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Abstract

Scope Foam cell formation is a hallmark of early atherosclerosis, driving plaque development and chronic vascular inflam-
mation. These lipid-engorged macrophages form through excessive uptake of oxidised low-density lipoprotein (oxLDL) and
play a central role in disease progression. Graphene nanoplatelets (GNPs), known for their high surface area and biocompat-
ibility, have emerged as promising nanomaterials for biomedical intervention. This study evaluates the potential of GNPs to
prevent atherosclerosis by targeting foam cell formation.

Methods Computational analyses, including molecular docking and dynamics simulations, were used to assess the bind-
ing affinity of GNPs with key atherogenic proteins such as apolipoprotein B and the LDL receptor. GNPs were structurally
characterised using Raman spectroscopy, X-ray diffraction, and Fourier-transform infrared spectroscopy. In vitro assays were
conducted on RAW264.7 macrophages to assess cytotoxicity, lipid accumulation, cholesterol levels, cytokine production,
and gene expression after treatment with GNPs (1 pg/mL) and oxLDL.

Results GNPs exhibited strong binding affinity to apoB and the LDL receptor, suggesting potential interference with lipid
uptake. Structural analyses confirmed the integrity and purity of the GNPs. In vitro, GNPs showed no cytotoxic effects and
significantly reduced lipid accumulation and intracellular cholesterol levels in oxLDL-treated macrophages. They also sup-
pressed the secretion of pro-inflammatory cytokines (IFNy, IL-6, IL-1p) and downregulated genes associated with foam cell
formation (IL-1p, ACAT-1, CD36), while upregulating ABCA1, a key gene involved in cholesterol efflux.

Conclusion These findings demonstrate that GNPs effectively inhibit foam cell formation, reduce atherogenic inflamma-
tion, and enhance lipid clearance in macrophages. GNPs represent a promising nanotherapeutic strategy for the prevention
of atherosclerosis.
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Atherosclerosis, a chronic arterial disease, is a leading cause
of ischemic stroke, myocardial infarction, and unstable
angina, often progressing silently over many years before

< Rafeezul Mohamed
rafeezul @usm.my

Department of Biomedical Science, Pusat Kanser Tun
Abdullah Ahmad Badawi, Universiti Sains Malaysia,
Bertam, 13200 Kepala Batas, Pulau Pinang, Malaysia

Department of Toxicology, Pusat Kanser Tun Abdullah
Ahmad Badawi, Universiti Sains Malaysia, Bertam,
13200 Kepala Batas, Pulau Pinang, Malaysia

Department of Dental Science, Pusat Kanser Tun Abdullah
Ahmad Badawi, Universiti Sains Malaysia, Bertam,
13200 Kepala Batas, Pulau Pinang, Malaysia

Institute of Nano Electronic Engineering, Universiti Malaysia
Perlis, 01000 Kangar, Perlis, Malaysia

manifesting as acute cardiovascular events [1]. Despite
advancements in treatments such as surgical interventions
and the management of hyperlipidemia and hypertension,
it remains a major global cause of mortality, underscoring
the urgent need for novel therapeutic strategies [2]. The dis-
ease progresses through three stages: lipid streaks, fibrous
plaques, and advanced lesions with thrombosis [2]. Early
lipid accumulation in arterial walls triggers macrophage
infiltration and foam cell formation, initiating atherogen-
esis [3]. As vascular smooth muscle cells migrate and form
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fibrous caps over atherosclerotic sites, plaques stabilize,
although necrosis within the plaques may occur [4]. In
advanced stages, expansion of necrotic cores and interac-
tions with coagulation factors significantly increase the risk
of thrombosis [5]. Foam cell formation, a pivotal process in
atherogenesis, results from an imbalance in lipid homeo-
stasis. Excessive lipid uptake via scavenger receptors (SRs)
such as CD36, SRA-1, LOX-1, and Toll-like receptor 4
(TLR4) and impaired lipid efflux mediated by transporters
like ABCA1 and ABCGI contribute to macrophage dysfunc-
tion, inflammation, and plaque progression [6, 7]. However,
the intricate mechanisms underlying these pathways remain
inadequately understood, limiting the development of effec-
tive targeted therapies [8].

Nanoparticle-based strategies have shown promise in
modulating macrophage behavior in atherosclerosis. Zhang
et al. demonstrated that biodegradable PLGA-b-PEG nano-
particles carrying a Liver X receptor (LXR) agonist prefer-
entially accumulated in plaque macrophages, enhancing cho-
lesterol efflux gene expression and suppressing inflammatory
signaling [9]. LXRs are nuclear receptors that regulate cho-
lesterol metabolism and inflammation in macrophages, and
their activation has been shown to attenuate atherosclerosis;
however, systemic administration of free LXR agonists can
cause adverse effects, such as hepatic steatosis and elevated
triglycerides [9]. These nanoparticles delivered GW3965
directly to plaque macrophages, improved LXR target
gene expression and anti-inflammatory responses in vitro,
and reduced macrophage content in plaques by ~50% in
LDLR™/" mice without causing liver toxicity [9].

Complementing these drug-loaded strategies, Tang et al.
developed a high-throughput library of HDL-mimicking
nanoparticles with varied compositions to systematically
evaluate how physicochemical properties influence target-
ing of specific immune cell types [10]. Using ApoE/™ mice,
they assessed nanoparticle accumulation in macrophages
via flow cytometry, near-infrared imaging, and PET/CT,
identifying formulations that preferentially targeted plaque
macrophages while minimizing off-target uptake [10]. These
studies highlight that both nanoparticle design and material
properties critically affect foam cell modulation and inflam-
matory signaling [10]. Building on these insights, our study
investigates whether graphene nanoplatelets, through their
intrinsic physicochemical characteristics, can suppress mac-
rophage foam cell formation and atherogenic inflammation
without the need for drug loading or surface functionaliza-
tion. To achieve this, we combined computational modeling
with experimental validation to elucidate how graphene nan-
oplatelets modulate macrophage lipid handling and inflam-
matory pathways.

Graphene nanoplatelets (GNPs) offer a unique combina-
tion of physicochemical properties, including high surface
area, mechanical stability, and intrinsic ability to interact
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with biomolecules such as apolipoprotein B (ApoB) and
low-density lipoprotein receptor (LDLR), making them
promising candidates for modulating macrophage foam cell
formation. Unlike polymeric or other non-metallic nano-
particles, GNPs do not require encapsulated drugs or syn-
thetic ligands to exert potential biological effects, which may
reduce formulation complexity and off-target interactions
[11, 12]. These features provide a mechanistic rationale for
investigating GNPs as a novel nanomaterial in the context
of atherosclerosis.

Importantly, prior in vivo studies provide supporting evi-
dence for the biomedical applicability and biocompatibility
of graphene-based materials. Graphene derivatives have been
extensively investigated in animal models of neural regeneration
and spinal cord injury, where they demonstrated favorable tissue
integration, modulation of inflammatory responses, and accept-
able in vivo biocompatibility [13]. In parallel, in vivo toxico-
logical evaluations of graphene oxide nanoplatelets have shown
that these materials can be systemically tolerated at controlled
doses, without inducing significant adverse effects in major
organs or hematological parameters, supporting their transla-
tional feasibility [14]. Furthermore, comprehensive analyses of
graphene nanomaterials have emphasized that in vivo safety and
biological responses are strongly influenced by physicochemi-
cal characteristics such as particle size, surface chemistry, and
dose, with appropriately engineered graphene-based materials
exhibiting acceptable biocompatibility profiles [15]. Although
these studies primarily focused on neurological or toxicological
applications rather than cardiovascular disease, the demonstrated
in vivo biocompatibility and inflammation-modulating proper-
ties of graphene-based materials provide a strong rationale for
investigating GNPs in other inflammation-driven pathologies,
including atherosclerosis and macrophage foam cell formation.

Low-density lipoprotein (LDL) itself is a naturally occur-
ring nanoscale particle whose biological behavior is governed by
ApoB-100, the primary structural protein responsible for LDL
recognition and internalization via the LDLR and other lipid-
handling receptors on target cells, including macrophages [12,
16]. Recent studies with LDL-based nanoparticles have shown
that these particles preferentially accumulate in atherosclerotic
plaques and are taken up by intimal macrophages, exploiting
native ApoB-mediated interactions involving LDLR and scav-
enger receptors such as CD36 and SR-A [11]. These findings
suggest that nanoparticle interactions with ApoB or LDLR may
elicit biological responses analogous to those triggered by native
LDL particles, including cholesterol trafficking, foam cell modu-
lation, and regulation of inflammatory signaling [12]. Notably,
these LDL-mimicking nanoparticles achieved targeting with-
out the need for synthetic ligands, highlighting the sufficiency
of ApoB itself as a biological targeting ligand [11, 12]. Based
on this emerging paradigm, we hypothesize that GNPs, owing
to their large surface area and intrinsic physicochemical char-
acteristics, may interact with ApoB or ApoB-associated LDL
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complexes and thereby influence LDLR-mediated lipid uptake,
scavenger receptor pathways (CD36/SR-A), and macrophage
foam cell formation. This hypothesis provides a mechanistic
rationale for investigating GNP interactions with ApoB and
LDLR in the context of atherosclerosis, bridging insights from
native LDL behavior, LDL-mimicking nanoparticles, and poten-
tial GNP effects on foam cell biology.

