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Metabolic dysfunction-associated steatotic liver disease (MASLD) affects approximately 30% of adults

globally. Its severe form, metabolic dysfunction-associated steatohepatitis (MASH), results in liver

damage due to a combination of steatosis and fibrosis. Green coffee extract (GCE) derived from

unroasted coffee beans demonstrates therapeutic potential for MASLD/MASH attributed to its rich profile

of bioactive compounds. However, challenges remain regarding bioavailability and understanding of

mechanisms. In this study, we investigated the bioactive potential of GCE encapsulated in polymer-lipid

hybrid nanoparticles (PLNs) as a therapeutic option for MASLD and associated fibrosis. Encapsulation of

GCE into PLNs enhanced its physicochemical properties, including reduced particle size (191.5 ± 3.6 nm)

and improved polydispersity index (PDI) (0.291), as confirmed by dynamic light scattering (DLS) and

transmission electron microscopy (TEM) (145.4 ± 26 nm). The encapsulation efficiency (55%) and release

kinetics of GCE-PLNs were optimized for sustained bioavailability over 24 h. Metabolomic and

chemoinformatic analyses identified 1942 metabolites, including GCE-derived bioactive compounds with

structural similarities to therapeutic agents like mesalamine, idebenone, and cysteamine, highlighting

potential antifibrotic and hepatoprotective effects. In vitro assays, using HepG2 cells, demonstrated that

GCE-PLNs modulate the expression of steatosis- and fibrosis-related genes, such as PLIN1, CPT1A,

ACTA2, and COL1A1, in HepG2 and HHSC-N cellular models, suggesting reduced lipid accumulation and

fibrotic activity. These findings suggest that GCE-PLNs may represent a promising nanotechnological

strategy for the treatment of MASLD.
Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD),
previously referred to as NAFLD, affects approximately 30% of the
global adult population.1,2MASLD is a spectrum of liver conditions
that occur in the presence of at least one cardiometabolic risk
factor and in the absence of excessive alcohol consumption ($20–
30 g per day) or other chronic liver diseases. This spectrum
includes simple steatosis andmore severe stages, such as cirrhosis
and hepatocellular carcinoma (HCC).3,4 A characteristic feature of
MASLD is impaired hepaticmetabolism of carbohydrates and fatty
acids, leading to triglycerides accumulation (TGs), oxidative stress,
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inammation, and brogenesis. Over time, these processes
contribute to genomic instability and progressive liver dysfunc-
tion. Additionally, the pathogenesis of MASLD is complex and
heterogeneous, involving various pathophysiological mechanisms
with signicant inter-individual variability.5,6

Metabolic dysfunction-associated steatohepatitis (MASH),
a severe form of MASLD, is marked by hepatocyte inammation
and brogenesis, frequently resulting in irreversible cirrhosis.
Fibrosis occurs due to the excessive deposition of type I collagen,
predominantly driven by activated hepatic stellate cells (HSCs).
The interaction between steatosis and brosis intensies liver
damage, underscoring the necessity for therapies aimed at
reducing TGs and inhibiting mechanisms that promote brosis,
such as the activation of HSCs.7 Present treatments emphasize
lifestyle modications, including diet and exercise; however, low
adherence rates and the absence of effective pharmacological
options highlight the need for innovative therapeutic strategies.8,9

The development of new therapies for MASLD from natural
products is a promising avenue. Among natural products, green
RSC Adv., 2025, 15, 46775–46789 | 46775
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coffee extract (GCE), derived from unroasted coffee beans, is
a rich source of bioactive compounds like polyphenols and
caffeine. These constituents have demonstrated signicant
antioxidant, anti-inammatory, and lipid-lowering effects in
MASLD patients, positioning GCE as a promising natural
therapy for managing MASLD and its advanced stage,
MASH.10–13 However, the clinical application of GCE is limited
by challenges such as low bioavailability, insufficient hepatic
accumulation and limited understanding of its mechanisms,
which hinder its efficacy in targeting liver pathologies.14,15

Nanotechnology offers a promising solution to overcome the
limitations associated with bioavailability and efficacy of
bioactive substances through nanoencapsulation in hybrid
polymer-lipid nanoparticles (PLNs).16,17 PLNs combine the
structural advantages of polymers, like poly-lactic-co-glycolic
acid (PLGA), with the biocompatibility of lipid-based systems,
such as lecithin, enabling controlled drug release and opti-
mized therapeutic efficacy. This kind of nanoparticles offers
a versatile and efficient platform for the encapsulation and
controlled delivery of phytochemicals with potential antioxi-
dant, anti-inammatory, anti-brotic or even anti steatotic
properties. These hybrid systems combine the structural
stability of polymers with the biocompatibility and high loading
capacity of lipids, enabling a more effective transport of
compounds with limited solubility or stability, and also can
protect sensitive molecules from enzymatic degradation and
premature release, prolonging their circulation time and
enhancing their pharmacokinetic prole.18–20

This study involves the extraction and metabolomic proling of
GCE, followed by its encapsulation in PLNs composed of PLGA and
soy lecithin (HSPC), to assess their therapeutic potential against
MASLD/MASH. Using an in vitro model of steatotic HepG2 cells
and activated HSCs from a MASH donor (HHSC-N), the effects of
GCE-PLNs on steatosis and brosis-related gene expression were
evaluated. Metabolomic and chemoinformatic analyses were also
conducted to characterize the extract composition and identify
potential therapeutic compounds for MASLD/MASH.
Materials and methods
Green coffee extract

To obtain green coffee extract (GCE), unroasted coffee beans of
the species Coffea canephora (San Felipe coffee company, Mex-
ico) grown and harvested in Cordoba, Veracruz, Mexico were
used. The unroasted coffee beans were ground using a burr
mill. Ground coffee was added to absolute methanol at 1 : 10
ratio and the mixture was subjected to magnetic stirring at
1000 rpm for 1 h at room temperature. Following this, the
mixture was ltered with a 0.20 mM syringe lter and concen-
trated in a vacuum evaporator Rocket Synergy (Genevac, UK) at
50 °C and <30 mBar for 2 h. The resulting solid was stored
protected from light at −20 °C.
Determination of total phenolic content

The total phenolic content (TPC) of GCE was quantied using
the Folin-Ciocalteu assay.21 Briey, 100 mL of 0.2 N Folin-
46776 | RSC Adv., 2025, 15, 46775–46789
Ciocalteu reagent was combined with 20 mL of the sample,
and the mixture was incubated at room temperature for 5
minutes. Aer incubation, 80 mL of 700 mM Na2CO3 was added,
and the reaction was incubated in the dark for 2 h at room
temperature. Following this, the plate was read at 760 nm in an
Epoch plate reader. The TPC of the samples was calculated
based on a gallic acid (GA) standard curve and the results were
expressed in mg of GA equivalents (GAE) per g of GCE.

