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Understanding the interface between nanomaterials and lipoproteins is crucial
for gaining insights into their impact on lipoprotein structure and lipid
metabolism. Here, we use graphene oxide (GOs) nanosheets as a controlled
carbon nanomaterial model to study how surface properties influence lipo-
protein corona formation and show that GOs have strong binding affinity with
low-density lipoprotein (LDL). We use advanced techniques including X-ray
reflectivity, circular dichroism, and molecular simulations to explore the
interfacial interactions between GOs and LDL. Specifically, hydrophobic GOs
preferentially associate with LDL’s lipid components, whereas hydrophilic GOs
tend to bind with apolipoproteins. Furthermore, these GOs distinctly mod-
ulate a variety of lipid metabolism pathways, including LDL recognition,
uptake, hydrolysis, efflux, and lipid droplet formation. This study underscores
the importance of structure analysis at the nano-biomolecule interface,
emphasizing how nanomaterials’ surface properties critically influence cellular
lipid metabolism. These insights will inspire the design and application of
future biocompatible nanomaterials and nanomedicines.

Recent research has indicated that nanomaterials, upon contact with
body fluids, interact with biomolecules to form a biomolecular corona
on their surface'™. Lipoproteins, particularly low-density lipoprotein
(LDL), high-density lipoprotein (HDL), and very low-density lipoprotein
(VLDL), are pivotal components of this protein corona®®. While studies
have shown that lipoprotein adsorption enhances blood circulation®'°
and facilitates targeted delivery of nanomaterials to tissues”, the effects
of this adsorption on the biological fate and physiological functions of
lipoprotein coronas are still largely unknown. Lipoproteins function as
carriers of cholesterol and lipids, and changes in their compositions
and structures can significantly influence physiological processes,
including lipid metabolism' and inflammation” . However, the bio-
logical consequences of lipoprotein adsorption onto nanomaterials
remain largely unexplored. Therefore, the investigations into the

interactions between lipoproteins and nanomaterials, and the sub-
sequent biological impacts, are crucial for establishing guidelines for
the safe application of nanomaterials.

Among lipoproteins, LDL has garnered significant interest due to
its association with the pathogenesis of atherosclerosis. LDL is a
spherical nanoparticle composed of various lipids and apolipoprotein
B-100 (ApoB-100), which surrounds the LDL particle and is responsible
for receptor recognition and uptake'®”. The intricate structure of LDL
features an outer monolayer of phospholipids surrounded by ApoB-
100 protein and cholesterols, with the inner core comprising choles-
terols, triglycerides, and unsaturated fatty acids'®". Structural changes
or chemical modifications to LDL can prompt its aggregation and
fusion, leading to accelerated uptake by macrophages via scavenger
receptors or phagocytosis. This, in turn, results in an imbalance in lipid
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metabolism and the accumulation of lipid droplets®?, ultimately

contributing to the formation of foam cells, a hallmark of athero-
sclerosis and posing a significant threat to human health*°, LDL has
been identified as a primary component in lipoprotein coronas, yet our
understanding of how nanomaterials interact with lipoproteins and
the potential modifications they induce in lipoprotein structure,
composition, and the physiological functions of LDL remains limited.
Previous studies have indicated that LDL adsorbed on the surface of
SiO, nanoparticles retains functional epitopes recognized by specific
LDL receptors or scavenger receptors, thereby facilitating the inter-
nalization of SiO, nanoparticles”*%. However, significant challenges
persist in conducting structural analyses of nano-lipoprotein inter-
faces, leaving the interaction process and structural details of how
lipoproteins attach and organize on nanomaterial surfaces, and the
associated cellular behaviors, yet to be fully revealed.