Our prior computational studies demonstrated that pristine
graphene exhibits strong binding affinities with atherosclero-
sis-related receptors, particularly TLR4 (— 13.3 kcal/mol), fol-
lowed by LOX-1 (—11.3 kcal/mol), SRA-1 (—11.2 kcal/mol),
and CD36 (—10.7 kcal/mol) [17]. These findings suggested that
graphene could modulate receptor activity, influencing pathways
critical to foam cell formation and inflammation. Building on
these computational insights, the current study was designed to
investigate commercially available GNPs, which share structural
features with pristine graphene, for their potential to interact
with ApoB, LDLR, and SRs. This rationale directly connects
our prior in silico findings with the experimental and modeling
work presented here, providing a clear mechanistic basis for
exploring GNPs as modulators of macrophage foam cell for-
mation and inflammatory signaling.

Graphene, a single layer of sp2-hybridized carbon atoms
arranged in a hexagonal lattice, was first isolated in 2004 and
has since emerged as a promising material for various biomedi-
cal applications due to its unique physicochemical properties
and biocompatibility [18, 19]. Applications of graphene-based
materials include biosensing, drug delivery, photothermal ther-
apy, and tissue engineering. Among these materials, GNPs stand
out for their cost-effectiveness and practicality in experimental
applications. GNPs, consisting of monolayer and multilayer
graphene (2-10 layers) along with nanostructured graphite, are
commercially available and offer a broad thickness range of
0.34-100 nm [20, 21]. Their large specific surface area enhances
interaction and load transfer in biological systems, making
them an attractive choice over other nanomaterials like carbon
nanotubes [21]. Graphene-based nanomaterials have attracted
significant interest in biomedical research due to their unique
physicochemical properties and potential for diverse applica-
tions. Specifically, GNPs have gained attention for their acces-
sibility and cost-effectiveness, further reinforcing their value in
experimental studies.

Macrophages interact with nanoparticles via cell-surface
receptors, including SRs, which are crucial for processes
like phagocytosis and immune regulation [22]. Among these
receptors, CD36 is particularly significant in mediating the
uptake of oxidized low-density lipoprotein (oxLDL), a key
event in foam cell formation and the associated inflamma-
tory responses [23]. When CD36 binds to its ligands, it trig-
gers intracellular signaling cascades that regulate energy
metabolism, mitochondrial activity, apoptosis, and oxidative
stress, ultimately shaping macrophage behavior [23]. These
interactions suggest that nanoparticles, such as graphene

nanoplatelets, may inhibit oxXLDL uptake, offering potential
strategies to prevent atherosclerotic plaque development.

Building on these computational insights, this study inte-
grates predictions with experimental validation to explore the
potential of commercially available GNPs in modulating athero-
genesis. The GNPs used were selected to align structurally with
the graphene models used in silico. They were characterized
using Raman spectroscopy, XRD, and FTIR to confirm their
structural properties. Subsequently, in vitro assays, including
cell viability, Oil Red O staining, total cholesterol estima-
tion, ELISA, and gene expression analysis, were employed to
assess their biocompatibility and effects on foam cell forma-
tion. By bridging computational insights with experimental
evidence, this study provides a comprehensive understanding
of graphene’s interaction with atherosclerosis-related receptors,
including LDLR and ApoB. These findings highlight the poten-
tial of graphene-based nanomaterials, particularly commercially
available GNPs, in modulating foam cell formation and offer
promising prospects for their application in atherosclerosis
management.

Materials and Methods
Selection and Preparation of Target Proteins

Three-dimensional structures of the low-density lipopro-
tein receptor (LDLR; PDB ID: 1AJJ) were retrieved from
the Protein Data Bank, while the apolipoprotein B (ApoB;
UniProt ID: P04114) sequence was obtained from the Uni-
Prot database. Prior to docking analysis, protein structures
were prepared using AutoDockTools by removing crystal-
lographic water molecules and non-essential structural com-
ponents. Hydrogen atoms and partial charges were added as
required, and the finalized protein structures were converted
into PDBQT format for subsequent docking studies. To iden-
tify potential ligand-binding regions, all protein structures
were analyzed using the P2Rank algorithm, which predicts
ligandable pockets based on surface geometry and physico-
chemical features. The highest-ranked binding pockets pre-
dicted by P2Rank were selected and used as target sites in
the docking simulations [24].

Construction of Graphene Models

GNP models were constructed based on previously reported
structural parameters and publicly available references, includ-
ing industrial and academic sources. Two-dimensional graphene
representations were generated and cross-validated using the
PubChem database to ensure structural consistency. The final-
ized graphene structures were saved in Structure Data File
(SDF) format to enable compatibility with downstream com-
putational analyses [25].
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Active Site Identification

Ligand-binding regions within the protein structures were ana-
lyzed using PrankWeb, the web-based implementation of the
P2Rank algorithm, to improve confidence in binding site selec-
tion. Identified pockets, including the most ligandable regions
in both LDLR and ApoB, were used to define the spatial loca-
tion and dimensions of grid boxes for molecular docking. The
combined use of P2Rank and PrankWeb allowed for a robust
identification of plausible ligand interaction sites by integrating
surface topology, electrostatic properties, and machine-learn-
ing—based ligandability scoring [24, 26].

Molecular Docking Analysis

Molecular docking simulations were carried out using Auto-
Dock Vina to evaluate interactions between graphene nanoplate-
lets and the selected protein targets [27]. Grid box parameters
were defined based on the predicted active sites, and docking
simulations were performed to explore energetically favora-
ble binding configurations. Binding affinities were reported as
docking scores (kcal/mol), with more negative values indicating
stronger predicted interactions between graphene models and
target proteins.

Interaction and Binding Analysis

The resulting protein-graphene complexes were visualized and
analyzed using PYMOL to examine binding orientation and
surface interactions. In addition, BINANA version 2.2 was
employed to identify and characterize intermolecular interac-
tions, including hydrogen bonding, hydrophobic contacts, and
n-related interactions [28]. PDBQT files containing polar hydro-
gens and partial charges served as input for BINANA analysis,
which also enabled detection of intramolecular interactions
within the protein-ligand complexes.

Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were conducted to assess
the stability and dynamic behavior of protein-graphene com-
plexes using GROMACS 2023 on a Linux-based computational
platform. The CHARMM36 force field was applied to generate
system topologies, and protein parameters were prepared using
the pdb2gmx module. Each system was solvated in an explicit
water box, and electrical neutrality was achieved by adding
sodium and chloride ions using the genion tool.

Energy minimization was performed for up to 50,000
steps to eliminate unfavorable contacts and stabilize the sys-
tem. Following minimization, equilibration was carried out
in two phases: first under constant volume and temperature
(NVT) conditions at 300 K for 1000 ps, and subsequently
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under constant pressure and temperature (NPT) conditions
for an additional 1000 ps to stabilize pressure and density.

A production MD simulation was then performed for
100 ns, during which structural stability and conformational
changes were monitored. Key parameters, including root
mean square deviation (RMSD), root mean square fluctua-
tion (RMSF), and radius of gyration (Rg), were calculated
and analyzed using gtgrace to evaluate the dynamic behavior
of the protein—graphene complexes.

Binding Free Energy Estimation

Binding free energies of the protein—graphene complexes
were estimated using the Molecular Mechanics Pois-
son—Boltzmann Surface Area (MM-PBSA) approach. The
calculations were carried out by post-processing equilibrated
molecular dynamics trajectories to quantify the energetic
contributions associated with complex formation.

The binding free energy (AG_bind) was determined
according to the following relationship:

ACTbindZA(} - (AGprotein + AC‘ligand)

complex

where AG onpex represents the total free energy of the
protein-ligand complex, AG,, i, corresponds to the free
energy of the isolated protein, and AG;y,,g denotes the free
energy of the ligand alone.

The total binding free energy was decomposed into indi-
vidual energy components, including molecular mechanics
terms and solvation energies. Molecular mechanics contri-
butions consisted of van der Waals and electrostatic inter-
actions, while solvation effects were evaluated using the
Poisson—Boltzmann model for polar solvation and solvent-
accessible surface area (SASA) calculations for nonpolar
solvation contributions. This energy decomposition ena-
bled identification of the dominant interactions governing
complex stability and binding affinity between the graphene
nanoplatelets and target protein receptors.

Cell Line, Culture Conditions, and Reagents

The murine macrophage cell line RAW264.7 was obtained
from the American Type Culture Collection (ATCC, Manas-
sas, VA, USA). Cells were maintained in RPMI-1640
medium supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin—streptomycin, and incubated at 37 °C in
a humidified atmosphere containing 5% CO,. OxLDL and
GNPs (2-10 nm) were procured from Thermo Fisher Scien-
tific (Waltham, MA, USA).
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Characterization of Graphene Nanoplatelets

The structural and chemical properties of GNPs were eval-
uated using multiple complementary techniques. Raman
spectroscopy (Witec Alpha 300R, WITec GmbH, Germany)
was used to assess layer structure and quality. X-ray dif-
fraction (XRD), (D2 Phaser, Bruker, Billerica, MA, USA)
was employed to determine the crystalline phase, while
Fourier-transform infrared spectroscopy (FTIR), (Perki-
nElmer, Waltham, MA, USA) was used to identify surface
functional groups.