Determination of antioxidant activity

The antioxidant activity of GCE was evaluated by 2,2-Diphenyl-1-
Picrylhydrazyl (DPPH). A DPPH radical (DPPHc) solution (60
mM) was prepared in absolute ethanol; then, 150 mL of the
solution was transferred to a 96-well plate with 50 mL of GCE.
The mixture was incubated in the dark at room temperature for
30 min, aer, absorbance was measured at 517 nm in an Epoch
plate reader. The DPPHc inhibition percentage was calculated
using the following formula:

Oxidation inhibitionð%Þ ¼
�
Abscontrol �

�
Abssample �Absblank

�
Abscontrol

�

� 100

where Abscontrol, Abssample and Absblank are the absorbance
values of the control, sample, and sample blank at 517 nm,
respectively. The DPPHc inhibition of GCE, was compared to
a citric acid (CA) standard curve and the results were expressed
in mM of CA equivalents (CAE).

Ultra performance liquid chromatography (UPLC) and
tandem mass spectrometry (MS/MS) data acquisition

The widely targeted metabolomic proling was performed by
MetWare Biotechnology Inc (Massachusetts, USA) according to
standard procedures as described below. For the sample pro-
cessing, GCE was ground using a ball mill grinder (30 Hz, 1.5
min) (MM 400, Retsch). Fiy milligrams of the powdered
sample were extracted with 1200 mL of pre-cooled 70% meth-
anol (−20 °C) containing internal standards. The mixture was
vortexed for 30 seconds every 30 minutes over a 3 hours period
(6 cycles total) and centrifuged at 12 000 rpm for 3minutes at 4 °
C. The supernatant was ltered through a 0.22 mm membrane
and stored for UPLC-MS/MS analysis.

Metabolites were analyzed using an Ultra-Performance
Liquid Chromatography (UPLC) system ExionLC™ AD (Sciex,
Canada), coupled to tandem mass spectrometry (MS/MS).
Chromatographic separation was achieved on an Agilent SB-
C18 column (2.1 mm × 100 mm, 1.8 mm) at 40 °C. The
mobile phases consisted of ultrapure water with 0.1% formic
acid (phase A) and acetonitrile with 0.1% formic acid (phase B).
The gradient began at 5% B, linearly increased to 95% B over 9
minutes, held at 95% B for 1 minute, decreased to 5% B over 1.1
minutes, and equilibrated at 5% B for 4 minutes (total runtime:
14 minutes). The ow rate was 0.35 mLmin−1, and the injection
volume was 2 mL.

Mass spectrometry was conducted using a TripleTOF 6600+
system (Sciex, Canada) and a QTRAP® 6500+ system (Sciex,
Canada) equipped with an ESI Turbo ion spray interface
© 2025 The Author(s). Published by the Royal Society of Chemistry
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operating in both positive and negative ion modes. For the
TripleTOF system, source temperature was set to 500 °C, ion
spray voltage to 5500 V (positive mode) or −4500 V (negative
mode), and the curtain gas (CUR), gas I (GSI), and gas II (GSII)
were set to 25, 50, and 60 psi, respectively. The declustering
potential (DP) was 80 V, and the collision energy (CE) was 30 V,
with a collision energy spread of 15 V.

For the QTRAP system, the source temperature was 550 °C,
and the ion spray voltage was 5500 V (positive mode) or−4500 V
(negative mode). CUR, GSI, and GSII were maintained at 25, 50,
and 60 psi, respectively. Collision-induced dissociation was set
to high, and metabolite detection was performed in MRMmode
using nitrogen as the collision gas. Data acquisition was
managed with Analyst 1.6.3 soware (Sciex, Canada), moni-
toring MRM ion pairs according to the metabolites' elution
times.

UPLC-MS/MS data processing and analysis

The metabolite analysis was performed using a standardized
workow with quality control measures to ensure reliability.
The raw data were processed to remove isotope signals,
repeated signals containing K+, Na+, and NH4

+ ions, as well as
fragment signals of larger molecular weight compounds.
Missing values in the raw data le (S1) were imputed using one-
h of the minimum value of each metabolite row, and
metabolites with a coefficient of variation (CV) value below 0.5
in QC samples were retained. Once the annotation and elimi-
nation of contaminants such as parabens of the metabolites
were made, SMILES strings and chemical classes were assigned
to the features using ClassyFire tool (S2).22

Mass spectrometry data were processed using Analyst 1.6.3
soware. Total ion chromatograms (TIC) and extracted ion
chromatograms (XIC) of mixed QC samples were generated,
where the X-axis represented the retention time (Rt), and the Y-
axis represented ion ow intensity. Each chromatographic peak,
distinguished by color, corresponded to a detected metabolite,
with signal intensity (CPS) measured for characteristic ions by
triple quadrupole mass spectrometry. Chromatographic peaks
were integrated and corrected using MultiQuant soware.

To ensure accurate qualitative and quantitative analysis,
metabolite peaks were corrected for retention time and peak
distribution. Quality control samples, prepared as mixtures of
all sample extracts, were analyzed every ten test samples to
monitor reproducibility. Overlapping TIC diagrams from
different QC samples demonstrated high reproducibility and
stability of the analytical process.