As we know, the thickness of a phospholipid bilayer is approxi-
mately 7-8 nm?, thus the outer structure of LDL is a phospholipid
monolayer with a quite thin thickness. Conventional techniques con-
front challenges in quantitatively characterizing the interface structure
between phospholipid monolayer and the nanomaterial with high
resolution and high sensitivity in liquid environments®***, Compar-
ably, X-ray reflectivity (XRR) is advantageous for providing quantita-
tive information on nanomaterials and phospholipid interactions, such
as electronic density of the surface and the thickness of lipids in the
liquid phase which is powerful for resolving interfacial details. Addi-
tionally, synchrotron radiation-circular dichroism (SR-CD) is a power-
ful method for studying nanomaterial and protein interactions. At a far
ultraviolet region (160-195nm), SR-CD can capture more detailed
information for protein secondary structures than conventional CD
with higher signal-to-noise and signal intensity** that enables structural
measurement for apolipoprotein in the presence of lipoproteins and
nanomaterials. To better understand the interaction of nanomaterials
with lipoproteins, two-dimensional graphene oxide nanosheets (GOs)
serve as a model carbon nanomaterial. GOs possess sp?- and sp*>-hybrid
carbons, demonstrating unique properties such as a high specific
surface area, controllable oxidation degrees for tunable hydrophilicity
or amphipathic features, a flat surface, and biocompatibility, enabling
them promising candidates for biomedical applications®~¢.

In this work, we aim to develop analytical methods for investi-
gating the interfacial structure of nano-lipoproteins and correlate the
structural, compositional, and chemical alterations in lipoproteins
with cellular lipid metabolism. Firstly, we study the interaction of GOs
with human serum and observe that GOs with varying degrees of
hydrophilicity can adsorb and enrich LDL, resulting in diverse changes
in its structure and morphology. To gain deeper insights, we subse-
quently use advanced techniques including SR-CD and XRR, com-
plemented by molecular simulations, to elucidate the interfacial
structures formed between GOs and the components of LDL, such as
phospholipids and apolipoproteins. Finally, we establish connections
between structural changes in LDL and various lipid metabolic pro-
cesses in macrophages, encompassing LDL uptake, lipid trafficking,
accumulation, and efflux in macrophages, at both the molecular and
cellular levels. Our findings demonstrate the important role of nano-
materials’ physicochemical properties in modulating lipoprotein
structure, physiological functions, and fate, particularly in the context
of lipid metabolism in macrophages, thereby facilitating future safety
evaluations and biomedical applications of nanomaterials.

Results and discussion

The hydrophilic/hydrophobic properties of GOs

GO nanomaterials with varying levels of hydrophilicity were syn-
thesized using modified Hummer methods”. The schematic repre-
sentation in Fig. 1a illustrates that hydrophilic GO possesses more
hydrophilic functional groups, such as carboxyl and hydroxyl, with
increasing oxidation degrees (M-GO and H-GO). In contrast, the

most hydrophobic L-GO retains more sp? structure compared to
M-GO and H-GO. The atomic force microscopy (AFM) images in
Fig. 1b and Supplementary Fig. 1a and 1b show that all three GO
samples (L-GO: low oxidation degree, M-GO: mild oxidation degree,
and H-GO: high oxidation degree) exhibit sheet-like structures with
similar monolayer heights of 1nm and lateral diameters ranging
from 100 to 200 nm (Supplementary Fig. 2) based on the TEM
scanning. Chemical analysis using X-ray photoelectron spectroscopy
(XPS), X-ray absorption spectroscopy (XAS), and Fourier Transform
Infrared (FTIR) measurements determined the carbon species and
hydrophobicity of the three GOs. Figure 1c and Supplementary
Figs. 1c, e, f demonstrate that GOs with higher oxidation levels (from
L-GO to H-GO) contain more oxygen-containing functional groups,
such as -C-O-C and O=C-0. Consequently, M-GO and H-GO with
higher oxidation degrees exhibit more negative surface charges, as
indicated by the Zeta potential in Fig. 1d. Due to their hydrophilicity,
GO showed high stability in suspension of water or cellular medium
and maintained the negative surface charges (Supplementary Fig. 3).
UV-Vis absorption spectra of GO samples show a characteristic
adsorption peak at 235nm (Supplementary Fig. 1d). Moreover,
contact angle measurements (6) of the three GOs reveal values lower
than 90°, with 8 decreasing with increasing oxidative levels of GOs
(Fig. 1e). This suggests that the surface of H-GO is more hydrophilic
than that of M-GO and L-GO. Additionally, the intensity ratio of the D
band and G band in GO samples (Ip/lg) based on Raman spectra
measurements also confirms the higher degree of oxidation in H-GO
compared to M-GO and L-GO (Fig. 1f). In conclusion, the three GOs
demonstrate tunable degrees of surface hydrophilicity based on the
modulation of oxidation degrees.

