioxidant activity. This supports the use of CO2-ethanol-water mix
tures in this study and explains why the highest TPC did not coincide 
with the highest extraction yield. Besides a dilution effect can be 
happening by extracting other non-phenolic compounds when 
increasing the yield.

ANOVA for TPC (Table S2) demonstrated that the quadratic regres
sion model was highly significant (F = 15.32, p = 0.0023), confirming 
the strong influence of solvent composition on phenolic compound re
covery. The linear mixture terms were particularly impactful (F = 27.13, 
p = 0.001), with ethanol/water showing the greatest positive contri
bution. Among the interaction terms, the AB interaction (CO2 ×

ethanol/water) was statistically significant (F = 11.57, p = 0.0145), 
suggesting a synergistic effect that enhances phenolic extraction. The 
model exhibited excellent fit, with R2 = 0.93 and adjusted R2 = 0.87, 
indicating high predictive reliability. The lack-of-fit test was not sig
nificant (p = 0.70), and the pure error remained low, further validating 
model adequacy. The regression equation derived from the model sup
ports the experimental observation that combining CO2 with ethanol/ 
water improves TPC yield, aligning with previous findings on the 
polarity-dependent solubility of phenolic compounds. These results 
highlight the advantages of GXL extraction for phenolic compound re
covery. Previous reports [38,40] also indicated that the highest TPC can 
be achieved by combining pressurized solvents water and ethanol with 
CO2 using GXL extraction. Furthermore, Ethanol/water (1:1, v/v) 
(Experiment 2, TPC: 188.69 mg GA/g extract) had significantly higher 
efficiency than pure 2-MTHF (Experiment 3, TPC: 18.33 mg GA/g 
extract), suggesting that guayusa phenolics are predominantly highly 
polar, in agreement with previous studies [43,54,55].

3.1.3. Antioxidant capacity
Antioxidant activity was evaluated using DPPH and ABTS assays, 

with lower IC50 values indicating stronger activity. As shown in Figs. 2c 
and 2d, blue areas correspond to higher antioxidant activity. Negative 
values in the response surfaces are a result of the mathematical modeling 
and do not have physical meaning, all experimentally measured values 
were positive. DPPH IC50 values ranged from 11.66 µg/mL (Experiment 
4: 50 % CO2; 50 % ethanol/water) to 319.63 µg/mL (Experiment 5: 
50 % CO2; 50 % 2-MTHF). Similarly, ABTS IC50 values ranged from 
4.68 µg/mL (Experiment 4) to 83.22 µg/mL (Experiment 5). Notably, 
the antioxidant activity measured by DPPH was lower than that of ABTS, 
which can be attributed to differences in reaction mechanisms. The 
DPPH assay primarily detects polar antioxidants, whereas the ABTS 
assay detects both polar and non-polar antioxidants [39]. Despite these 
methodological differences, the highest and lowest antioxidant activities 
correlated with the highest and lowest TPC values.

ANOVA for antioxidant activity, measured via DPPH (Table S3) and 
ABTS (Table S4) assays, revealed that both models were statistically 
significant (p < 0.01), confirming the strong influence of solvent 
composition on antioxidant capacity. The linear mixture terms were 
significant in both cases (DPPH: F = 10.28, p = 0.0115; ABTS: F = 7.99, 
p = 0.0203), indicating that individual solvents (particularly ethanol/ 
water) contributed substantially to radical scavenging activity. Inter
action terms such as AB and BC showed moderate effects, with AB 
approaching significance in both models. The regression models 
exhibited good fit (DPPH: R2 = 0.88, ABTS: R2 = 0.85), comparable to 
the TPC model (R2 = 0.93), suggesting a consistent relationship between 
phenolic content and antioxidant activity. Although the lack-of-fit was 
significant for both models, the low pure error values support their 

predictive reliability. These results align with Table S2, reinforcing the 
strong correlation between TPC and antioxidant capacity, and con
firming that ethanol/water-rich solvent systems are optimal for 
extracting phenolic antioxidants from Ilex guayusa. The visual patterns 
in Figs. 2b, 2c, and 2d differ due to the rotated 3D perspectives used to 
enhance surface visibility. It is important to note that antioxidant ac
tivities are expressed as IC50 values, where lower values indicate higher 
activity, while TPC is expressed in concentration. Therefore, the higher 
TPC values correlate with the lower IC50 values for antioxidant activity. 
This inverse scale explains the apparent discrepancy. Despite visual 
differences, the underlying data show strong correlation between 
phenolic content and antioxidant capacity, which can be quantitatively 
seen in the mathematical models shown in Tables S2-4. A correlation 
analysis was conducted between TPC and antioxidant activity (DPPH 
and ABTS), revealing a Pearson correlation coefficient of 0.88 between 
TPC and DPPH, 0.85 between TPC and ABTS, and 0.99 between DPPH 
and ABTS. These findings reinforce the strong correlation between 
phenolic content and antioxidant capacity, aligning with previous re
ports [15,16,43]. Therefore, we can conclude that the main antioxidant 
compounds in guayusa are related to phenolic compound family.