Prediction of potential antisteatotic and antibrotic
molecules by molecular ngerprints-based analysis

To explore the potential bioactivity of GCE metabolites against
MASLD and MASH, an in silico analysis was performed by
comparing their molecular ngerprints with those of drugs
approved or indicated for MASLD treatment. These drugs,
sourced from the ChEMBL database, included agonists, inhib-
itors, antagonists, andmodulators of known therapeutic targets
for the disease, as well as small molecules used in MASLD/
© 2025 The Author(s). Published by the Royal Society of Chemistry
MASH treatment without identied targets. ChEMBL IDs,
target proteins, and SMILES of these drugs were collected for
comparison.

A comparative analysis was performed using Similarity Chart
as the dimensionality reduction method, implemented in the
DataWarrior program (version 5.5.0) with the following
parameters: descriptor, FragFp and a 90% similarity limit. The
analysis incorporated the molecular ngerprints of the metab-
olites and drugs, which were computed using the FragFP
descriptor. FragFP is a binary molecular ngerprint based on
a dictionary of 512 predened substructural fragments.

Lipid-polymer nanoparticles synthesis

The synthesis of polymer-lipid hybrid nanoparticles (PLNs) was
carried out using a nanoprecipitation method combined with
self-assembly23,24 with some modications (Fig. 1). First, stock
solutions of PLGA (Nanoso Polymers, USA; 11088-20-50K) at
20 mg mL−1 in acetonitrile and soybean lecithin (HSPC)
(Nanoso Polymers, USA; 26372) at 10 mg mL−1 in 4% ethanol
(EtOH) were prepared at 65 °C to achieve proper homogeniza-
tion of HSPC. An organic phase loaded with either 1 mg of GCE
or empty (without GCE) was prepared. The organic phase, was
gradually added at a rate of 1 mL min−1 to an aqueous phase
containing 200 mL of 10 mg mL−1 HSPC stock and 3.8 mL of 4%
EtOH, under constant stirring at 180 rpm and 65 °C. Subse-
quently, 5 mL of Milli-Q water was added, and the resulting
mixture was sonicated for 7 minutes at 42 kHz in an MH 2800
series ultrasonic bath (Branson Ultrasonics, USA). Finally, the
solution was subjected to a series of centrifugation washes at 12
000×g for 3, 6, 12, and 18 min using Microsep™ Advance 10
kDaMWCO lters (Cytiva/Pall Life Sciences, USA) to remove free
molecules and purify the nanoparticles. The ltered volume was
recovered and stored protected from light to determine the
encapsulation efficiency. PLNs loaded with GCE were labeled as
GCE-PLNs and empty PLNs only as PLNs.

GCE-PLNs characterization

Hydrodynamic diameter and zeta potential. The hydrody-
namic diameter, polydispersity index (PDI) and zeta potential
(z) of GCE-PLNs and PLNs were analyzed by dynamic light
scattering (DLS) using a Zetasizer Nano-ZS equipment (Malvern
Instruments, UK). For the analysis, the samples were dispersed
in phosphate buffered saline (PBS) (1X, pH 7.4). Measurements
were performed in triplicate and averages were reported.

Morphology and particle size analysis by TEM. The
morphology and dry size of GCE-PLNs and PLNs were studied
using a transmission electron microscope (TEM) H-7500
(Hitachi, Ltd, Japan). Samples were prepared by depositing 10
mL of freshly prepared PLNs or GCE-PLNs onto a 400-mesh
copper grid with formvar/carbon membrane. The samples were
allowed to stand for 30 min at room temperature and the excess
was removed with lter paper. TEM images were obtained at
magnications ranging from 15–70 kx and subjected to ImageJ
soware (National Institutes of Health & Laboratory for Optical
and Computational Instrumentation, USA) to determine
particle size (n = 25).
RSC Adv., 2025, 15, 46775–46789 | 46777

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06552f


Fig. 1 Process of GCE-PLNs synthesis. The aqueous phase was prepared using 3.8 mL of 4% EtOH and 200 mL of HSPC stock (1–2). The organic
phase was then added dropwise (1 mL min−1) to the HSPC solution under constant stirring (3), and the total synthesis volume was adjusted to
10 mL with Milli-Q water (4). The resulting solution was subsequently sonicated for 7 minutes (5). Finally, the preparation was purified via
centrifugal filtration using 10 kDa MWCO filters to remove unencapsulated GCE and organic solvent residues (6). PLGA: poly(lactic-co-glycolic)
acid; HSPC: soybean lecithin; GCE: green coffee extract; PLNs: polymer-lipid nanoparticles MWCO: molecular weight cut-off. Figure created
with http://biorender.com/.
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Functional groups identication through FTIR. The func-
tional groups of GCE-PLNs and PLNs were analyzed by Fourier-
Transform infrared spectroscopy (FTIR) with a Cary 630 spec-
trophotometer (Agilent Technologies, USA). For this analysis,
lyophilized samples of both formulations, prepared by freeze-
drying for 24 hours, were utilized. Additionally, powdered
samples of PLGA, HSPC, and GCE were analyzed separately to
compare their chemical group signals with those of the GCE-
PLNs and PLNs.
Encapsulation efficiency

The encapsulation efficiency (EE%) of GCE-PLNs was assessed
using a direct method. Lyophilized nanoparticles were di-
ssolved in 95% methanol and vortexed vigorously to disrupt
their structure, followed by incubation at room temperature for
2 h, protected from light. Encapsulated GCE was quantied
using its characteristic absorbance of chlorogenic acids (CGAs)
at 324 nm25 with an Epoch microplate reader, referencing an
GCE standard curve. The EE% was calculated using the
following equation:

EEð%Þ ¼ GCEfree

GCEtotal

� 100

where GCEtotal is the total mass of GCE used for GCE-PLNs
synthesis and GCEfree is the mass of GCE detected at 324 nm.
46778 | RSC Adv., 2025, 15, 46775–46789
Release kinetics