High enrichment of apolipoproteins by GOs

Upon entry into the body, nanomaterials are enveloped by proteins in
the physiological milieu, forming a protein corona**, In this study,
we utilized LC-MS/MS-based proteomics to identify the major com-
ponents of the protein corona on the surface of GOs following expo-
sure to a 10% human serum solution (Supplementary Data 1).
Classification of corona proteins by function revealed significant
components, including apolipoproteins, complements, acute phase
proteins, immunoglobulins, coagulation factors, and others (Fig. 2a,
Supplementary Fig. 4). Additionally, top twenty abundant proteins of
GOs upon interaction with human serum were identified (Supple-
mentary Data 1). To assess the degree of protein enrichment on GOs,
we calculated the protein enrichment factor by comparing the protein
abundance on GOs with their abundance in serum. Among the sig-
nificantly enriched protein types, lipoproteins, coagulation proteins,
and complements stood out (Fig. 2b). Notably, lipoproteins exhibited
the highest enrichment, indicating a strong affinity of GOs for lipo-
proteins compared to other proteins. For a more detailed analysis of
lipoprotein composition, we examined the enrichment factor (Fig. 2c)
and the relative abundance of apolipoproteins in the GOs’ corona
(Supplementary Fig. 4b and Supplementary Data 1). Interestingly,
ApoB-100 from LDL and Apo-Al from HDL were particularly promi-
nent, with their relative abundance above 5% (Supplementary Fig. 4b)
and enrichment approximately five times higher (Fig. 2¢). To further
validate these findings, we conducted sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), which confirmed the pre-
sence of serum ApoB-100 protein or LDL and Apo-Al protein or HDL on
the GOs after incubation in 10% human serum under gentle stirring at
37°C for 1h (Supplementary Fig. 5). Notably, the hydrophobicity of
GOs influenced the adsorption of LDL and HDL differently, with higher
hydrophobicity favoring LDL binding (L-GO>M-GO >H-GO) and
greater hydrophilicity favoring HDL binding (H-GO >M-GO » L-GO).
Given the physiological and pathological significance of LDL, we
focused on the interaction between GOs and LDL, as well as the sub-
sequent effects of GOs/LDL complexes on lipid metabolism.
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Fig. 1| Physicochemical properties of graphene oxide nanosheets (GOs).

a Schematic illustrating the ball-and-stick model of three types of GOs with varying
degrees of oxidation: low (L-GO), medium (M-GO), and high (H-GO). Carbon,
oxygen and hydrogen are presented in black, blue and green, respectively. b AFM
images showing GOs with different oxidation degrees. Scale bar represents 1 pm.
¢ Quantitative analysis of oxidation levels and functional groups (C-O-C, C=0,

0-C=0, and C-C) determined by XPS. d Surface charges of GOs evaluated by zeta
potential measurements. e Hydrophilicity of the three types of GOs measured by
contact angle analysis. Data are presented as mean + standard deviation for three
replicates (n =3). f Raman spectra for the three types of GOs. Source data are
provided as a Source Data file.
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Fig. 2 | Protein composition of the serum protein corona adsorbed on GOs.

a Classification of components on three types of GOs (L-GO, M-GO and H-GO) by
biological function. The pie chart indicates the relative abundance of coronal
proteins in six categories: apolipoproteins, complements, acute phase, immu-
noglobulins, coagulation factors, and others. Albumin, due to its highest abun-
dance in serum, is classified as an individual category. b Comparison of functional
protein groups on the surface of graphene oxides. ¢ Enrichment factor of

apolipoproteins on different graphene oxide nanosheets. The enrichment factors
(b, c) represent the comparison of protein or protein group abundance on GOs to
that in the serum (coronal complex of GOs/serum). Protein compositions are
identified through manual search using the Human Database via the UniProt
website. Data are presented as mean + standard deviation of triplicate biological
samples (n =3). Proteomics data are presented in Supplementary Data 1. Source
data are provided as a Source Data file.