3.1.4. Acetylcholinesterase (AChE) Inhibition
For AChE inhibition, lower IC50 values indicate higher inhibitory 

activity. In Fig. 2e, the blue region (high AChE inhibition) is concen
trated near Ethanol/water (1:1, v/v) and 2-MTHF, whereas the red re
gion (low inhibition) is near pure CO2. The lowest IC50 (78.08 µg/mL, 
Experiment 12: 33.3 % CO2; 33.3 % ethanol/water; 33.3 % 2-MTHF) 
suggests that a balanced solvent system enhances AChE inhibition. In 
contrast, the highest IC50 (417.74 µg/mL, Experiment 1: 100 % CO2) 
demonstrates the limited efficacy of SFE alone in extracting 
cholinesterase-inhibiting compounds.

ANOVA results for AChE inhibition (Table S5) confirmed the high 
significance of the quadratic regression model (F = 215.81, p < 0.0001), 
with strong contributions from both linear mixture terms (F = 262.92, 
p < 0.0001) and interactions, particularly AB and AC (p < 0.0001). The 
model showed excellent fit (R2 = 0.99; adjusted R2 = 0.99), indicating 
near-perfect predictive accuracy. Although the BC interaction was not 
significant (p = 0.14), the overall model reliably captured the solvent 
effects. These findings support the experimental observation that 
combining ethanol/water and 2-MTHF enhances AChE inhibition in 
I. guayusa extracts. Solvent effects on AChE inhibition followed the 
order: 2-MTHF > Ethanol/water (1:1, v/v)> CO2. These results high
light the advantage of GXL extraction over SFE and PLE for isolating 
AChE-inhibitory compounds. Hasni et al. [40] observed the most 
effective AChE inhibition during the extraction of another plant (Euca
lyptus marginata Leaves), which was also achieved under GXL conditions 
(CO2/ethanol (50:50, v/v)).

3.1.5. Lipoxygenase (LOX) Inhibition
For LOX inhibition, lower IC50 values indicate higher anti- 

inflammatory activity. As shown in Table 2, the lowest IC50 (9.25 µg/ 
mL) was observed in Experiment 4 (50 % CO2; 50 % ethanol/water), 
whereas the highest IC50 (111.03 µg/mL) was found in Experiment 3 
(100 % 2-MTHF). These findings confirm that GXL extraction effectively 
enhances LOX inhibition, aligning with results from antioxidant and 
AChE assays. ANOVA for LOX inhibition (Table S6) confirmed the sig
nificance of the quadratic regression model (F = 14.24, p = 0.0015), 
with strong contributions from the linear mixture terms (F = 21.66, 
p = 0.001). Among the interaction terms, AB and BC were significant 
(p < 0.05), suggesting synergistic effects between CO2 and ethanol/ 
water, and between ethanol/water and 2-MTHF. The model showed 
good fit (R2 = 0.91; adjusted R2 = 0.85), supporting its predictive reli
ability. Although the lack-of-fit was significant (F = 30.18, p = 0.0093), 
the low pure error indicates the model adequately captures the main 
trends in LOX inhibition. The quadratic model had a high predictive 
accuracy (R2 = 0.91, adjusted R2 = 0.85). Previous studies have 
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demonstrated the anti-inflammatory potential of guayusa extracts using 
various in vitro models. Pardau et al. [14] showed that guayusa tea 
preparations reduced nitric oxide (NO) production by 10–30 % in 
LPS-stimulated RAW 264.7 macrophages, indicating moderate 
anti-inflammatory activity comparable to Camellia sinensis teas. Villa
cís-Chiriboga et al. [15] reported over 65 % inhibition of hyaluronidase 
activity in vitro, suggesting strong anti-inflammatory potential of 
aqueous and hydroalcoholic extracts. The GXL extract of Experiment 4 
(50 % CO2; 50 % ethanol/water) showed the lower IC50 value 
(9.25 μg/mL), which could be comparable to previously reported values, 
but the bioactivity measurement methods are different. Our results align 
with previous findings [40], where GXL (CO2/ethanol/water (25:50:25, 
v/v/v) yielded the most potent LOX inhibition in Eucalyptus marginata 
Leaves. These findings reinforce the relevance of guayusa as a source of 
anti-inflammatory agents, while highlighting the importance of extrac
tion conditions in modulating bioactivity.