Cell Viability Assay

Cellular viability in response to GNPs exposure was deter-
mined using the PrestoBlue™ reagent (Thermo Fisher Scien-
tific, Waltham, MA, USA). RAW264.7 cells were seeded at a
density of 5x 10* cells/well in 96-well plates and allowed to
adhere overnight. Cells were then treated with GNPs at con-
centrations ranging from 0.1 to 50 pg/mL for 24, 48, and 72 h.
After treatment, the medium was removed, cells were washed
with phosphate-buffered saline (PBS), and a mixture of 10 uL
PrestoBlue™ reagent with 90 pL fresh RPMI medium was
added per well. Plates were incubated in the dark at 37 °C for
50 min, and fluorescence was measured at excitation/emission
wavelengths of 540-570 and 544-590 nm, respectively, using a
FLUOstar Omega microplate reader (BMG Labtech, Ortenberg,
Germany). Blank readings were subtracted, and cell viability
was expressed as a percentage of untreated controls.

RAW264.7 Cells Treated with oxLDL, GNPs
and Combination of oxLDL and GNPs

RAW264.7 macrophages were cultured in complete RPMI
medium containing 10% FBS and 1% penicillin-streptomycin
and were first incubated for 24 h to allow cell attachment. Fol-
lowing this, cells were treated with either 100 pg/mL of oxLDL,
1 pg/mL of GNPs, or a combination of both administered con-
currently for 24 and 48 h. This treatment design allows assess-
ment of GNPs’ ability to prevent foam cell formation during
lipid uptake rather than reversing pre-formed foam cells. The
treated cells were collected at respective times for further use in
following experiments.

Oil Red O Staining

To visualize intracellular lipid deposits, cells were fixed in 10%
formaldehyde for 30 min and washed twice with PBS. Cells
were pre-treated with 60% 2-propanol for 15 s to enhance stain-
ing, then incubated with 0.2% Oil Red O solution in 60% 2-pro-
panol for 50 min. Excess dye was removed with brief 2-propanol

washes, followed by two PBS washes. Nuclear counterstain-
ing was performed with Mayer’s hematoxylin for 1 min. Lipid
droplets and nuclei were visualized under an Olympus LX51
inverted microscope at 40 X magnification. Quantitative analy-
sis of lipid accumulation was performed using ImagelJ software
(NIH, USA). Images were converted to 8-bit grayscale, and
background noise was reduced using the Subtract Background
function. Lipid droplets were segmented using a consistent
threshold across all samples and converted into binary images.
The Analyze Particles function was applied to quantify Oil Red
O-positive area, droplet number, and droplet size. Lipid accu-
mulation was expressed as the percentage of Oil Red O-positive
area relative to the total cell area.

Cholesterol and Cholesteryl Ester Quantification

Total cholesterol (free cholesterol plus cholesteryl esters)
in treated cells was measured using a Cholesterol/Cho-
lesteryl Ester Quantitation Kit (Abcam, Cambridge,
MA, USA) according to the manufacturer’s instructions.
Briefly, 50 uL of cell lysate diluted in reaction buffer was
mixed with 50 uL of either the total or free cholesterol
assay mixture in a 96-well plate and incubated at 37 °C for
60 min in the dark. Fluorescence was measured at 535 nm
excitation and 595 nm emission using a FLUOstar Omega
plate reader (BMG Labtech, Ortenberg, Germany).

Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of pro-inflammatory cytokines IFNy,
IL-6, IL-1p, and TNF-a in the culture supernatants of treated
RAW?264.7 cells were measured using the Mouse ELISA Kit
Ready Set Go (Bio-Techne, Minneapolis, MN, USA) fol-
lowing the manufacturer’s instructions. For each cytokine,
96-well plates were coated with the corresponding capture
antibody and incubated at 4 °C overnight. After coating,
plates were washed three times with 300 uL wash buffer per
well, and a blocking step was performed by adding diluent
buffer and incubating at room temperature for 1 h. The dilu-
ent buffer was then removed, followed by two washes with
wash buffer. Serial dilutions of standards were prepared in
eight concentrations for each cytokine, and samples along
with blanks were added to the appropriate wells. Plates were
sealed and incubated at 4 °C overnight. After incubation,
plates were washed four times to remove unbound proteins.
Detection antibodies specific for each cytokine were added
and incubated at room temperature for 1 hour, followed
by four washes. Avidin-HRP was then added to each well
and incubated at room temperature for 30 min. Plates were
washed six times to remove unbound enzyme conjugate.
Subsequently, 1 x TMB substrate solution was added and
incubated at room temperature for 15 min to allow color
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«Fig. 1 Structural representation of ApoB-100 and LDL receptor. A
Simplified three-dimensional structure of an ApoB-100 large seg-
ment, highlighting secondary structural elements: helical regions
(cyan), p-sheet regions (red), and loops/turns (magenta). B Simpli-
fied three-dimensional structure of the LDL receptor ligand-binding
domain (LRS5), shown using a distinct color scheme for clarity. C
Close-up view of the LDL receptor binding region illustrating key
interacting residues (TRP19, ASP22, GLY24, ASP26) involved in
ligand interactions. D Quantitative comparison of secondary struc-
ture composition between the ApoB-100 large segment and the LDL
receptor LRS domain

development. The reaction was stopped using the provided
stop solution, and absorbance was measured at 450 nm
with 570 nm as the reference wavelength using a FLUOstar
Omega microplate reader (BMG Labtech, Ortenberg, Ger-
many). Cytokine concentrations were calculated by compar-
ing sample absorbance to standard curves.

Total RNA Extraction and cDNA Synthesis

Total RNA was isolated from treated RAW?264.7 cells using
TRIzol™ reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s protocol. RNA
purity and concentration were evaluated using a NanoDrop
spectrophotometer, with A260/A280 ratios between 1.7
and 1.9 considered acceptable for downstream applications.
RNA integrity was confirmed by agarose gel electrophoresis,
which showed clear 28S and 18S rRNA bands.

For cDNA synthesis, 2 ug of RNA was reverse-tran-
scribed using the Tetro cDNA Synthesis Kit (Bioline,
London, UK) in a total reaction volume of 20 uL. The
reaction mixture included RNA, oligo(dT)18 primers,
10 mM dNTPs, 5xRT buffer, RNase inhibitor, Tetro
Reverse Transcriptase, and DEPC-treated water. The reac-
tion was gently mixed, incubated at 45 °C for 30 minutes,
then terminated by heating at 85 °C for 5 min and cooled
on ice. Successful cDNA synthesis was verified by PCR
amplification of the GAPDH gene (110 bp) prior to further
analysis.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Gene expression analysis was performed using the Sensi-
FAST SYBR Hi-Rox Kit (Bioline, London, UK) on a StepO-
nePlus Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). Each 20 pL reaction contained 10 uL of
2x SYBR mix, 0.8 pL of 10 uM forward and reverse primer
mix, 2 uL cDNA template, and 6.4 pL nuclease-free water.

Thermal cycling conditions consisted of an initial dena-
turation at 95 °C for 2 min, followed by 40 cycles of 95 °C

for 5 s and 60 °C for 30 s. The primer sequences used for
target genes were:

IL-1B: Forward 5'-AAGGAGAACCAAGCAACGACA
AAA-3', Reverse 5'-TGGGGAACTCTGCAGACTCAAACT
-3

ABCALI: Forward 5'-TGAAGCCTGTCCAGGAGTTC-3’,
Reverse 5'-ATGACAAGGAGGATGGAAGC-3’

ACATI1: Forward 5-GCAGGGAAGTTTGCCAGT
GAGA-3’, Reverse 5'-GAACACGGTCTTGAGCTT
TGGC-3'

CD36: Forward 5'-TTTCCTCTGACATTTGCAGGTTCT
A-3', Reverse 5'-AAAGGCATTGGCTGGAAGGAA-3’

Relative mRNA expression levels were calculated using
the AACt method, with GAPDH serving as the internal ref-
erence gene.

Statistical Analysis

All experiments were performed in triplicate, and data are
presented as mean =+ standard deviation (SD). Statistical
analyses were conducted using GraphPad Prism Version
6.01. Comparisons between multiple groups were carried
out using one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test. Differences were considered sta-
tistically significant at P < 0.05. Significance levels are indi-
cated as follows: n.s., not significant; *P <0.05; **P <0.01;
*#*P <0.001; ***¥P <0.0001.

Results

Structural Role of ApoB-100 and LDLR
in Atherosclerosis: A Foundation for Nanomaterial
Interaction Studies

The ApoB-100 (Fig. 1A) and LDLR (Fig. 1B) are essen-
tial components in cholesterol metabolism and are intri-
cately linked to the development of atherosclerosis [29,
30]. ApoB-100, encoded by the APOB gene (UniProt ID:
P04114), is a large glycoprotein consisting of 4563 amino
acids. It is the principal structural and functional protein of
low-density lipoproteins (LDL), playing a critical role in
facilitating LDL recognition and internalization by hepato-
cytes through receptor-mediated endocytosis [29].

As shown in Fig. 1A, the simplified three-dimensional
structure of ApoB-100 reveals a heterogeneous second-
ary structure composition, dominated by helical regions
(cyan), interspersed with B-sheet regions (red) and loop/
turn regions (magenta). Quantitative analysis of secondary
structural elements (Fig. 1D) indicates that helical regions
constitute the largest proportion of the ApoB-100 struc-
ture, followed by p-sheet and loop components, reflecting
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the flexible and extended conformation required for LDL
particle assembly and receptor interaction.