To determine the lipid composition of the corona on GOs, we
utilized LC-MS/MS to quantify lipid components in both positive and
negative ion modes (Supplementary Data 2). Our results revealed
slight changes in the lipid compositions of phospholipids, sphingoli-
pids, and derivatized lipids on the surface of GOs compared to the
control (Supplementary Fig. 6a, b and Supplementary Data 2). Speci-
fically, the percentage of phospholipids and neutral lipids in the enri-
ched lipid corona slightly decreased with increased hydrophobicity of
GOs, while the percentage of sphingolipids and derivatized lipids
increased slightly with increased hydrophobicity of GOs (Supplemen-
tary Fig. 6a and Supplementary Data 2). Enriched lipids on the three
GOs were classified into five and four types at the positive and negative
modes, respectively. However, the abundance of lipid compositions on
GOs did not significantly differ from the control or among the GO
types based on this classification (Supplementary Fig. 6a, b). We then
performed detailed analysis of most lipid compositions using principal
component analysis (PCA) and volcano plot and heatmaps. PCA results
showed significant differences in the compositions and the number of
lipid corona adsorbed on the three types of GOs compared to the
control with varying hydrophobicity (Supplementary Fig. 6c), with
L-GOs potentially inducing a stronger impact on the adsorbed lipid
composition than other GOs (Supplementary Data 2). Volcano plots
and heatmaps corroborated the PCA results (Supplementary Fig. 6d, 7
and Supplementary Data 2). Furthermore, we compared the

differences in lipid corona compositions among the three GOs with
different surface hydrophobicity based on PCA (Supplementary
Figs. 6e-g, 8). Consistent with the PCA results, volcano plots and
heatmaps indicated that there were slight differences in both the
composition and abundance of lipids on H-GO compared to M-GO
(Supplementary Figs. 6e, f and 8a, b; Supplementary Data 2), but the
composition and abundance of adsorbed lipids on H-GO and M-GO
showed significant alterations compared to L-GO (Supplementary
Fig. 8b, ¢). These findings provide valuable insights into the interaction
between GOs and lipid molecules in the blood.

Cellular uptake of GO/LDL complexes

We investigated how the surface properties of GOs influence cellular
uptake and subsequent lipid accumulation in macrophages. Initially,
we assessed the cytotoxicity of GOs at various concentrations after
exposing THP-1 cells to them for 24 h in 1640 RPMI medium with or
without 10% FBS (Supplementary Fig. 9). The results showed that cell
viability dropped below 80% at GO concentrations exceeding 20 pg/
mL (Supplementary Fig. 9b). Therefore, for subsequent studies, we
selected a concentration of 20 pg/mL. In our experiments, we incu-
bated THP-1 cells with a combination of 20 pg/mL of GOs and 50 pg/
mL of LDL in serum-free medium. Surprisingly, we did not observe any
significant cytotoxicity caused by the GO/LDL complex (Supplemen-
tary Fig. 9c). However, GOs in serum-free medium did induce
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cytotoxicity (Supplementary Fig. 9b). Subsequently, we used Raman
imaging (Fig. 3a, Supplementary Table 1) and the laser reflection
technique (Fig. 3b, Supplementary Fig. 10) to investigate the cellular
uptake of GO/LDL complexes. Interestingly, we found that macro-
phages internalized a significantly higher amount of the L-GO/LDL
complex compared to H-GO/LDL and M-GO/LDL. This observation
suggests a preference of macrophages for taking up more hydro-
phobic GOs in the presence of LDL.