3.1.6. Multiple response optimization
To determine the optimal extraction conditions for maximizing 

bioactivity while maintaining high extraction efficiency, a multi- 
response optimization approach was applied. This method simulta
neously optimized six response variables, aiming to maximize extraction 
yield and TPC while minimizing DPPH, ABTS, AChE, and LOX IC50 
values, as lower IC50 values indicate higher bioactivity. This approach 
allows simultaneous optimization of multiple, potentially conflicting 
responses by identifying a compromise solution that balances the re
sponses to produce a desirability function, which is mathematically 
combines individual responses into a single objective function. Equal 
weight was given to all six responses for optimization. The optimal 
conditions reported reflect the best compromise among all responses, 
rather than absolute maxima or minima [56].

The optimization analysis identified 6.7 % CO2, 78.4 % ethanol 
water (1:1, v/v), and 14.9 % 2-MTHF as the most favorable solvent 
composition for achieving this balance. Under these conditions, the 
desirability index was 0.934, indicating a high degree of fitting of the 
model and optimization efficiency. The predicted values derived from 
the quadratic regression model under these optimized conditions are 
presented in Table 3, along with the corresponding experimental vali
dation results.

To verify the accuracy and reliability of the model, three indepen
dent parallel experiments were conducted under the optimized condi
tions. The experimental values closely matched the predicted mean 
values, with all six response variables falling within the 95 % confidence 
interval (CI) range of the model predictions. For instance, the experi
mental extraction yield (23.23 ± 3.2 %) was well within the predicted 
range (19.97–32.37 %), and the experimental TPC (192.52 ± 20.35 mg 
GA/g extract) was consistent with the predicted mean (202.41 mg GA/g 

extract). Similarly, the DPPH (13.63 ± 0.45 µg/mL), ABTS (6.16 
± 0.16 µg/mL), AChE (104.65 ± 6.29 µg/mL), and LOX (9.06 
± 0.45 µg/mL) values demonstrated strong alignment with the model 
predictions.

These findings confirm that the quadratic regression model devel
oped through the mixture experimental design is highly reliable and 
effective in predicting extraction outcomes. The optimized conditions 
not only achieved a strong balance between extraction efficiency and 
bioactivity but also demonstrated the practical applicability of the GXL 
extraction method for obtaining bioactive compounds with antioxidant, 
anti-inflammatory, and neuroprotective properties. This study further 
reinforces the potential of compressed fluid extraction with green sol
vents as an efficient and sustainable approach for the recovery of 
bioactive compounds from Ilex guayusa, in agreement with previous 
findings on green extraction processes [43,54,55].

3.2. Comparison of different extraction technologies

To further compare the optimized GXL extraction conditions ob
tained from the mixture design with other extraction techniques, addi
tional experiments were conducted using SFE and conventional 
extraction methods. SFE was employed to assess the effectiveness of a 
pure, non-polar green solvent (CO2) in extracting bioactive compounds. 
Besides maceration experiment with water was used as benchmark 
control. Results, presented in Table 4, highlight the significant impact of 
different technologies on the extraction efficiency and bioactive 
composition of Ilex guayusa leaves.

3.2.1. Extraction yield
Extraction yield varied significantly across techniques (Table 4). The 

highest yield was achieved with maceration (25.88 %) and optimized 
GXL (23.23 %) with no significant differences between them. The 
maceration yield aligns with previous findings (26.39 %, 96 h, 18 ◦C) 
[57].

SFE yielded the lowest values (0.37 % at 100 bar, 0.86 % at 200 bar, 
1.43 % at 300 bar), as pure CO2, being non-polar, poorly extracts polar 
phenolic compounds. Yield increased slightly with pressure, consistent 
with previous reports (3.08 % at 250 bar, 75 ◦C) [43]. Studies show that 
adding co-solvents improves extraction: 7 % ethanol increased yield to 
6.02 %, and 7 % water boosted it to 32.01 % [43,57], while in our case 
we studied adding the mixture of ethanol:water in experiment 4 
(Table 2) which yielded 9.50 %. The optimized GXL system (23.23 %), 
using CO2, ethanol/water, and 2-MTHF, demonstrated how a ternary 
solvent mixture can bridge polarity gaps, significantly enhancing yield.