The release prole of GCE-PLNs was evaluated using a mini
dialysis kit (Cytiva, USA; 80648432). Briey, freshly prepared
GCE-PLNs were carefully recovered and placed inside an 8 kDa
MWCO dialysis membrane in 1 mL of PBS 1X (pH 7.4). The
release solution consisted of 6 mL of the same buffer. The assay
was carried out in an incubator with constant shaking at 37 °C
and 120 rpm. At specic intervals, from 1 to 72 hours, samples
were taken from the release solution to quantify the amount of
GCE released, the sample volume (0.6 mL) was replaced by the
same volume of PBS 1X to maintain a constant volume in the
release solution. Quantication of GCE was performed using
the same spectrophotometric detectionmethod as for EE%. The
cumulative release of GCE was calculated using the following
equations:

MnðmgÞ ¼ ððCnÞðVtÞÞ þ
�X

ðCn�1ÞðVmÞ
�

where Mn is the mg of GCE detected in the release solution at
time “n”; Cn is the concentration in mg mL−1 of GCE detected in
the release solution at time “n”; Vt is the volume in mL of the
release solution; Cn−1 is the concentration in mg mL−1 of GCE
before time “n” and Vm is the volume in mL of the sample.

Cumulative releaseð%Þ ¼
�

Mn

encapsulated GCE

	
� 100
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cell culture

Human hepatocellular carcinoma HepG2 cells (Addexbio
Technologies, USA; C0015002) and activated hepatic stellate
cells (HHSC-N), derived from a patient with MASH (iX Cells
Biotechnologies, USA; 10HU-210N) were employed to establish
the in vitro model of hepatic steatosis and brosis, respectively.
Both cell lines were maintained in Dulbecco's Modied Eagle
Medium (DMEM) with high glucose (4.5 g L−1) (Gibco, USA;
10569010), supplemented with 10% fetal bovine serum (FBS)
(Gibco, USA; 26140-079) and 1% antibiotic/antimycotic solution
(A/A) (Gibco, USA; 15140-122). Cultures were incubated under
standard conditions at 37 °C in a humidied atmosphere with
5% CO2.

Cells were grown in 100 mm culture plates, and the medium
was replaced every 48 hours. Once 70–80% conuence was
reached, cells were detached with 0.25% trypsin–EDTA 1X
(Gibco, USA; 25200056) and used for further experiments.
HepG2 cells were used between passages 14 and 22, while
HHSC-N cells were limited to passage 7, as per the supplier's
recommendations.

Cell viability assays

Cell viability of HepG2 cells was assessed using the MTT assay.
HepG2 cells (2 × 104 cells per well) were cultured in 96-well
plates with high-glucose DMEM and treated with GCE, GCE-
PLNs, and PLNs at equivalent concentrations (100 mg mL−1 of
GCE or its equivalent in PLNs) for 24 h. Post-treatment, 90 mL of
DMEM with 10 mL of MTT (5 mg mL−1) was added, incubated,
and then solubilized with HCl/SDS for absorbance measure-
ment at 570 nm. Viability was calculated as a percentage relative
to untreated controls using the following equation:

Cell viabilityð%Þ ¼ ODsample

ODcontrol

� 100

where ODsample is the absorbance value of the wells with treated
cells and ODcontrol corresponds to the absorbance of the wells
with untreated cells.

The viability of HHSC-N cells was assessed using the trypan
blue exclusion method to evaluate cellular proliferation in
response to treatments. Cells were seeded at a density of 2.5 ×

105 cells per well in 6-well plates and incubated for 48 h with
complete DMEM containing GCE, GCE-NPLs, or PLNs. Aer
treatment, cells were detached using 0.25%-EDTA trypsin, and
a 20 mL aliquot of the cell suspension was mixed with 20 mL of
0.4% trypan blue solution. Viable cells were manually counted
using a hemocytometer under an EVOS XL inverted microscope
at 20X magnication. Results were expressed as cells per mL
and compared with the initial cell count (0 h).

Steatosis induction in HepG2

To induce steatosis in HepG2 hepatocytes, cells were exposed to
a mixture of free fatty acids (FFAs) comprising oleic acid (OA)
(Sigma-Aldrich, USA; O1008) and palmitic acid (PA) (MedChe-
mExpress, USA; HY-N0830) at a 2 : 1 molar ratio.26 The FFAs
were conjugated with fatty acid-free bovine serum albumin
(BSA) (MP Biomedicals, USA; 152401) by dissolving OA and PA
© 2025 The Author(s). Published by the Royal Society of Chemistry
in molecular biology-grade ethanol at concentrations of
500 mM and 250 mM, respectively. A stock solution of 7.5 mM
(5 mM OA and 2.5 mM PA) was prepared in complete DMEM
supplemented with 10% BSA. The conjugation was performed
by incubating the FFA-BSA mixture at 37 °C for 1 h. HepG2 cells
were then treated for 24 h with various concentrations (0.1–1
mM) of the FFAmixture in complete DMEM containing 1% BSA.
The impact of the FFA treatment on cell viability was evaluated
using the MTT assay as previously described. A nal concen-
tration of 1 mM OA-PA 2 : 1 was employed to achieve steatotic
conditions in HepG2.27

Analysis of steatotic gene expression in HepG2 and brotic
gene expression in HHSC-N

To investigate the effects of GCE-PLNs on the expression of
genes associated with hepatic steatosis and brosis, steatotic
HepG2 and activated HHSC-N cells were treated with GCE, GCE-
PLNs, and PLNs for 24 and 48 hours, respectively. Corre-
spondingly, HepG2 and HHSC-N cells were seeded in 6-well
plates at densities of 4 × 105 and 2.5 × 105 cells per well. Aer
treatment, total RNA was extracted using the PureLink™ RNA
Mini Kit (Invitrogen, USA).