However, oxidative modifications of LDL result in the
formation of oxLDL, which alters the structure of ApoB-
100. These changes impair its binding affinity for LDLR
and shift its interactions toward scavenger receptors such
as LOX1 and CD36, ultimately leading to foam cell for-
mation and the progression of atherosclerosis. Moreover,
genetic polymorphisms in APOB, such as those defining
the low-density lipoprotein cholesterol level quantitative
trait locus 4 (LDLCQ4), are associated with variations in
cholesterol metabolism, further increasing susceptibility
to cardiovascular diseases [29].

The LDL receptor, particularly its ligand-binding mod-
ule 5 (LBS5; PDB ID: 1AJJ), is a transmembrane glyco-
protein critical for LDL uptake [30]. Figure 1B presents
the simplified three-dimensional structure of the LDLR
LB5 domain, with the ligand-binding region explicitly
highlighted. LB5 directly interacts with ApoB-100 on
the surface of LDL particles, mediating their clearance
from circulation. A detailed view of the binding interface
(Fig. 1C) identifies key residues involved in ligand rec-
ognition, including TRP19, ASP22, GLY24, and ASP26,
which collectively define the functional binding region of
the receptor. Structural studies of LB5 have highlighted
its specificity for ApoB-100, underscoring its essential
role in regulating cholesterol levels [30]. Dysfunction
in LDLR, whether due to genetic mutations or oxidative
damage, leads to impaired LDL clearance and contributes
to the formation of atherogenic plaques [30].

In this study, ApoB-100 was selected as a representative
for both native LDL and oxLDL due to its central role in
LDL receptor recognition and its susceptibility to oxidative
modifications, which are key processes in atherogenesis.
Similarly, the LDLR’s LB5 module was chosen as a model
for understanding receptor functionality in LDL clearance.
These biomolecules were analyzed through molecular dock-
ing and molecular dynamics (MD) simulations to elucidate
how nanomaterials, such as graphene, interact with LDL
and LDLR. By investigating these interactions, the study
aimed to assess graphene’s potential in modulating cho-
lesterol transport, foam cell formation, and atherogenesis.
Together, ApoB-100 and LDLR provide critical insights into

the mechanisms underlying atherosclerosis and are invalu-
able for studying the impact of nanomaterials in mitigating
disease progression. Their structural and functional roles
make them ideal targets for computational and experimental
studies aimed at developing novel therapeutic interventions.

Molecular Docking and Interaction Analysis
of Atherosclerosis-Related Proteins with Graphene

A molecular docking study, as summarized in Table 1,
assessed the binding affinities of graphene with two critical
proteins involved in atherosclerosis: ApoB and the LDLR.
The results showed that graphene exhibited a strong bind-
ing affinity with ApoB (—12.9 kcal/mol), suggesting signifi-
cant interactions with the structural and functional domains
of this key component of LDL particles. The interaction
analysis, depicted in Fig. 2B, revealed critical T-stacking
interactions with residues TYR111, PHE107, and PHE390
(indicated by aqua dashed lines). These interactions play a
crucial role in stabilizing graphene’s binding to ApoB and
underscore its potential to disrupt LDL metabolism by inter-
acting with its structural components.

In contrast, graphene’s binding affinity with LDLR was
moderate (— 8.4 kcal/mol). Although weaker than its interac-
tion with ApoB, the binding remains biologically relevant
due to LDLR’s role in LDL clearance. The interaction analy-
sis, illustrated in Fig. 2A, revealed key T-stacking interac-
tions with residues TRP22 and HIS19 (aqua dashed lines)
and cation-z interactions with HIS19 (navy dashed lines).
Hydrophobic interactions, represented by gray spheres, fur-
ther contributed to the binding stability between graphene
and LDLR. These findings suggest that graphene preferen-
tially binds to ApoB over LDLR, highlighting its potential to
interfere with LDL structural components while still inter-
acting with its receptor.

Building on these findings, prior computational studies by
Lat et al. [17] demonstrated that pristine graphene exhibits
strong binding affinities with other atherosclerosis-related
receptors, particularly TLR4 (—13.3 kcal/mol), LOX-1
(= 11.3 kcal/mol), SRA1 (—11.2 kcal/mol), and CD36
(—10.7 kcal/mol) [17]. Graphene’s interaction with TLR4
and CD36 was dominated by hydrophobic forces, emphasiz-
ing its ability to modulate inflammatory and lipid uptake

Table 1 Binding energy

. Proteins Ligand Average binding Standard devia- Standard error of
analysis of I.JDL.receptor and energy (kcal/mol) tion (kcal/mol) mean (kcal/mol)
ApoB protein with the graphene
model (GM) LDL receptor Graphene model (GM) -84 0.05164 0.04083

ApoB protein -129 0.040825 0.040825

This table presents the average binding energy, standard deviation, and standard error of the mean for the
interactions of LDL receptor and ApoB protein with graphene model. These findings suggest a stronger
affinity of graphene towards the ApoB protein, possibly due to its larger size and greater interaction surface
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Fig.2 Detailed interaction analysis using BINANA which identifies
and visualizes ligand-receptor interactions in the binding regions. A
LDLR and B ApoB protein with graphene model. The interactions
are marked by different symbols and colours: aqua dashed lines repre-
sent mt-stacking interactions, navy blue dashed lines represent cation-wt

pathways. Additionally, the cation-m interaction between
the LYS199 residue of SRA1 and graphene provided criti-
cal stabilization to the complex. Similarly, interactions with
LOX-1 included cation-m interactions with ARG208 and
n-stacking interactions with TRP215, further underscoring
graphene’s potential to interfere with LDL uptake and sign-
aling pathways.

Taken together, these results demonstrate that graphene
interacts with atherosclerosis-related proteins through
diverse mechanisms, including T-stacking, cation-x, and
hydrophobic interactions. The strongest affinities were
observed for ApoB and TLR4, indicating graphene’s poten-
tial to disrupt both LDL particle stability and inflammatory
pathways. By combining insights from current and prior
studies, these findings highlight the multifaceted nature of
graphene’s interactions and its potential impact on athero-
sclerosis progression.

Molecular Dynamics Simulation
of Atherosclerosis-Related Protein with Graphene
Interactions

The root mean square deviation (RMSD) analysis provided
insights into the stability and conformational changes of the
protein-graphene complexes (Fig. 3A). For the LDL recep-
tor, the average RMSD was approximately 0.2426 nm, with a
peak value of 0.4196 nm at 66.47 ns, indicating stable interac-
tions with minimal structural fluctuations. The ApoB protein,
however, exhibited higher flexibility with an average RMSD
of 1.7124 nm and a peak value of 2.1365 nm at 96.55 ns,
reflecting greater structural adaptation during its interaction
with graphene. Comparatively, the RMSD values for CD36

interactions, and gray spheres denote hydrophobic interactions. This
representation is schematic and intended to visualize interaction
types; interatomic distances are not drawn to scale. Docking was per-
formed in multiple replicates, and the top-ranked pose from a repre-
sentative run was selected for detailed interaction analysis

(0.199 nm), LOX1 (0.264 nm), TLR4 (0.351 nm), and SRA1
(1.304 nm) from previous simulations [17] indicated varying
degrees of stability, with CD36 showing the least structural
fluctuations and SRA1 the highest among these proteins.

The radius of gyration (Rg) analysis revealed differences
in compactness and conformational stability (Fig. 3B).
The LDL receptor maintained a compact structure with an
average Rg of 0.9247 nm, while ApoB displayed a more
extended conformation with an Rg of 4.5953 nm. Previ-
ous studies by Lat et al. reported Rg values of 1.688 nm
for SRA1, 2.073 nm for LOX1, 2.243 nm for CD36, and
3.114 nm for TLR4 [17]. These findings suggest that ApoB’s
larger size and extended structure result in higher Rg values
compared to other proteins.

The root mean square fluctuation (RMSF) analysis high-
lighted the flexibility of specific residues within the protein-
graphene complexes (Fig. 3C, D). For the LDL receptor,
notable fluctuations were observed around residues 7—8 and
19-27, with significant interactions occurring at residues
HIS19 and TRP22. ApoB protein exhibited prominent flex-
ibility at residues 93—-129 and 366-398, with key binding
interactions at residues PHE107, TYR111, and PHE390,
which contributed to its stability and higher binding affinity
with graphene.

These findings align with prior computational studies by
Lat et al. [17], where CD36 demonstrated the most stable
interactions with graphene due to low RMSD (0.199 nm)
and moderate Rg (2.243 nm), while TLR4 had the highest
Rg (3.114 nm) among all proteins [17]. The results collec-
tively underscore the varying interaction dynamics of differ-
ent proteins with graphene, with ApoB and TLR4 showing
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higher flexibility and structural adaptation, while LDLR and
CD36 demonstrated more compact and stable interactions.

Binding Free Energy Analysis of Graphene
with Atherosclerosis-Related Protein Using
MM-PBSA

The interaction of graphene with the LDLR and ApoB pro-
tein was further evaluated using MM-PBSA calculations
(Fig. 4). The binding free energy (AG Binding) for LDLR

and graphene was calculated at — 18.53 kcal/mol, whereas
the interaction with ApoB exhibited a significantly stronger
binding free energy of —64.35 kcal/mol. These findings
suggest that ApoB has a much higher affinity for graphene
compared to LDLR.