3.2.2. Total phenolic content (TPC)
The highest TPC was obtained with optimized GXL (192.52 mg GA/ 

g), followed by maceration (110.1 mg GA/g). TPC was not determined 
for SFE due to low yield, but prior studies report 0.28–1.18 mg GA/g for 
pure SFE-CO2 [43].

The GXL system outperformed all other techniques, even exceeding 
PLE (9.24–46.33 mg GA/g) and SFE with water as a co-solvent 
(28.34–43.25 mg GA/g) [57]. This confirms GXL’s higher efficiency in 
extracting phenolic compounds, likely due to the synergistic effect of 
CO2 expansion and the polar/non-polar balance of the quaternary 
system.

3.2.3. Antioxidant activities: DPPH and ABTS
The strongest antioxidant activity was observed under optimized 

GXL conditions (IC50 DPPH: 13.63 µg/mL; ABTS: 6.16 µg/mL), while 
maceration showed weaker activity. SFE failed to reach 50 % inhibition, 
consistent with previous results (DPPH IC50: 4370–8190 µg/mL) [43].

Interestingly, despite maceration yielding the highest extraction ef
ficiency, its antioxidant capacity was lower than GXL, indicating that 
solvent composition is more critical than yield alone. Compared to prior 
studies (PLE IC50: 131.23–693.42 µg/mL; SFE + water IC50: 

Table 3 
Predicted and experimental values under the optimal conditions (6.7 % CO2, 
78.4 % ethanol/water (1:1, v/v), 14.9 % 2-MTHF) using GXL mixture design. 
The results are expressed as the mean ± SD of three independent experiments.

Response 
Variables

Predicted Values Experimental 
Values

95 % CI low
*

Predicted 
Mean

95 % CI 
high*

Yield (%) 19.9675 26.1671 32.3668 23.23 ± 3.2
TPC (mg GA/ g 

extract)
166.849 202.409 237.969 192.52 ± 20.35

DPPH (IC50 ug/ 
mL)

− 84.4484 − 19.1655 46.1174 13.63 ± 0.45

ABTS (IC50 ug/ 
mL)

− 23.8536 − 5.83863 12.1764 6.16 ± 0.16

AChE (IC50 ug/ 
mL)

95.6144 108.898 122.182 104.65 ± 6.29

LOX (IC50 ug/ 
mL)

− 6.83646 9.24703 25.3305 9.06 ± 0.45

* CI: Confidence Interval
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109.25–167.95 µg/mL) [57], GXL extraction stands out as the most 
effective for extracting antioxidant compounds, even improving super
critical antisolvent fractionation (SAF) that showed an optimal DPPH 
IC50 equal to 510 µg/mL and an optimal ABTS IC50 equal to 180 µg/mL 
[44].

3.2.4. Anti-Inflammatory activity: LOX inhibition
This study is the first to report LOX inhibition for Ilex guayusa to date. 

The strongest inhibition was observed with optimized GXL (IC50: 
9.06 µg/mL), comparable to quercetin (IC50: 8.48 µg/mL). Maceration 
showed the weakest inhibition (IC50: 141.74 µg/mL), while SFE had 
moderate to low activity. The anti-inflammatory activity of guayusa 
extracts has been shown to vary significantly depending on the extrac
tion technique. For instance, Pardau et al. [14] used conventional water 
infusions and observed modest NO inhibition, while Villacís-Chiriboga 
et al. [15] employed hydroalcoholic extraction and reported stronger 
hyaluronidase inhibition. Our findings suggest GXL extracts contain 
compounds with potent LOX inhibitory activity, adding a new layer to 
guayusa’s anti-inflammatory potential.

3.2.5. Anticholinergic activities: AChE and BuChE inhibition
This is also the first study to evaluate AChE and BuChE inhibition in 

Ilex guayusa. Maceration showed the strongest inhibition, followed by 
optimized GXL, with SFE showing the weakest activity. Notably, 
guayusa extracts exhibited stronger inhibition of AChE than BuChE, as 
reflected by lower IC50 values. In Alzheimer’s disease (AD), acetyl
cholinesterase (AChE) and butyrylcholinesterase (BuChE) play com
plementary but distinct roles in cholinergic neurotransmission. While 
AChE activity declines significantly in advanced AD, BuChE activity 
increases, particularly in the cortex and hippocampus, shifting the 
AChE/BuChE ratio and contributing to cholinergic imbalance [28,58]. 
BuChE has also been implicated in amyloid-β aggregation and tau 
hyperphosphorylation, key pathological features of AD [59]. Selective 
BuChE inhibitors have shown promise in reducing neuroinflammation 
and improving cognitive performance in animal models, making BuChE 
a relevant therapeutic target, especially in late-stage AD. Therefore, 
evaluating both enzymes provides a more comprehensive understanding 
of the neuroprotective potential of guayusa extracts.