Gene expression analysis was conducted using real-time
reverse transcription quantitative polymerase chain reaction
(RT-qPCR) with RNA extracted from both cell lines. The analysis
was performed on a 7500 Real-Time PCR System (Applied Bi-
osystems, USA) with the GoTaq® 1-Step RT-qPCR kit (Promega,
USA). Forward and reverse oligonucleotides were designed
based on published literature (Table 1) and validated using
SnapGene soware (GSL Biotech LLC, USA) before being
acquired from T4 OLIGO (Mexico). Data normalization was
achieved using GAPDH as the endogenous control for HepG2
cells and HPRT1 for HHSC-N cells. Relative expression was
calculated using the 2−DDCT method.28 The expression of the
genes carnitine palmitoyltransferase I (CPT1A) and perilipin 1
(PLIN1) was quantied in HepG2 cells. In contrast, in HHSC-N
cells, the analyzed genes were smooth muscle alpha-actin
(ACTA2) and alpha-1 collagen chain type I (COL1A1).

Statistical analysis

The data were analyzed using GraphPad Prism soware, version
9.4.1 (Dotmatics, UK). A one-way or two-way analysis of variance
(ANOVA) with Tukey or Dunnett's multiple comparisons tests
was used to evaluate the results. Vertical bars in the graphs
represent standard deviation (SD). All assays were performed in
triplicate (n = 3). Statistical signicance was dened as p < 0.05,
with signicance levels indicated as follows: not signicant (ns),
p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).

Results and discussion
Total phenolic content and antioxidant activity of CGE

The Total phenolic content (TPC) and antioxidant activity of
GCE were evaluated using the Folin-Ciocalteu colorimetric
method and DPPHc inhibition assay, respectively. Results
showed a TPC of 180.51 ± 30.26 mgEAG g−1 of GCE and an
RSC Adv., 2025, 15, 46775–46789 | 46779
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Table 1 Oligonucleotide sequences evaluated in HepG2 and HHSC-N cellsa

Gene ID F (50 30) R (50 30)

HepG2 CPT1A NM_001876.4 GATCCTGGACAATACCTCGGAG CTCCACAGCATCAAGAGACTGC
PLIN1 NM_002666.5 GCGGAATTTGCTGCCAACACTC AGACTTCTGGGCTTGCTGGTGT
GAPDH NM_002046.7 GCATCTTCTTGTGCAGTGCC GAGAAGGCAGCCCTGGTAAC

HHSC-N ACTA2 NM_001613.4 CTGTTCCAGCCATCCTTCAT TCATGATGCTGTTGTAGGTGGT
COL1A1 NM_000088.4 GCCTCAAGGTATTGCTGGAC ACCTTGTTTGCCAGGTTCAC
HPRT1 NM_000194.3 TGGTCAGGCAGTATAATCCAAAGA TTCAAATCCAACAAAGTCTGGCT

a HHSC-N: activated HSCs from a MASH donor.
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antioxidant activity of 30.86 ± 4.3 mM EAC in 100 mg mL−1 of
GCE, equivalent to a 40% inhibition of DPPHc. These ndings
align with prior studies on Robusta coffee bean extracts, where
phenolic compounds were strongly linked to antioxidant
capacity.29,30 Notably, Robusta beans, known for their elevated
phenolic content and antioxidant properties,31 highlight their
suitability as a phytochemical-rich source for obtaining GCE.
Untargeted metabolomics and chemoinformatics

The metabolomic analysis was made by UPLC-MS/MS and aer
the ltering steps such as eliminating contaminants, 1942
molecules from 96 different classes and 145 subclasses were
identied. However, to enhance condence in the presence of
chemical classes in GCE, those represented by fewer than 5
metabolites at the class level and fewer than 9 at the subclass
level were grouped as “others with <5” and “others with <9”,
respectively. This renement resulted in a nal list of 35
chemical classes and 26 subclasses (Fig. 2A and B).

The use of chemoinformatic tools revealed the possible
bioactivity of the metabolites by comparing themwith indicated
drugs that help reduce the progression of MASLD and or MASH.
These chemoinformatic analyses identied a metabolite from
GCE structurally like mesalamine, as shown in Fig. 3A. Mesal-
amine is a PPAR-gamma agonist, a receptor that promotes lipid
storage in adipocytes, enhancing insulin sensitivity and
reducing free fatty acid ux to the liver. Consequently, hepatic
fatty acid uptake and steatosis are decreased upon PPAR-
gamma activation.32,33 Moreover, PPAR-gamma is a marker of
differentiated HSCs, and its expression diminishes as these
cells transdifferentiate into myobroblasts. Agonism of PPAR-
gamma has been shown to attenuate HSC activation,34,35 sug-
gesting a potential antibrotic effect.

Moreover, the in silico analysis also revealed a metabolite
fromGCE structurally similar to idebenone, as shown in Fig. 3B.
Idebenone is a Shc inhibitor known for its hepatoprotective
effects, improvement of steatosis, and reduction of pro-brotic
markers like COL1A1 in mouse models. These effects are
attributed to its antioxidant properties and modulation of Shc,
which is more active in MASH.36,37 Additionally, a GCE metab-
olite cysteamine bitartrate-like was identied (Fig. 3C). Cyste-
amine, a cystine-reducing agent approved for cystinosis
treatment, has demonstrated promising effects in NAFLD,
including liver enzyme improvement, oxidative stress reduc-
tion, and antibrotic activity. Although its precise mechanism
46780 | RSC Adv., 2025, 15, 46775–46789
is not fully understood, its inuence on oxidative stress
modulation and adiponectin levels suggests a potential role in
metabolic and hepatic health.38,39
Synthesis and characterization of polymer-lipid hybrid
nanoparticles

Mean size, morphology and zeta potential. The encapsula-
tion system was developed via nanoprecipitation combined
with self-assembly. As illustrated in Fig. 4A and B, the resulting
suspensions exhibited a uniform milky appearance, with no
discernible differences between them. To determine the effect
of GCE incorporation in the PLNs system, the two formulations
were subjected to characterization, focusing on their particle
size, morphology, and surface charge. The incorporation of the
GCE caused a reduction in both the hydrodynamic diameter
and PDI of the nanoparticle system. DLS results indicated
a reduction in hydrodynamic diameter of approximately 20%
aer incorporation of GCE and a PDI of 0.291 ± 0.016 in the
GCE-PLNs (Table 2). Particle size and PDI are critical parame-
ters in optimizing drug delivery systems, as a PDI below 0.3 and
sizes ranging from 10 to 200 nm are ideal for enhancing delivery
efficiency and stability.40,41 The observed reduction in size for
GCE-NPLs is probably attributed to interactions between the
extract and the polymer, which are inuenced by factors such as
hydrophobicity, charge, and polymer molecular weight. Addi-
tionally, the compactness of the polymer matrix plays a signi-
cant role in determining the physicochemical properties of
nanoparticles, including their size and polydispersity.42,43