Structural dynamics analysis revealed that ApoB protein
exhibited pronounced fluctuations, particularly in the flex-
ible loop regions (residues PHE107, TYR111, and PHE390),
which directly interact with the graphene surface. In con-
trast, LDLR demonstrated minimal structural fluctuations,
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Fig.3 Molecular dynamics analysis of LDLR and ApoB protein
in complex with graphene. A RMSD: Time evolution of the RMSD
for the backbone of the LDLR (black) and ApoB protein (red) when
interacting with the graphene model (GM). The LDLR shows mini-
mal deviation, indicating stability, while ApoB protein displays
higher deviations due to its structural flexibility. B Compactness
of the LDLR (black) and ApoB protein (red) over time. The LDLR
maintains a stable Rg, indicating a compact and stable structure,
whereas the ApoB protein shows fluctuations in Rg, consistent with
its higher structural flexibility observed in the RMSD analysis. The
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stable Rg of the LDL receptor and the fluctuating Rg of the ApoB
protein provide complementary support for the RMSD results, con-
firming relative stability and flexibility. C RMS Fluctuation of
LDLR: Per-residue RMSF of the LDLR reveals regions of higher
flexibility (highlighted in blue) corresponding to loop regions, while
most of the structure remains stable. D RMSF of ApoB protein: Per-
residue RMSF of the ApoB protein shows larger fluctuations (high-
lighted in blue), particularly in flexible regions such as loops and
unstructured domains, indicating greater mobility compared to the
LDL receptor
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with binding interactions localized to residues HIS19 and
TRP22. These differences highlight the stronger stability
and interaction potential of graphene with ApoB compared
to LDLR.

These findings align with the previously reported binding
free energy results from Lat et al. [17], where graphene dem-
onstrated strong binding affinities with other atherosclerosis-
related receptors, particularly TLR4 (—19.18 kcal/mol) and
CD36 (—18.39 kcal/mol). In contrast, positive binding free
energy values were observed for interactions with SRA1
(378.19 kcal/mol) and LOX-1 (959.79 kcal/mol), indicat-
ing minimal or unfavorable interactions with these proteins.
The dominant forces in graphene’s binding with TLR4 and
CD36 were hydrophobic interactions, whereas the binding
to SRAI involved cation-x interactions with LYS199.

Overall, the MM-PBSA results emphasize the preferen-
tial binding of graphene to ApoB, consistent with its role
in modulating LDL metabolism, while also showing bio-
logically relevant interactions with LDLR. This data fur-
ther complements prior observations of graphene’s selective
interactions with atherosclerosis-related receptors, shedding
light on its potential anti-atherogenic properties.

Characterization of Graphene Nanoplatelets

The Raman spectroscopy analysis of the synthesized GNPs,
as shown in Fig. 5A, highlighted distinct spectral features
that characterize its structural properties. The Raman spec-
trum exhibited a D band peak at 1278.46 cm™' with an
intensity of 5.17, a G band peak at 1569.34 cm™! with an
intensity of 21.25, and a 2D band peak at 2704.1 cm™! with
an intensity of 18.97. The intensity ratio of the D band to the
G band (I_D/I_G) was calculated to be approximately 0.24,
indicative of a relatively low degree of disorder in the gra-
phene structure. This aligns with the high structural integrity

of GNPs considered in our in silico simulations, ensuring
comparable structural characteristics.

The XRD analysis of GNPs, depicted in Fig. 5B, revealed
a prominent peak at a diffraction angle (20) of 26.475°, cor-
responding to the (002) plane of graphene. The calculated
interlayer spacing (d-spacing) was approximately 0.34 nm
(3.4 A), confirming the crystalline nature of the synthesized
GNPs. This structural feature is consistent with the models
used in computational docking and molecular dynamics sim-
ulations, which rely on accurate representation of graphene’s
crystalline characteristics.

Furthermore, the FTIR analysis, as illustrated in Fig. 5C,
revealed functional groups critical for interpreting the inter-
action of GNPs with biological targets. The spectrum exhib-
ited a broad peak at 3434.78 cm™!, corresponding to O-H
stretching vibrations, suggesting the presence of hydroxyl
groups. The peak at 2927.2 cm™! corresponded to C—H
stretching vibrations, while a distinct peak at 1631.91 cm™!
was attributed to C=C stretching vibrations, indicative of
sp2 hybridized carbon atoms in the graphene lattice. Addi-
tionally, a peak at 1049.46 cm™! was associated with C-O
stretching vibrations, representing epoxy or ether groups,
and a peak at 552.34 cm™' could be attributed to out-of-
plane bending vibrations of C—H bonds.

These structural and functional characteristics validate
the suitability of the synthesized graphene for alignment
with in silico studies. The consistent structural properties
ensure that the GNPs used in computational modeling accu-
rately represent the experimentally synthesized material,
bridging the gap between computational predictions and
experimental validation.

MMPBSA (kcal/mol)
Tt s AG_NON &
Receptor AGBinding | AE VDW | AE ELE |AG_POLAR POLAR AGGAS AGSOLV
LDL receptor -18.53 -28.88 -1.28 13.96 -2.33 -30.16 11.63
ApoB -64.35 -72.17 -2.43 16.8 -6.55 -74.59 10.25

Fig.4 Binding free energy analysis using MM-PBSA for LDL recep-
tor and ApoB protein in interaction with the ligand. The table shows
the decomposition of the total binding energy (AG Binding) into van
der Waals energy (AE_VDW), electrostatic energy (AE_ELE), polar

solvation energy (AG_POLAR), and non-polar solvation energy
(AG_NON POLAR). The total gas-phase energy (AG_GAS) and sol-
vation energy (AG_SOLV) are also presented, highlighting the signif-
icant contribution of van der Waals interactions to the binding affinity
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(A) Raman spectra of GNPs
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(B) XRD spectra of GNPs
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Fig.5 Characterisation of GNPs. A Raman spectrum GNPs high-
lighting the D-band, G-band, and 2D-band, indicative of graphitic
structures and defects. B XRD spectrum of GNPs showing a promi-
nent (002) peak, confirming the crystalline nature of graphene. C
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FTIR spectrum of GNPs indicating surface-associated functional
groups commonly observed in graphene nanoplatelets, without com-
promising structural stability
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Cell Viability of RAW264.7 Cells Treated
with Graphene Nanoplatelets

The cell viability of RAW264.7 macrophages treated with
varying concentrations of GNPs for 24, 48, and 72 h is
shown in Fig. 6. At 24 h, GNPs at concentrations between
0.1 and 1 pg/mL reduced cell proliferation by approximately
5%, while at 48 h, this reduction increased to 10%. At higher
concentrations (5-50 pg/mL), a more significant decrease in
cell proliferation was observed, with reductions exceeding
15% at 24, 48, and 72 h. Based on these results, the con-
centration of 1 ug/mL was selected for further downstream
experiments, as it exhibited minimal cytotoxicity while still
demonstrating a measurable impact on cell viability.

Lipid Droplet Accumulation in RAW264.7 Cells
Treated with oxLDL, GNPs, and Their Combination

Lipid droplet accumulation in RAW?264.7 macrophages
treated with oxLDL, GNPs, and their combination was
assessed using Oil Red O staining and visualized under
a microscope (Fig. 7A-D). Lipid droplets appeared as
red-stained structures in the cytoplasm, while cell nuclei
were counterstained blue. In untreated and GNP-treated
RAW?264.7 cells, minimal lipid droplet accumulation was
observed at both 24 and 48 h (Fig. 7A and C). In contrast,
prominent lipid droplet accumulation was detected in the
cytoplasm of cells treated with oxLDL alone at both time
points, indicating foam cell formation (Fig. 7B). Notably, co-
treatment with GNPs markedly reduced lipid droplet accu-
mulation in oxLDL-treated RAW264.7 cells (Fig. 7D). This
inhibitory effect was more pronounced at 48 hours compared
to 24 h, suggesting a time-dependent protective effect of
GNPs against oxLDL-induced lipid accumulation.

Fig.6 Cell viability of
RAW264.7 cells treated with
different concentrations of
GNPs (0.1-50 pg/ml) at 24,

48, and 72 h. Cell viability
decreases significantly in a
dose-dependent and time-
dependent manner, especially at
higher concentrations (10—

50 pg/mL) and longer incuba-
tion periods. The cell viability
percentage were compared
between the untreated group vs.
treated groups (*P <0.05). The
values represent the mean + SD.
The experiment was performed
three times (n=3)
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To quantitatively support these observations, Oil Red O
staining was analyzed using ImagelJ software by measuring
the percentage of Oil Red O—positive area (Fig. 7E). Quanti-
tative analysis confirmed that oxLDL treatment significantly
increased lipid accumulation compared to untreated controls
at both 24 and 48 h (P <0.05). Co-treatment with GNPs
significantly reduced the Oil Red O—positive area relative
to oxLDL-treated cells (P <0.05), with a greater reduction
observed at 48 hours. Data are presented as mean + SD from
three independent experiments (n=3), corroborating the
qualitative staining results.