Although GXL extracts (AChE IC50: 104.65 µg/mL; BuChE IC50: 
199.68 µg/mL) were less potent, of course, than the drug used as posi
tive control galantamine (AChE IC50: 0.98 µg/mL), the activity was still 
significant, suggesting potential as a natural neuroprotective agent.

The observed LOX and cholinesterase inhibitory activities were 
strongly influenced by the solvent composition used during extraction. 
Our mixture design revealed that combinations rich in ethanol/water 
and moderate in 2-MTHF significantly enhanced these bioactivities, as 
confirmed by the regression models (Tables S5 and S6). This suggests 
that solvent polarity and specific interactions play a key role in recov
ering compounds with neuroprotective and anti-inflammatory potential. 
Although these activities are reported here for the first time in Ilex 
guayusa, their correlation with extraction parameters was statistically 
validated and mechanistically supported by the presence of phenolic 
acids and flavonoids identified in the optimized extract. These 

compounds are known to contribute to both LOX and cholinesterase 
inhibition, reinforcing the link between extraction strategy and func
tional outcomes.

3.3. Chemical characterization

The GXL optimized extract (6.7 % CO2, 78.4 % ethanol/water (1:1, 
v/v), 14.9 % 2-MTHF) from Ilex guayusa was analyzed using HPLC-DAD- 
ESI-MS/MS in negative ionization mode. The phenolic compounds 
present in the guayusa extract were tentatively identified based on the 
obtained UV–vis spectra as well as the MS spectra and fragmentation 
patterns, combined with existing references. Results are shown in 
Table 5 and Fig. 3. A total of 16 compounds were detected, with 11 
tentatively identified as phenolic compounds. Among the 11 phenolic 
compounds, 6 belong to phenolic acids and 5 belong to flavonoids.

Three caffeoylquinic acid isomers (CQA) were detected in the opti
mized GXL extract form Ilex guayusa, namely peaks 1, 3 and 4. The 
[M–H]- of these compounds was m/z 353.7. The characteristic frag
mentation information of these three peaks was the same, specifically 
the main fragments were found at m/z 191, 179, 173, and 135. The 
characteristic fragments corresponded to neutral losses of 162 Da ([M- 
caffeoil]-), 174 Da ([M-quinic acid]-), 179 Da ([M- caffeic acid]-) and 

Table 4 
Extraction yield, TPC, antioxidant activity (DPPH and ABTS), anti-inflammatory (LOX), and acetylcholinesterase enzyme inhibition (AChE and BuChE) of extracts 
obtained from Ilex guayusa using different extraction techniques.

Experiment Extraction yield 
(%)

TPC 
(mg GA/ g extract)

DPPH 
(IC50 µg/mL)

ABTS 
(IC50 µg/mL)

LOX 
(IC50 µg/mL)

AChE 
(IC50 µg/mL)

BuChE 
(IC50 µg/mL)

GXL-Optimized 23.23 ± 3.2a 192.52 ± 20.35 13.63 ± 0.45 6.16 ± 0.16 9.06 ± 0.45c 104.65 ± 6.29c 199.68 ± 5.85a
SFE− 200 bar 0.86 ± 0.15b ​ n.d n.d 67.45 ± 22.49b 357.19 ± 36.12a ​
SFE− 300 bar 1.43 ± 0.39b ​ n.d n.d 95.26 ± 16.5b 282.64 ± 38.87b ​
Maceration 25.88 ± 0.27a 110.1 ± 8.67 23.84 ± 0.98 6.56 ± 0.38 141.74 ± 11.16a 62.35 ± 1.77c 95.99 ± 0.66b
Galantamine ​ ​ ​ ​ ​ 0.98 ± 0.14d 36.19 ± 9.89c
Quercetin ​ ​ ​ ​ 8.48 ± 0.7c ​ ​

n.d: not determined (maximum level of inhibition below 50 %). a– d different letters indicate significant differences p > 0.05

Table 5 
Analysis of bioactive components in optimized GXL Ilex guayusa extract by 
HPLC-DAD-ESI-MS/MS.