The formation and size of the nanoparticles were conrmed
through TEM. Both GCE-PLNs and PLNs exhibited a spherical
morphology with a core–shell structure, characterized by two
distinct phases: a high-contrast core corresponding to PLGA
and a thin, low-contrast outer layer attributed to HSPC (Fig. 4E
and F).44 Also, TEM analysis corroborated the hydrodynamic
diameter measurements obtained by DLS, showing that GCE-
PLNs (145.4 ± 26 nm) were smaller than PLNs (179 ± 36.7
nm). Meanwhile, z analysis revealed similar negative values for
both formulations, with no signicant differences (Fig. 4D).
These ndings are consistent with those previously reported for
PLNs coated with HSPC, emphasizing the anionic nature
imparted by the lipid coating.23,45 In drug delivery, the surface
charge of nanoparticles plays a critical role in determining their
efficacy and safety. A near-neutral charge (−10 to +10 mV) is
optimal for systemic delivery, as it minimizes rapid clearance,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chemical profile identified in GCE. (A) Distribution pattern of the chemical classes (ClassyFire nomenclature) represented by at least 5
metabolite members. All chemical classes represented by fewer than 5 metabolites are grouped under “Others with#5”. (B) Distribution pattern
of the chemical Subclasses (ClassyFire nomenclature) represented by at least 9 metabolite members. All chemical subclasses represented by
fewer than 9 metabolites are grouped under “Others with #9”, and metabolites that could not be classified are grouped as “Unassigned”. GCE:
Green coffee extract.
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enhances compatibility with biological systems, and improves
therapeutic outcomes.46,47 Negatively charged nanoparticles are
particularly advantageous for in vivo applications due to their
lower cytotoxicity and hemolytic activity compared to positively
charged counterparts. Additionally, their biodistribution favors
liver-targeted therapies, as they naturally accumulate in the
liver, unlike positively charged nanoparticles, which are rapidly
cleared via the hepatobiliary system.48,49

FTIR analysis. The functional groups of the GCE-PLNs and
PLNs were studied by FTIR. Fig. 4H shows the characteristic
signals of both formulations, as well as the materials used for
their preparation. PLGA exhibited characteristic peaks at
1746 cm−1 and 1271 cm−1, attributed to C]O ester and C-O
stretching, respectively.50,51 HSPC presented peaks at 2920 and
2851 cm−1, corresponding to C–H bond stretches of its
© 2025 The Author(s). Published by the Royal Society of Chemistry
hydrophobic chains, which were also observable in the spectra
of GCE-PLNs and PLNs. Additionally, HSPC showed signals for
the P–O–C bond at 1050 cm−1 and the choline moiety
[-N+(CH2)3] at 968 cm−1.52,53 GCE displayed peaks at 3249 cm−1

and 1598 cm−1, related to C]O and –OH functional groups
from phenolic and other phytochemical compounds.54,55 In
GCE-PLNs, these signals shied to 3377 cm−1 and 1645 cm−1,
suggesting the adsorption of some extract compounds on the
nanoparticle surface. However, the absence of other distinctive
GCE signals and the dominance of PLGA and HSPC signals in
GCE-PLNs indicate a successful encapsulation of GCE within
the nanoparticles.56,57

Encapsulation efficiency and in vitro release kinetics. The
encapsulation efficiency (EE) of GCE-PLNs determined by direct
method was 55.08± 2.86% related to spectroscopic detection of
RSC Adv., 2025, 15, 46775–46789 | 46781
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Fig. 3 Visual representation of the chemical structure similarity among GCE metabolites and ChEMBL-derived molecules with reported
bioactivity. The similarity chart was generated using the FragFP descriptor and DataWarrior's Similarity Chart tool. Selected molecules are
highlighted with dashed arrows: (A) Mesalamine (green), a PPAR-gamma agonist, and 3-Aminosalicylic acid (black), a molecule found in GCE. (B)
Idebenone (blue), a Shc inhibitor, and 2-Methoxy-6-undecyl-1,4-benzoquinone (black), a GCE-derived compound. (C) Cysteamine bitartrate
(dark blue), a cystine-reducing agent, and 3-Methylmalic acid (black), a GCE metabolite. Groups of bioactive molecules are color-coded as
indicated in the legend. GCE: Green coffee extract, PPAR-gamma: peroxisome proliferator-activated receptor gamma.
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CGAs at 324 nm (Fig. 3A). The EE of GCE-PLNs was lower
compared to systems reported in other studies.25,58 This
outcome may be attributed to the hydrophobic nature of GCE
and the use of PLGA 50 : 50 for its encapsulation, as this poly-
mer ratio generally favors hydrophilic compounds. Some
studies suggest that PLGA 65 : 35 could enhance EE% for
bioactive compounds from plant extracts.59,60