Total Cholesterol Content in Treated RAW264.7 Cells

The formation of macrophage-derived foam cells is closely
linked to increased total cholesterol levels in macrophages.
To complement the microscopic visualization of lipid drop-
lets, total cholesterol content was quantified in RAW264.7
cells treated with oxLDL, GNPs, and their combination at
24 and 48 h (Fig. 8). GNPs alone slightly increased total
cholesterol compared to untreated cells, but the increase
was markedly lower than that caused by oxLDL. Co-treat-
ment of oxLDL with GNPs significantly reduced choles-
terol accumulation compared to oxLDL alone. RAW?264.7
macrophages treated with oxLDL exhibited significantly
elevated total cholesterol levels compared to untreated cells,
GNP-treated cells, and those co-treated with oxLDL and
GNPs at both 24 and 48 h (P <0.001 and P <0.0001, respec-
tively). Notably, the addition of GNPs to oxLDL-treated
RAW264.7 cells significantly reduced total cholesterol
content at both time points compared to cells treated with
oxLDL alone (P<0.001 and P <0.0001). This reduction
indicates the potential of GNPs to inhibit oxLDL-induced
cholesterol accumulation in macrophages.
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Fig.7 GNPs hinder accumulation of lipid droplets in the cytoplasm
of oxLDL-treated RAW264.7 cells. Untreated RAW264.7 cells (A),
OxLDL-treated RAW264.7 cells (B), GNPs-treated RAW264.7 cells
(C), GNPs and oxLDL-treated RAW264.7 (D), were cultured for 24
and 48 h. In oxLDL-treated cells (B), a significant accumulation of red-
stained lipid droplets is observed, indicating foam cell formation. In
contrast, GNP treatment in combination with oxLDL (D) reduced lipid
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GNPs+oxLDL(48 hour)

droplet accumulation, with a greater reduction observed at 48 h com-
pared to 24 h. The treated RAW264.7 macrophages were visualized
under microscope at 40X magnification after undergone ORO staining at
each treatment time. E Quantification of Oil Red O-positive area (%) was
performed using ImageJ software. Data are presented as mean + SD from
three independent experiments (n=3). Scale bar=40 pm
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(E) Quantification of Oil Red O-positive area (%)
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Fig.7 (continued)

Cytokine Secretion in Treated RAW264.7 Cells

The pro-inflammatory cytokines IFNy, TNFa, IL-1p, and
IL-6 were quantified in the supernatant of RAW264.7 mac-
rophages treated with oxLDL, GNPs, and their combina-
tion at 48 hours (Fig. 9A-D). RAW264.7 cells treated with
oxLDL exhibited significantly higher levels of IFNy, TNFa,
IL-1pB, and IL-6 compared to untreated cells (P <0.05,
P <0.0001, respectively). This elevation highlights the
pro-inflammatory response induced by oxLDL in mac-
rophages. Treatment with GNPs alone resulted in increased
levels of IFNy, TNFa, IL-1f, and IL-6 relative to untreated
cells. However, the elevations in IFNy and TNFa were not

statistically significant, whereas IL-1p and IL-6 were signifi-
cantly increased. Notably, IL-6 secretion in the GNP-only
group was higher than that observed in oxLDL-treated cells.
In contrast, co-treatment with GNPs and oxLLDL resulted in
lower levels of IFNy, TNFa, and IL-1f compared to oxLDL
treatment alone. The addition of GNPs to oxLDL-treated
macrophages significantly reduced the secretion of IFNy,
IL-1f, and IL-6 compared to oxLDL-treated cells (P <0.05,
P <0.0001, P<0.0001, respectively, Fig. 9A, C, and D).
However, GNPs did not significantly alter TNFa levels in
the supernatant of oxLDL-treated macrophages, as shown
in Fig. 9B. These results suggest that GNPs possess an
anti-inflammatory effect by modulating specific cytokines,
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Fig.8 GNPs reduced total cholesterol contents in oxLDL-treated
RAW264.7 cells. Untreated and treated RAW264.7 cells at 24 and
48 h were lysed in RIPA buffer and measured total cholesterol using a
commercial kit. Values are expressed as mean=+SD from three inde-
pendent experiments (n=3). ¥*P <0.05 compared to oxLDL group vs.
combination of oxXLDL + GNPs treated groups

potentially mitigating the inflammatory environment created
by oxLDL in macrophages.

Gene Expression Analysis of Treated RAW264.7 Cells

Gene expression levels of IL-1p, ABCA-1, ACAT-1, and
CD36 were analyzed in RAW264.7 macrophages treated
with oxLDL, GNPs, and their combination for 48 hours
(Fig. 10A-D). RAW264.7 cells treated with oxLDL exhib-
ited significantly higher expression of IL-1p,ACAT-1, and
CD36 compared to untreated cells (P <0.0001), indicating
an inflammatory and pro-atherogenic response (Fig. 10A, C,
and D). Conversely, the expression of ABCA-1, a key regu-
lator of cholesterol efflux, was markedly lower in oxLDL-
treated macrophages (Fig. 10B). The addition of GNPs sig-
nificantly reduced the expression of IL-1f3, ACAT-1, and
CD36 in oxLDL-treated RAW264.7 cells (P <0.0001), sug-
gesting the ability of GNPs to counteract the inflammatory
and pro-foam cell gene profile induced by oxLDL (Fig. 10A,
C, and D). On the other hand, GNPs significantly upregu-
lated ABCA-1 gene expression in oxLDL-treated cells
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compared to oxLDL treatment alone (P <0.0001, Fig. 10B),
highlighting a potential enhancement of cholesterol efflux.
These findings indicate that GNPs modulate the expression
of genes involved in inflammation, lipid metabolism, and
foam cell formation, aligning with their anti-atherogenic
potential demonstrated in other experimental contexts.

Discussion

The current study aimed to investigate the interactions
between GNPs and atherosclerosis-related proteins, along
with their potential effects on macrophage-derived foam
cell formation. This was achieved through a combination of
in silico molecular dynamics simulations and experimental
in vitro assays. The integration of both approaches provides
valuable insights into the mechanisms by which GNPs may
modulate the pathophysiology of atherosclerosis.

Molecular Docking and Interaction Analysis

This molecular docking study reveals that graphene exhibits
a stronger binding affinity for ApoB compared to LDLR.
The higher binding affinity for ApoB indicates graphene’s
preference for interacting with a key structural protein in
LDL, which plays a central role in lipid metabolism and
atherosclerosis development [29]. Our prior computational
studies demonstrated that pristine graphene exhibits strong
binding affinities with atherosclerosis-related receptors,
particularly TLR4 (- 13.3 kcal/mol), followed by LOX1
(—11.3 kcal/mol), SRA1 (- 11.2 kcal/mol), and CD36
(—10.7 kcal/mol) [17]. In this study, molecular docking
and dynamics simulations were performed using the full-
length LDL receptor (LDLR) and ApoB-100, encompassing
all functional domains relevant to LDL recognition, uptake,
and macrophage foam cell formation. While these proteins
are central to foam cell biology, it is acknowledged that
additional receptors, such as LDL receptor-related protein
1 (LRP1), as well as modified LDL components or other
apolipoproteins, may also influence lipid uptake and inflam-
matory signaling. LRP1, a member of the LDLR family,
has been shown to mediate the uptake of aggregated lipo-
proteins and contribute to macrophage foam cell formation,
indicating that multiple receptor—ligand interactions beyond
LDLR-ApoB-100 are relevant in foam cell biology [31].
Furthermore, macrophage scavenger receptors such as CD36
and class A scavenger receptor (SR-A) have been demon-
strated to facilitate uptake of oxidized and modified LDL
species, and their roles may overlap or compensate beyond
the classical LDLR—ApoB-100 pathway, highlighting the
complexity and redundancy of receptor—ligand interactions
in foam cell formation [32]. Future studies incorporating
these additional receptors and ligands could further refine
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Fig.9 GNPs reduced IFNy, IL-1p and IL-6 secretions in the superna-
tant of oxXLDL-treated RAW264.7 cells. The level of IFNy (A), TNFa
(B), IL-1B (C) and IL-6 (D) secreted in the supernatant of untreated
and treated RAW?264.7 cells at 48 h were measured using ELISA kit.

our understanding of GNP effects in the context of foam
cell formation. The interaction between graphene and ApoB,
marked by m-stacking interactions with TYR111, PHE107,
and PHE390, likely disrupts LDL functionality, affecting
lipid homeostasis and potentially promoting foam cell for-
mation, a hallmark of atherogenesis [29]. Although gra-
phene’s binding to LDLR is moderate, its binding remains
significant given the receptor’s essential role in LDL uptake
and clearance [30]. This suggests that graphene could
modulate lipid metabolism and influence atherosclerosis
progression.

The interaction analysis highlights key structural insights
into graphene’s binding mechanisms. For LDLR, T-stacking
interactions with TRP22 and HIS19, and cation-x interac-
tions with HIS19, emphasize the role of aromatic and hydro-
phobic interactions in stabilizing these interactions [33, 34].
Similarly, in ApoB, zm-stacking interactions dominate the
binding process, reflecting the role of aromatic residues in
lipid metabolism [33-35]. Prior studies also noted specific
interaction patterns between graphene and LOX1, including
cation-r interactions with ARG-208 and n-stacking interac-
tions with TRP-215, further emphasizing the critical role
of such non-covalent forces in molecular recognition [17].
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RMSD, Rg, RMSF and Structural Adjustments