Less lipid accumulation in macrophages induced by
hydrophilic GO/LDL

We further investigated the localization of GOs and resulting changes
in subcellular structure after their uptake, using transmission electron
microscopy (TEM). After 24 h of treatments with LDL, we observed the
formation of lipid droplets (LDs) with relatively dense structures,
which were significantly more abundant compared to LDL-untreated
cells (control). This finding suggests that macrophages may engulf
native LDL and transform into lipid-laden macrophages. Upon incu-
bation of three types of GOs with LDL, we observed the formation of
lipid droplets in the macrophages, while this phenomenon was not
evident when cells were exposed to pure GOs (Supplementary Fig. 11).
Notably, the number of LDs in cells treated with L-GO/LDL was sig-
nificantly greater than in those treated with M-GO/LDL and H-GO/LDL
(Fig. 3¢). To quantitatively characterize the level of LDs and the degree
of foam cell formation, we utilized a specific fluorescence dye (HCS
LipidTOX Red neutral lipid stain) to stain the intracellular accumula-
tion of neutral lipids. As shown in Fig. 3d and Supplementary Fig. 12,
abundant LDs were stored in the macrophages after treatment with
native LDL and L-GO/LDL. In comparison, far fewer LDs were observed
in cells exposed to H-GO/LDL (Fig. 3d, Supplementary Fig. 12c), M-GO/
LDL, and pure GOs (Supplementary Fig. 12a, b). The quantitative ana-
lysis of the fluorescent intensity of total lipid droplets per cell through
high-content analysis (Fig. 3e) corroborated the TEM and confocal
image results, indicating a significant increase in intracellular LDs with
the increasing hydrophobicity of GOs during their interaction with
macrophages. To further support our hypothesis and conclusions, we
conducted another cellular experiment using mouse primary macro-
phages and mouse J774A.1 cell lines. Foam cell formation only occur-
red in the macrophage cells of LDL-treated group and L-GO/LDL-
treated group (Supplementary Fig. 13a, b), which was similar to the
findings in THP-1 macrophages.

Moreover, we employed a label-free synchrotron radiation soft
X-ray transmission cryo-microscope (TXM) along with three-
dimensional tomography (Nano-CT) to visualize LDs in macro-
phages with high spatial resolution (-30 nm) under aqueous condi-
tions (Supplementary Movies 1-5). LDs, being dense lipid aggregates,
exhibit a stronger adsorption coefficient for soft X-rays at an energy
of 520 eV compared to the cytoplasm and organelles®. Nano-CT
effectively distinguished LDs from subcellular structures and orga-
nelles. To distinguish between organelles and LDs, we used the linear
absorption coefficient (LAC) to identify different types of subcellular
structures from the reconstructed Nano-CT greyscale images. Due to
the different molecular compositions and densities of organelles,
they exhibit distinct capacities for soft X-ray absorption when soft
X-rays transmit through the samples*’. Following the incubation of
macrophages with GO/LDL and LDL, we observed LDs inside the cells
through TXM contrast 2D imaging (Fig. 3f) and spatial distribution of
LDs (Fig. 3g) in single cells. Our findings reinforce the conclusion
that the higher hydrophobicity of GOs leads to increased storage of
LDs inside cells, consistent with the results obtained from TEM,
confocal images, and high-content analysis. In contrast, pure GOs
were taken up by macrophages, but they did not induce obvious LDs
in the cells (Supplementary Figs. 11, 12), suggesting that the GO/LDL
complex, rather than the nanosheets themselves, played a crucial
role in regulating lipid metabolism. The higher uptake of the

L-GO/LDL complex (Fig. 3a, b) likely explains why hydrophobic L-GO
induced more storage of LDs.

Surface hydrophobicity of GOs mediating the change in LDL
shape and lipid component structure