Peak 
ID

RT 
(min)

[M- 
H]-

M/MS 
fragments

λ max 
(nm)

Proposed compound

1 5.4 353.7 191, 179, 135 324,296sh Chlorogenic acid 
isomer

2 7.9 479.2 386, 291, 197 272 Unidentified, 
caffeine?

3 8.6 354.2 191, 179, 135 326,296sh Chlorogenic acid 
isomer

4 8.9 353.7 191, 179, 135 324,296sh Chlorogenic acid 
isomer

5 15.3 609.2 301, 271 253, 343 Quercetin rutinoside
6 16.2 609.2 301, 271 256, 343 Quercetin rutinoside
7 16.6 593.3 285, 255, 227 254, 351 Kaempferol-3-O- 

rhamnoside
8 16.7 464.0 301, 271 254, 351 Quercetin hexoside
9 17.1 464.1 301, 271 254, 351 Quercetin hexoside
10 18.1 623.3 315, 301, 271 326, 

296sh
Unidentified

11 18.3 516.3 353, 191, 
179, 173

326, 
296sh

Dicaffeoylquinic acid 
isomer

12 18.4 623.3 315, 301, 271 326, 
296sh

Unidentified

13 18.9 539.3 497, 377, 
335, 317

326, 
296sh

Unidentified

14 19.2 515.6 353, 191, 179 326, 
296sh

Dicaffeoylquinic acid 
isomer

15 19.4 563.1 435, 399, 284 
254

326, 
296sh

Unidentified

16 20.5 515.6 353, 191, 
179, 173

326, 
296sh

Dicaffeoylquinic acid 
isomer

sh: shoulder in the uv–vis spectrum

M. Zhang et al.                                                                                                                                                                                                                                  The Journal of Supercritical Fluids 229 (2026) 106801 

9 



44 Da (M-quinic acid -CO2]-), respectively and it is inferred that these 
three peaks are likely isomers of caffeoylquinic acid. Based on their 
retention times and polarity differences, and by comparing with refer
ences [14–16,60], it could be suggested that peak 1 belong to neo
chlorogenic acid, peak 3 to chlorogenic acid, and peak 4 to 
cryptochlorogenic acid.

Four dicaffeoylquinic acid related compunds (diCQAs) were also 
detected in the extract, namely peaks 11, 14 and 16. The [M–H]- for 
these compounds was observed at m/z 515.6. These three peaks share 
similar characteristic fragmentation spectra formed by the ions at m/z 
353, 191, 179. These characteristic fragments are generated through 
neutral losses of 162 Da ([M- caffeoil]-), 324 Da (([M- 2 caffeoil]-), and 
136 Da ([M-quinic acid]-), respectively. Comparing with references and 
retention order [9–11,45], peak 11 could be tentatively identified as 3, 
4-diCQA, peak 14 as 3,5-diCQA, and peak 16 as 4,5-diCQA.

Peaks 5, 6, 7, 8 and 9 in Table 5 have been identified as flavonoids 
[14–16,60]. Specifically, peaks 5 and 6 were tentatively identified as 
stereoisomers of quercetin rutinoside. The characteristic fragment in
formation of the MS/MS spectra was the same for both peaks (m/z 301, 
300, 271). Peak 7 is inferred to be kaempferol rhamnoside, with a 
quasi-molecular ion [M-H]- at m/z 593.3 and MS/MS fragment ions at 
m/z 285, 255, and 227. Peaks 8 and 9 share the same quasi-molecular 
ion [M-H]- (m/z 464), and identical MS/MS spectral characteristics, 
suggesting they are isomers of quercetin glycoside.

The identification results indicated that the bioactive components 
extracted from Ilex guayusa in this study mainly include phenolic acids 
and flavonoids. All the tentatively identified compounds in this work 
have been proven to have bioactive functions. Chlorogenic acid is a 
highly functional active compound with benefits for antioxidant, gly
cemic control, anti-inflammatory, anti-cancer, anti-obesity, neuro
protective activities, etc., and is widely recommended as a 
pharmaceutical or natural food additive supplement [61,62]. Plants 
from the same genus, such as Ilex paraguariensis (yerba mate) and Ilex 
kudingcha, also contain dicaffeoylquinic acids (diCQAs), compounds 
that have also been found in our extracts and they have demonstrated 
potent anti-inflammatory activity through mechanisms such as nitric 
oxide suppression and NF-κB pathway modulation [63,64]. Wu et al. 
[65] compared various CQAs and diCQAs, pointing out that 5-CQA has 
the most significant contribution to the anti-inflammatory effect. 
Kaempferol and its derivatives are promising natural neuroprotective 

agents and may be new drug candidates for the treatment of neurode
generative diseases (NDDs) [66]. The neuroprotective effects and anti
oxidant and anti-inflammatory properties of quercetin have been 
extensively evaluated [67,68].