Lower RMSD and Rg values observed for LDLR suggest
a more compact structure with limited conformational
changes, reflecting its smaller size and fewer interaction
sites [36, 37]. This compactness is consistent with find-
ings on SRA1, where lower RMSD (0.199 nm) and Rg
(1.688 nm) values indicate structural stability [17]. In con-
trast, ApoB exhibits higher RMSD and Rg values due to its
extended structure, facilitating dynamic interactions with
graphene. For instance, TLR4 showed the highest Rg val-
ues (3.114 nm) when interacting with graphene, highlighting
its flexibility [17]. These dynamics underscore that proteins
like ApoB, with greater flexibility and surface area, form
more stable and multifaceted interactions with graphene
compared to compact proteins like LDLR or SRA1 [36, 37].
Similar trends are seen in PON1, where reduced Rg reflects
structural compactness, enhancing stability and interactions
[38], and in SIRT1, where RMSD and Rg values highlight
the role of flexibility in binding mechanisms and functional
adaptability [39, 40]. RMSF analysis further reveals that
structural adjustments in flexible and aromatic residue-rich
regions of LDLR and ApoB contribute to binding stability
through hydrophobic effects and n-n stacking [41].
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Fig. 10 GNPs down regulated IL-1p, ACAT-1 and CD36 genes but
augment ABCA-1 gene expression in oxLDL-treated RAW264.7
cells. Total RNA was extracted from untreated and treated RAW264.7
cells at 48 hours and was synthesized into cDNA. IL-1f (A),

MM-PBSA and Binding Affinity

MM-PBSA calculations confirm graphene’s stronger binding
affinity for ApoB compared to LDLR, attributed to ApoB’s
larger surface area and ability to form multiple interaction
points [41]. Previously, we reported high binding ener-
gies of graphene with TLR4 (—19.18 kcal/mol) and CD36
(—18.39 kcal/mol), while interactions with SRA1 and LOX1
showed positive free energy values [17]. This highlights
graphene’s reliance on hydrophobic and zw-interactions for
binding stability, as observed with ApoB. In contrast, the
moderate binding affinity of graphene for LDLR suggests
limited potential to directly interfere with LDL uptake and
clearance [42]. The smaller graphene models employed in
this study, though restricting the number of interaction sites,
provide a computationally efficient representation of gra-
phene’s hydrophobic properties and their influence on bind-
ing behaviors [43, 44]. These findings emphasize the criti-
cal role of graphene’s size, shape, and surface properties in
determining binding dynamics.Future investigations should
focus on protein interactions with functionalized graphene
surfaces to better understand the impact of surface chemistry
on binding stability and protein behavior.
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ABCA-1 (B), ACAT-1 (C) and CD36 (D) genes expression were
quantitated using qRT-PCR. Values are expressed as mean + SD from
three independent experiments (n=3). ****P<0.001 compared to
oxLDL group vs. combination of oxLDL + GNPs treated groups

Structural Quality and Functional Group Analysis

In our study, the distinct 2D band in Raman spectroscopy,
along with XRD and FTIR, confirms that the commercial
GNPs used in this study exhibit high structural quality with
minimal defects and preserved graphene layers. The FTIR
analysis also reveals that the GNPs retain several oxygen-
containing functional groups, likely due to partial oxidation
or functionalization during production, as well as exposure
to environmental moisture and air [45]. The FTIR analysis of
the GNPs in this study aligns with findings by Firdaus et al.
who reported that sulfonitric treatments using H,SO, and
HNOj introduce oxygen-containing functional groups such
as hydroxyl (-OH), carbonyl (C=0), and carboxyl (-COOH)
[45]. These modifications enhance the hydrophilicity and
dispersibility of GNPs in polar solvents [45]. Similarly, in
our study, the observed functional groups likely result from
residual oxidation during synthesis or exposure to environ-
mental moisture and air, as evidenced by the O—H stretching
(~3400 cm™!) and C=0 stretching (~1720 cm™") peaks in the
FTIR spectra.

In the current study, the distinct 2D band in Raman
spectroscopy, along with XRD and FTIR, confirms that the
commercial GNPs used in this study exhibit high structural
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quality with minimal defects and preserved graphene layers.
Although this study does not specifically investigate the sta-
bility or aggregation behaviour of GNPs in biological media,
prior studies have shown that functionalized graphene deriv-
atives exhibit improved dispersibility and reduced toxicity.
Future studies should explore the behaviour of GNPs in bio-
logical environments to better understand their stability and
long-term effects.

Inhibition of Foam Cell Formation

The effect of GNPs on foam cell formation was investi-
gated by treating RAW264.7 murine macrophage cells with
oxLDL, GNPs, or a combination of both for 24 and 48 h. The
concentration of GNPs and treatment duration were opti-
mized using cell viability assays. GNPs were administered
concurrently with oxLDL. This design allows assessment
of GNPs’ ability to inhibit foam cell formation during lipid
uptake, rather than reversing established lipid accumula-
tion. Lipid droplets in treated cells were visualized using Oil
Red O staining, a standard technique for assessing foam cell
formation [46]. Microscopic analysis showed a substantial
accumulation of lipid droplets in oxLDL-treated RAW?264.7
cells, indicating successful foam cell formation. In contrast,
treatment with GNPs significantly reduced lipid droplet
accumulation in a time-dependent manner, suggesting that
GNPs inhibit foam cell formation. This observation was sup-
ported by quantifying total cholesterol content, which was
markedly higher in oxLDL-treated cells but significantly
reduced by GNPs treatment. Previous research indicates that
GNPs can extract cholesterol from cell membranes due to
their porous structure and strong surface adhesion, thereby
reducing cholesterol aggregation in lysosomes [47, 48].
Additionally, another graphene-based nanomaterial, namely
GO, has been shown to reduce lipid content in THP-1 mac-
rophages [49] and endothelial cells [50]. Furthermore, GO
has been found to modify lipid profiles in vascular smooth
muscle cells [51] and 3D human brain organoids [52].

Modulation of Inflammatory Cytokines

Further investigation into the mechanisms underlying GNPs’
effects revealed that they modulate several key inflamma-
tory cytokines associated with foam cell formation. ELISA
results demonstrated elevated levels of IFNy, TNFa, IL-14,
and IL-6 in the supernatants of oxLDL-treated RAW264.7
cells. GNPs treatment significantly decreased the secre-
tion of IFNy, IL-1p, and IL-6. These cytokines are crucial
in atherosclerosis; for example, IFNy affects cholesterol
metabolism by modulating the expression of genes such as
ApoE, ABCA-1, and ACAT-1 [53, 54]. Elevated IFNy can
reduce cholesterol efflux and promote foam cell formation,
while GNPs’ ability to inhibit IFNy secretion could thus

reduce cholesterol accumulation. Similarly, IL-1f, which is
activated through the NLRP3 inflammasome and scavenger
receptor CD36, promotes foam cell formation [55]. IL-6,
another key cytokine associated with atherosclerosis, was
also found to be elevated in oxLDL-treated cells. IL-6’s role
in promoting foam cell formation involves increasing the
expression of scavenger receptors like CD36 and SRA [56].
GNPs may decrease the secretion of IFNy, IL-1p, and IL-6
by inhibiting NF-kB, which normally binds to the promoter
regions of these genes. This inhibition prevents NF-kB from
initiating the transcription of various proinflammatory genes
and the subsequent release of proinflammatory factors [57].
A recent study demonstrated that GNPs effectively and rap-
idly remove cytokines from human plasma spiked with a
cytokine cocktail [58]. Within just 5 minutes of direct con-
tact, the concentration of smaller cytokines, IL-8 (8 kDa)
and IL-1p (17 kDa), was reduced from over 1500 pg/mL to
20 pg/mL. In comparison, the removal of larger cytokines,
IL-10 (18.5 kDa) and IL-6 (20.5 kDa), was somewhat
slower, but GNPs still achieved 60 and 50% removal, respec-
tively, within the same time frame [58]. This rapid adsorp-
tion can be attributed to the complete accessibility of the
GNPs surface and minimal diffusion barriers [58]. These
findings highlight the potential of GNPs for the efficient
removal of a broad spectrum of pro-atherogenic cytokines,
which could contribute to the inhibition of atherosclerotic
plaque development.

Gene Expression Modulation

The study also investigated the impact of GNPs on gene
expression related to cholesterol metabolism. Notably,
GNPs were found to decrease the expression of pro-ath-
erogenic genes such as IL-1p and CD36, while increasing
the expression of ABCA-1, which is crucial for cholesterol
efflux [59]. Additionally, GNPs downregulated ACAT-1, an
enzyme involved in cholesterol esterification and foam cell
formation [60]. The increased ABCA-1 expression indicates
enhanced cholesterol efflux and reduced foam cell formation,
which aligns with previous findings that ABCA-1 not only
promotes lipid removal but also exerts anti-inflammatory
effects [59].

The downregulation of CD36 observed in GNP-treated
macrophages suggests that GNPs may interfere with CD36-
mediated pathways, potentially mimicking or competing
with oxLLDL, altering receptor conformation, or modulating
downstream signalling [61]. Previous studies have demon-
strated that ligand-coated nanoparticles preferentially accu-
mulate in plaque macrophages via CD36, reducing lipid
uptake and attenuating foam cell formation and inflamma-
tory signaling [62]. Amphiphilic core/shell nanoparticles
similarly bind to CD36 and SRA, downregulate receptor
expression, and suppress oxLDL uptake in macrophages,
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emphasizing the role of nanoparticle design in modulating
receptor-mediated pathways [63]. Furthermore, EGCG-
loaded nanoparticles targeting CD36 have been reported
to reduce oxLDL uptake, decrease CD36 expression, and
inhibit downstream inflammatory signaling in plaque mac-
rophages [64]. Together, these studies suggest that the down-
regulation of CD36 observed in GNP-treated macrophages in
our study may result from competitive binding with oxLDL,
modulation of receptor conformation, or interference with
downstream signaling, thereby reducing lipid accumulation
and pro-inflammatory responses. This provides a plausible
mechanism by which GNPs may elicit effects similar to the
native ligand of CD36, ultimately attenuating foam cell for-
mation and atherogenic inflammation.