As illustrated in Fig. 4I, the release prole of GCE from the
nanoparticle system was monitored over 72 hours quantifying
the content of CGAs in the release medium. The data revealed
a rapid initial release (∼85%) within the rst 6 hours, followed
by a sustained release phase that extended to 24 hours, at which
46782 | RSC Adv., 2025, 15, 46775–46789
point complete GCE release was achieved. Subsequently, start-
ing at 36 hours, a decrease in GCE accumulation in the release
solution was observed. The burst-like initial release observed in
GCE-PLNs likely stems from phytochemical compounds near
the nanoparticle surface, which rapidly diffuse into the solution
due to nanoparticle degradation mechanisms.25,61 Besides,
CGAs exhibit a moderate hydrophilic nature (log P = 1.42),62

facilitating their dispersion in aqueous environments like PBS
and contributing to this rapid release. The subsequent decline
in GCE levels aer 36 hours suggests potential CGAs
degradation.60
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-vis spectra of GCE (A). Appearance of freshly prepared GCE-PLNs (B) and PLNs (C). Zeta potential of GCE-PLNs and PLNs (D). TEM
micrographs of GCE-PLNs (E) and PLNs (F). Schematic representation of GCE-PLNs (G). FTIR spectra of nanoparticle formulations and materials
used in the synthesis (H). Cumulative GCE release from PLNs quantified by dialysis technique for 72 h at pH 7.4, 37 °C and 120 rpm (I). SD (±), n=
3. Student's t-test p < 0.05, ns (not significant). GCE: green coffee extract, PLNs: polymer-lipid nanoparticles, FTIR: Fourier transform infrared
spectroscopy.
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Cell viability of HepG2 and HHSC-N

Cell viability of HepG2 exposed to FFAs. The HepG2 cell line
has been widely used in experiments aiming to replicate stea-
totic conditions, as it retains key metabolic mechanisms that
are affected during the progression of the disease.27,63 HepG2
cells were treated with several concentrations of OA-PA 2 : 1
mixture. MTT assay results showed that none of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
concentrations were cytotoxic to HepG2 aer 24 h of incuba-
tion, and no signicant differences in cell viability were
observed between the different concentrations tested (Fig. 5A).
Oleic and palmitic acid are commonly used in experimental
models of hepatic steatosis because they promote TGs accu-
mulation in hepatocytes, mimicking conditions seen in patients
with metabolic liver diseases.64,65 Some in vitro studies have
shown that concentrations of $1 mM of OA-PA effectively
RSC Adv., 2025, 15, 46775–46789 | 46783
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Table 2 Hydrodynamic diameter and PDI of GCE-PLNs and PLNs
suspended in PBS 1X (pH 7.4). GCE: green coffee extract, PLNs:
polymer-lipid nanoparticles

Sample
Hydrodynamic
diameter (nm) PDI

GCE-PLNs 191.5 � 3.6 0.291 � 0.016
PLNs 218.2 � 8.0 0.394 � 0.021
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induce a steatotic state in hepatocytes without compromising
cell viability.66–68 These ndings are consistent with the cell
viability results obtained from this work for HepG2 cells
exposed to OA-PA mixture.

Cell viability of HepG2 and HHSC-N treated with GCE and
GCE-NPLs. Aer being exposed to the OA-PA 1 mM mixture,
HepG2 cells were incubated with free GCE, GCE-PLNs, and
PLNs for 24 h. According to MTT assay results of Fig. 5B, none of
the treatments demonstrated cytotoxicity, as cell viability
remained above 70% compared to the untreated control. These
results are comparable to those previously reported by other
authors using the same concentration of the extract in HepG2
cell line.69 In MASLD, hepatocyte death is closely associated
with excessive TGs accumulation.4 Maintaining hepatocyte
viability is critical in the treatment of MASLD, as cell death
prevention reduces disease progression and supports liver
tissue regeneration.5,68

On the other hand, HHSC-N cells treated for 48 hours
exhibited a signicant increase in cell number in the untreated
control and GCE-treated groups (Fig. 5C). Remarkably, GCE-
PLNs and PLNs maintained cell numbers like the baseline
observed in freshly seeded untreated cells (0 h). These results
indicate that both GCE-PLNs and PLNs controlled cell growth of
HHSC-N, maintaining cell numbers near baseline levels. Upon
activation, HSCs adopt a proliferative phenotype, and their
increased presence contributes to brosis progression in
MASH.70,71 Thus, it is important that the treatment controls
Fig. 5 Cell viability of HepG2 exposed to OA-PA 2 : 1 mixture (A) and t
HHSC-N cells treated with GCE, GCE-PLNs and PLNs for 48 h (C). SD (±)
(not significant), * (p < 0.033) and ** (p < 0.002). OA: oleic acid, PA: palm
HHSC-N: activated HSCs from a MASH donor.

46784 | RSC Adv., 2025, 15, 46775–46789
HHSC-N proliferation. To clarify this mechanism, further assays
assessing apoptosis markers and proliferation-associated gene
expression would be necessary.
Effect of treatments on steatosis-associated genes in HepG2

Aer 24 h of incubation with the FFAs mixture and 24 h of
treatment with GCE, GCE-PLNs and PLNs, the expression of
steatosis-related genes in HepG2 cells was quantied by RT-
qPCR. As shown in Fig. 6A and B, the steatotic control group
(FFAs) exhibited a signicant upregulation of PLIN1 and CPT1A,
with increases of 76% and 94%, respectively, compared to the
untreated cells (CTRL). The upregulation PLIN1 validates the
accumulation of lipids within hepatocytes, as it plays a critical
role in lipid droplet (LD) formation and stability, facilitating
lipid storage.63,72 Treatments with GCE and GCE-PLNs signi-
cantly reduced the expression of both genes, however, there is
no signicant difference between free GCE and encapsulated
GCE. Likewise, PLNs alone did not alter gene expression relative
to the steatotic control, suggesting that the observed reductions
are specically attributed to the bioactive compounds of GCE.

During MASH, PLIN1 is markedly overexpressed, contrib-
uting to macrovesicular steatosis by promoting lipid droplet
formation and activating genes involved in lipid synthesis and
storage.73 The observed reduction in PLIN1 expression in cells
treated with both free and encapsulated GCE suggests its
potential role in decreasing TGs accumulation, which could
mitigate hepatic steatosis. To corroborate this lipid reduction, it
would be benecial to quantify intracellular TGs levels through
the expression of enzymes pivotal in TGs synthesis.74 Such
analyses would provide more comprehensive evidence of lipid
modulation and offer a stronger validation of GCE's impact on
steatosis.