Therefore, all the identified compounds provide strong support to be 
correlated to the in vitro assays conducted in this study on guayusa, 
demonstrating remarkable antioxidant, anti-inflammatory, and neuro
protective potential. These findings provide a scientific basis for the 
further development and application of guayusa’s biological activities.

3.4. Sustainability assessment

To assess the environmental sustainability of our optimized com
pressed fluid extraction process, we applied the Path2Green metric, a 
semi-quantitative tool grounded in the 12 principles of green extraction 
[51]. This framework evaluates key aspects such as solvent origin, en
ergy efficiency, scalability, waste generation, and post-treatment, 
assigning scores from − 1.0 to + 1.0 for each principle. Our optimized 
GXL method (CO2/ethanol-water/2-MTHF) achieved a Path2Green 
score of + 0.450 (see Fig. 4 for pictogram), indicating strong alignment 
with sustainable extraction practices. This value is comparable to other 
published green processes using compressed fluids, such as the extrac
tion of bioactives from tangerine leaves using SFE and NADES (score 
0.43) [69], and phenolic recovery from orange peel waste via PLE (score 
0.54) [70]. In contrast, lipid recovery from insects using SFE scored 
significantly lower (≈ 0.06–0.02) [71], reflecting higher energy de
mands. These comparisons validate the environmental performance of 
the optimized GXL to obtain bioactive compounds from I. guayusa and 
support its classification as a green and scalable alternative for bioactive 
compound recovery. Nevertheless, there is still room for improvement to 
be a completely green process.

Although the optimized GXL extraction method demonstrated strong 
performance in terms of yield, bioactivity, and sustainability, its scal
ability remains to be validated. Industrial implementation would require 
further assessment of solvent recovery systems, energy consumption 
under continuous operation, and integration with downstream pro
cessing. These aspects are critical for future applications in functional 
food and nutraceutical manufacturing.

Fig. 3. HPLC-DAD chromatogram of the optimized GXL extract of Ilex guayusa (6.7 % CO2, 78.4 % ethanol/water, 14.9 % 2-MTHF). Peaks correspond to phenolic 
acids and flavonoids tentatively identified via MS/MS analysis.
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4. Conclusions

This work provides a robust and comprehensive evaluation of 
advanced compressed fluid extraction technologies, namely gas- 
expanded liquids (GXL), supercritical fluid extraction (SFE), and pres
surized liquid extraction (PLE), for the sustainable and efficient recovery 
of bioactive compounds from Ilex guayusa leaves. By taking advantage of 
green solvents such as CO2, ethanol/water, and 2-methyltetrahydro
furan (2-MTHF), the study demonstrates how solvent polarity tuning 
and fluid compressibility can be strategically combined to enhance 
extraction performance while minimizing environmental impact.

Among the tested approaches, GXL extraction using a ternary solvent 
system (6.7 % CO2, 78.4 % ethanol/water, 14.9 % 2-MTHF) clearly 
outperformed both SFE and PLE in terms of extraction yield, total 
phenolic content, and bioactivity. The optimized GXL extract exhibited 
exceptional antioxidant capacity (DPPH and ABTS assays) and potent 
lipoxygenase (LOX) inhibition, positioning this method as a superior 
alternative for obtaining multifunctional phytochemicals with potential 
anti-inflammatory applications.

Notably, this study is the first to report LOX, AChE, and BChE 
inhibitory activities in I. guayusa extracts obtained via compressed 
fluids, opening new routes for the development of natural ingredients 
targeting oxidative stress and neuroinflammation. The chemical 
profiling of the optimized extract by HPLC-DAD-ESI-MS/MS confirmed 
the presence of key phenolic acids and flavonoids, which are likely 
responsible for the observed bioactivities. To support the sustainability 
claim, the Path2Green metric has been applied, which confirmed the 
environmental relevance of the optimized GXL method and supports its 
classification as a green technology.