The only related study focused on large-sized graphene
oxide (GO-L), which was shown to inhibit lipid metabo-
lism in THP-1 macrophages via the peroxisome prolif-
erator-activated receptor (PPAR) pathway [49]. Recently,
various nanomaterials have been engineered to enhance
cholesterol efflux, reduce inflammation, and improve out-
comes in atherosclerosis. For instance, HA-Fc/NP3ST, a
nano-module combining disc-shaped HDL and hyaluronic
acid-ferrocene conjugates, demonstrated ROS-responsive
size reduction, targeting cholesterol efflux in macrophages
and reducing plaque and lipid deposition in mice [65].
Similarly, MnO2-curcumin nano-drugs reprogram mac-
rophages from the M1 to M2 phenotype, inhibit HIF-1a,
and restore lipid efflux, effectively reducing foam cell for-
mation [66]. Another nanoprobe, integrating hyaluronic
acid and porphyrin onto black TiO2, targets foam cells
in plaques, modulating the SREBP2/LDLR pathway to
reduce cholesterol uptake and enhance ABCA1-mediated
efflux without causing excessive apoptosis or necrosis
[66].

Size-Dependent Biological Effects of GNPs

The size of GNPs is a critical factor influencing their bio-
logical effects, as evidenced by both in silico and in vitro
studies. Molecular Docking and MD simulations have
shown that smaller GNPs exhibit enhanced interactions
due to their higher surface-to-volume ratio, enabling
stronger protein binding and cellular interactions [17].
These computational findings are consistent with the bio-
logical responses observed in this study, including the
inhibition of foam cell formation and the modulation of
cytokine secretion.

Although the size of GNPs was not directly measured in
this in vitro study, existing literature supports the pivotal
role of size in determining biological activity [67, 68].
Computational studies predict that smaller GNPs, with
their higher surface-to-volume ratio, demonstrate stronger
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binding affinities and more stable interactions with cellular
proteins and membranes [69, 70]. These enhanced inter-
actions promote increased cellular uptake and modulate
pathways related to lipid metabolism and inflammation,
providing a mechanistic explanation for their observed
biological effects. MD simulations further emphasize
the stability and affinity of these interactions, shedding
light on their dynamic nature [70]. Smaller GNPs are par-
ticularly effective in regulating cholesterol content, gene
expression, and inflammatory responses, owing to their
superior penetration capabilities and reactivity [67]. Con-
versely, larger GNPs exhibit reduced binding efficiency
and a tendency for aggregation, which diminishes their
biological activity [68, 69].

The integration of in silico and in vitro approaches high-
lights the significance of GNP size in determining their effi-
cacy. Computational tools provide mechanistic insights into
the size-dependent molecular interactions, while experimen-
tal data validate these outcomes. Together, these findings
reinforce the importance of GNPs size in shaping their bio-
logical effects, offering valuable guidance for their develop-
ment in targeted therapeutic applications.

Nanoparticle Strategy and Prospects
for Atherosclerosis Therapy

GNPs have emerged as a promising nanomaterial for ath-
erosclerosis therapy due to their distinctive physicochemi-
cal characteristics. They possess a large surface area, strong
mechanical stability, and the ability to interact with bio-
molecules such as apolipoprotein B and low-density lipo-
protein receptor. Unlike polymeric or other non-metallic
nanoparticles, GNPs may produce biological effects without
requiring encapsulated drugs or synthetic targeting ligands,
which could simplify formulation and reduce unintended
interactions. Studies involving LDL-based nanoparticles
have demonstrated that ApoB present on the particle sur-
face enables preferential accumulation in atherosclerotic
plaques and uptake by intimal macrophages through LDLR
and SRs such as CD36 and SR-A. These interactions allow
modulation of foam cell formation, cholesterol transport,
and inflammatory signaling without additional surface
modification [11, 12]. Similarly, polymeric nanoparticles,
including PLGA carriers loaded with Liver X receptor ago-
nists, have been shown to enhance cholesterol efflux and
suppress macrophage inflammation both in vitro and in vivo,
although these systems require more complex drug-loading
procedures [9, 10]. High-throughput investigations using
HDL-mimicking nanoparticles have further highlighted that
properties such as size, composition, and surface chemis-
try are critical for achieving selective macrophage targeting
and accumulation in plaques. Taken together, these findings
suggest that GNPs, based on their inherent physicochemical
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properties, may interact with ApoB, LDLR, and scavenger
receptors such as CD36, reduce foam cell formation, and
regulate inflammatory responses. While the current study
focuses on in silico and in vitro analyses, the translational
potential of GNPs is supported by in vivo evidence from
LDL- and HDL-mimicking nanoparticles that accumulate
in plaques and target macrophages. Future research should
evaluate in vivo biodistribution, long-term biocompatibility,
and systemic safety to confirm the clinical applicability of
GNPs.

Influence of Human Serum Albumin and Protein
Corona on GNP Therapeutic Performance

The current study explored the potential of GNPs as a thera-
peutic strategy to mitigate atherosclerosis by targeting foam
cell formation. The results demonstrate that GNPs exhibit
strong interactions with LDLR and ApoB, reduce intracel-
lular lipid accumulation, and modulate inflammatory gene
expression in macrophages. These findings provide mecha-
nistic insight into the anti-atherogenic effects of GNPs and
set the stage to consider how physiological factors, such as
interactions with blood proteins, may influence their thera-
peutic performance. GNPs introduced into biological envi-
ronments are rapidly coated by plasma proteins, forming a
dynamic protein corona that can profoundly influence nano-
particle surface properties, biological identity, and interac-
tions with target molecules [71, 72]. Human serum albumin
(HSA), the most abundant plasma protein, preferentially
adsorbs onto graphene-based nanomaterials, rendering them
surface active and altering interactions with lipid interfaces
and membrane-associated proteins [72, 73]. This adsorption
may modify the accessibility of GNPs to lipid-associated
targets, such as LDLR and ApoB, potentially influencing
lipid uptake, foam cell formation, and inflammatory sign-
aling. Recent reviews have highlighted that protein corona
formation on graphene oxide and related nanomaterials
alters surface chemistry, charge, and hydrophobicity, thereby
modulating cellular uptake, biodistribution, and therapeu-
tic specificity [74]. Furthermore, experimental studies have
shown that HSA binding can induce conformational changes
in the adsorbed protein, which may further influence nano-
particle interactions with biological targets [72, 73]. Taken
together, these findings underscore the importance of con-
sidering albumin and other plasma proteins when evaluating
the therapeutic potential of GNPs, as protein corona forma-
tion may modulate both their targeting efficiency and bio-
logical activity under physiological conditions.

Limitations of the Study and Future Directions

This study serves as a primary investigation into the
interactions between GNPs and key proteins involved in

atherosclerosis. While the in silico and in vitro approaches
provide foundational insights, the absence of in vivo vali-
dation remains a limitation. In vivo models are essential
to fully understand the systemic effects of GNPs on foam
cell formation and lipid metabolism. Future studies should
incorporate animal models to investigate long-term biologi-
cal effects, including potential toxicity and biodistribution.
Additionally, using other cell models relevant to foam cell
formation, such as human monocyte-derived macrophages
or THP-1 macrophages, would provide a more physiologi-
cally relevant representation of atherosclerosis.

Another limitation is the use of a single concentration
(1 pg/mL) of GNPs. While this concentration was chosen
based on previous studies and cell viability assays, a dose-
response analysis would help establish the therapeutic win-
dow and ensure that GNPs do not induce cytotoxic effects
at higher concentrations. Future studies should evaluate a
range of concentrations to better understand dose-dependent
effects.

Additionally, while this study provides valuable molec-
ular insights through in silico and in vitro approaches, the
absence of in vivo validation limits the translational poten-
tial of the findings. Future studies incorporating animal
models would be essential to evaluate the systemic effects
of GNPs on lipid metabolism, inflammation, and athero-
sclerotic plaque development. Additionally, exploring the
stability and aggregation behavior of GNPs in biological
environments would help determine their long-term behav-
ior and potential interactions with physiological systems.
Despite these limitations, this study provides important
mechanistic insights into the role of GNPs in foam cell
formation and highlights key molecular interactions that
could inform future research on graphene-based materials
in cardiovascular applications.

Conclusion

In conclusion, this study demonstrates that GNPs exhibit
a stronger binding affinity to ApoB compared to LDLR.
When combined with insights from previous in silico stud-
ies involving atherosclerosis-related proteins such as CD36,
TLR4, LOX1, and SRAI, this finding suggests that GNPs
may play a significant role in disrupting lipid metabolism
and foam cell formation—key processes in atherosclerosis.
The smaller size of the graphene models used in this study
ensures a balance between computational efficiency and
accuracy, enabling detailed analysis of binding behaviours
and surface interactions. Complementary in vitro results
further highlight GNPs’ ability to inhibit macrophage-
derived foam cell formation by modulating pro-athero-
genic pathways. Specifically, GNPs reduce the secretion of

@ Springer



246

F.H.Latetal.

pro-inflammatory cytokines (IFNy, IL-1p, and IL-6), down-
regulate the expression of inflammatory (IL-1p), scavenger
receptor (CD36), and cholesterol esterification (ACAT-1)
genes, while upregulating cholesterol efflux genes (ABCA-
1). This integrated approach highlights the potential of GNPs
as promising modulators of key atherosclerotic mechanisms
and therapeutic candidates for atherosclerosis intervention.
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