CPT1A is a key enzyme in the b-oxidation of FFAs and plays
a crucial role in regulating hepatic lipid metabolism. Its
expression and activity are intricately linked to the progression
of MASLD. While elevated CPT1A levels can be advantageous by
reated with GCE, GCE-PLNs and PLNs (B) for 24 h. Number of viable
, n = 3. One-way ANOVA with Tukey multiple comparisons p < 0.05, ns
itic acid, GCE: green coffee extract, PLNs: polymer-lipid nanoparticles,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Relative gene expression of PLIN1 (A) and CPT1A (B) in HepG2 cells treated with FFAs, GCE, GCE-PLNs and PLNs for 24 h. Relative gene
expression of ACTA2 (C) and COL1A1 (D) in HHSC-N treatedwith GCE, GCE-PLNs and PLNs for 48 h. SD (±), n= 3. One-way ANOVAwith Dunnet
multiple comparisons p < 0.05, ns (not significant), * (p < 0.033), ** (p < 0.002) and *** (p < 0.0002). PLIN1: perilipin-1 protein, CPT1A: carnitine
palmitoyltransferase 1A, FFAs: free fatty acids, GCE: green coffee extract, PLNs: polymer-lipid nanoparticles, ACTA2: smooth muscle alpha-2
actin, COL1A1: collagen type I, HHSC-N: activated HSCs from a MASH donor.
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enhancing FFAs oxidation and reducing hepatic inammation,
a deciency in certain contexts may confer a protective effect,
mitigating diet-induced liver damage.75,76 Studies indicate that
a moderate increase in CPT1A activity effectively reduces
intracellular TGs accumulation in both in vitro and in vivo
models.77,78 Thus, it is important to maintain a balanced CPT1A
expression to ensure lipid metabolism homeostasis and prevent
exacerbation of the disease. Notably, GCE and GCE-PLNs appear
to support this equilibrium by not signicantly altering CPT1A
expression.

Effect of treatments on brosis-associated genes in HHSC-N

The expression of probrotic genes in HHSC-N cells was eval-
uated aer 48 h of incubation with GCE, GCE-PLNs, and PLNs.
As illustrated in Fig. 6C and D, both GCE-PLNs and PLNs
signicantly downregulated COL1A1 and ACTA2 genes. Free
GCE also markedly reduced ACTA2 expression; however, its
effect on COL1A1 was less pronounced, showing only a down-
ward trend compared to the untreated HHSC-N control. These
© 2025 The Author(s). Published by the Royal Society of Chemistry
ndings suggest that PLNs enhance the impact of GCE on
ACTA2 and COL1A1 expression, demonstrating an additive or
synergistic effect attributable to the nanoparticle delivery
system, specically to HSPC.79

The downregulation of ACTA2 and COL1A1 genes suggests
an antibrotic effect of GCE-PLNs, as ACTA2 expression is
closely related to the activation of HSCs.80 Previous studies,81,82

have shown that ACTA2 deciency signicantly reduces type I
collagen production, which is consistent with the results of this
work, where down-regulation of ACTA2 and COL1A1 was
observed in HHSC-N aer 48 h of treatment with GCE-PLNs.
Additionally, these ndings align with the cheminformatics
analysis results, where the presence of compounds like mesal-
amine and idebenone in the GCE suggests an antibrotic effect
related to the activation of HSCs and the production of type I
collagen. However, further studies are warranted to validate
these results, including direct measurements of type I collagen
synthesis and a more comprehensive characterization of the
probrotic phenotype in HHSC-N cells. Such investigations
RSC Adv., 2025, 15, 46775–46789 | 46785
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would provide deeper insight into the mechanism of action of
GCE-PLNs and strengthen their potential as a therapeutic
option for liver brosis.

Conclusions

A green coffee extract (GCE) with high phenolic content and
antioxidant activity was successfully obtained and encapsulated
into hybrid polymer-lipid nanoparticles (GCE-PLNs) formulated
from PLGA and HSPC. The incorporation of GCE enhanced the
physicochemical properties of the nanoparticles, resulting in
smaller and more stable particles. The nanoparticles ranged in
size from 140 to 200 nm, with the incorporation of GCE
reducing particle size by 20%. By cheminformatics analysis, we
identied 1942 molecules from 96 different classes and 145
subclasses, revealing structural similarities between GCE
metabolites and three distinct therapeutic compounds for
MASLD and MASH: mesalamine, a PPAR-gamma agonist
involved in lipid metabolism and brosis regulation; cyste-
amine bitartrate, a cystine-reducing agent with antioxidant and
antibrotic properties; and idebenone, a Shc inhibitor known
for its hepatoprotective effects. These ndings highlight the
possible bioactivity of GCE metabolites structurally like known
drugs, suggesting additional pathways through which GCE-
PLNs could exert their benecial effects.

An in vitro MASLD model was employed using human cells.
Hepatic steatosis was modeled by inducing lipid accumulation
in HepG2 cells using a free fatty acid mixture for 24 hours, while
hepatic brosis was modeled with activated hepatic stellate
cells (HHSC-N) from a MASH patient. None of the treatments
exhibited cytotoxicity in the in vitro model and GCE-PLNs
controlled cell growth of HHSC-N aer 48 hours. Moreover,
GCE-PLNs modulated the expression of genes associated with
steatosis and brosis in liver cells. Specically, treatments with
GCE and GCE-PLNs reduced lipid accumulation and the
expression of brosis-related genes, indicating their potential
therapeutic effects in liver diseases. Both free GCE and GCE-
PLNs reduced PLIN1 expression in HepG2 cells without
altering CPT1A, suggesting an anti-steatotic effect that
preserves lipid metabolism homeostasis. Likewise, GCE-PLNs
and PLNs signicantly decreased the expression of COL1A1
and ACTA2 in HHSC-N aer 48 hours of treatment, demon-
strating an enhanced effect attributed to PLNs.

Our ndings highlight the therapeutic potential of GCE and
its encapsulation in addressing the dual challenges of hepatic
steatosis and brosis. Further studies are necessary to conrm
these results in more complex models and assess additional
mechanisms. Overall, our results support the use of GCE-PLNs
as a promising approach for liver therapy, with the potential for
clinical application in MASLD treatment.
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