In conclusion, these findings underscore the remarkable potential of 
compressed fluid-based green extraction technologies, particularly GXL, 
as scalable, tunable, and environmentally conscious platforms for the 
recovery of high-value bioactives from plant matrices. This work con
tributes valuable insights to the field of sustainable process engineering 
and supports the integration of compressed fluids into the design of next- 
generation functional ingredients for food, nutraceutical, cosmetic and 
health-related applications.
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sample preparation: food applications, J. Chromatogr. A 1152 (2007) 234–246, 
https://doi.org/10.1016/j.chroma.2007.02.046.

[32] M. Herrero, J.A. Mendiola, A. Cifuentes, E. Ibáñez, Supercritical fluid extraction: 
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A. Cifuentes, E. Ibáñez, Lipid extraction from galleria mellonella larvae: introducing 
the use of eco-friendly solvents and emerging technologies, J. Insects Food Feed 1 
(2025) 1–17, https://doi.org/10.1163/23524588-bja10280.

M. Zhang et al.                                                                                                                                                                                                                                  The Journal of Supercritical Fluids 229 (2026) 106801 

13 

https://doi.org/10.1039/D4GC02512A
https://doi.org/10.1039/D4GC02512A
https://doi.org/10.1016/j.lwt.2022.113274
https://doi.org/10.1007/s11947-025-03977-5
https://doi.org/10.1080/14786419.2021.1882455
https://doi.org/10.17533/udea.vitae.v29n1a347297
https://doi.org/10.17533/udea.vitae.v29n1a347297
https://doi.org/10.1002/cem.1312
https://doi.org/10.1080/14786419.2022.2140802
https://doi.org/10.1080/14786419.2022.2140802
https://doi.org/10.2174/1871527313666141023141545
https://doi.org/10.2174/1871527313666141023141545
https://doi.org/10.1016/j.biopha.2021.112556
https://doi.org/10.1016/j.biopha.2021.112556
https://doi.org/10.1016/j.foodres.2006.10.016
https://doi.org/10.1016/j.foodres.2006.10.016
https://doi.org/10.2174/1874467212666190716145210
https://doi.org/10.1111/1541-4337.12620
https://doi.org/10.1002/mnfr.201100128
https://doi.org/10.1002/mnfr.201100128
https://doi.org/10.1016/j.fct.2019.01.011
https://doi.org/10.1016/j.foodchem.2024.140201
https://doi.org/10.1016/j.foodchem.2024.140201
https://doi.org/10.1016/j.biopha.2023.115215
https://doi.org/10.1016/j.biopha.2023.115215
https://doi.org/10.3390/ijms20122957
https://doi.org/10.1016/j.jnutbio.2020.108436
https://doi.org/10.1016/j.foodchem.2025.144628
https://doi.org/10.1016/j.foodchem.2025.144628
https://doi.org/10.1016/j.scp.2025.102117
https://doi.org/10.1016/j.scp.2025.102117
https://doi.org/10.1163/23524588-bja10280

	Towards sustainable extraction of bioactive compounds from guayusa (Ilex guayusa): A comparative study on compressed fluids ...
	1 Introduction
	2 Materials and methods
	2.1 Plant material
	2.2 Chemicals and reagents
	2.3 Compressed fluids extractions
	2.4 Conventional extraction (Maceration）
	2.5 Total phenolic content (TPC)
	2.6 In vitro bioactivity assays
	2.6.1 Antioxidant capacity assay: DPPH and ABTS
	2.6.2 Anti-inflammatory activity assay: LOX
	2.6.3 Anti-cholinesterase activity assay: AChE and BuChE

	2.7 HPLC-DAD-ESI-MS/MS analysis
	2.8 Statistical analysis
	2.9 Sustainability assessment using Path2green

	3 Results and discussion
	3.1 Solvent mixture optimization
	3.1.1 Extraction yield
	3.1.2 Total Phenolic Compounds (TPC)
	3.1.3 Antioxidant capacity
	3.1.4 Acetylcholinesterase (AChE) Inhibition
	3.1.5 Lipoxygenase (LOX) Inhibition
	3.1.6 Multiple response optimization

	3.2 Comparison of different extraction technologies
	3.2.1 Extraction yield
	3.2.2 Total phenolic content (TPC)
	3.2.3 Antioxidant activities: DPPH and ABTS
	3.2.4 Anti-Inflammatory activity: LOX inhibition
	3.2.5 Anticholinergic activities: AChE and BuChE inhibition

	3.3 Chemical characterization
	3.4 Sustainability assessment

	4 Conclusions
	CRediT authorship contribution statement
	Funding sources
	Supporting information
	Declaration of Competing Interest
	Acknowledgment
	Appendix A Supporting information
	Data Availability
	References