In our ongoing investigation, we concentrated on the interaction
between GOs and LDL to determine if changes in LDL structure
affected the uptake of the GO/LDL complex. LDL is an amphiphilic
particle composed of phospholipid molecules with hydrophilic phos-
phate headgroups and hydrophobic aliphatic carbon tails. It also
contains a single copy of ApoB-100 protein encircling the surface,
along with other hydrophobic lipids such as triglycerides and choles-
teryl ester in the core*. ApoB-100 protein plays a crucial role in
maintaining the structural integrity of LDL particles and mediating
their interactions with the LDL receptor. On the surface of ApoB-100,
there is a receptor-binding domain (residue 3359-3367) containing
positively charged sequences due to the presence of basic amino acids
like L-Arg and L-Lys**% This enables LDL to bind to the negatively
charged surface of hydrophilic GOs through electrostatic interactions.
On the other hand, the hydrophobic tails of unsaturated phospholi-
pids, such as 1-palmitoyl-2-lauroyl-sn-glycero-3-phosphocholine
(PLPC) and sphingomyelin (SM), as well as hydrophobic lipids like
triglycerides and cholesteryl esters, may interact with the carbocyclic
ring of GOs through hydrophobic forces. Previous studies have shown
that changes in the shape and structure of LDL, as well as modifications
or oxidation of LDL components, can influence its functions, leading to
increased cellular uptake of LDL by macrophages**™’. Based on these
findings, we hypothesized that GOs with different hydrophilicity would
selectively bind to the lipid and protein components of LDL, poten-
tially altering its structure and functions.

To investigate the impact of GOs on the structure of LDL and its
protein composition, specifically ApoB-100, we utilized circular
dichroism spectroscopy. SR-CD is suited for measuring more detailed
changes in protein secondary structures with high sensitivity and a
higher signal-to-noise ratio compared to conventional CD**. According
to the SR-CD results, the secondary structures of ApoB-100, such as a-
helix and -sheet, were significantly altered by more hydrophilic H-GO/
M-GO nanosheets, but not by the relatively hydrophobic L-GO
(Fig. 4a-d, Supplementary Table 2). The higher oxidation level of
GOs results in more carboxyl groups at the edge, giving them more
negative charges. Consequently, hydrophilic GOs readily interact with
the positively charged residues of ApoB-100 proteins through elec-
trostatic forces, leading to substantial alterations in secondary struc-
tures. Interestingly, in comparison with M-GO and H-GO, the CD
spectra of the less hydrophilic L-GO showed negligible change at
208-240 nm, suggesting that ApoB-100 maintained its secondary
structures after incubation with L-GO (Fig. 4a, d).

To investigate the correlation between the interaction of GOs and
ApoB-100 with cellular uptake, it is crucial to determine whether ApoB-
100 adsorption on GOs influences its recognition by the LDL receptor
and subsequent binding to LDL. To achieve this, we used the RED-NHS
protein labeling Kit to label five positively charged residues (two
L-lysine and three L-arginine) in the LDL receptor binding domain
(RBD, containing 9 residues) (Fig. 4e). Our findings revealed that LDL
exhibited the strongest fluorescent intensity, whereas the L-GO/LDL
sample displayed a significantly stronger intensity compared to M-GO/
LDL and H-GO/LDL. As the hydrophilicity of GOs increased, the label-
ing efficiency dramatically decreased, indicating that more residues
located in the RBD of ApoB-100 were occupied and blocked by
hydrophilic GOs due to their strong adsorption with ApoB-100
(Fig. 4f). Consequently, hydrophilic H-GO and M-GO exhibited a pre-
ference for binding to RBD residues of ApoB-100, interfering with the
binding of LDL to LDLR during cellular uptake of LDL. This finding
partially explains why H-GO/LDL and M-GO/LDL induced less forma-
tion of LDs from the uptake aspect.

Nature Communications | (2024)15:8349


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52609-7

d Bright field D-band

L-GO/LDL

H-GO/LDL M-GO/LDL

d | Nucleus | Lipid droplet

L-GO/LDL

% Lipid droplet
LDL

f * organelle
Ctrl

Organelle

G-band

L-GO/LDL

M-GO/LDL

L-GO/LDL

M-GO/LDL

M-GO/LDL

e

e = p=0.000010
H-GO/LDL S 1.8x108 p=0.000130
T p=0.066922
= 1.2x108 p=0.000043
(]
o
£ ext0e : T
T Y v o
&
0 0 00
N \“ B
L-GO/LDL H-GO/LDL

M-GO/LDL

Change in the shape of LDL and the structure of lipid compo-
nents by GOs as modulated by surface hydrophobicity

The modifications of lipids, shape, and structure of LDL also con-
tribute to increased uptake by macrophages*¢. Given the strong
adsorption of LDL particles on GOs, we used AFM imaging to inves-
tigate LDL adsorption profiles on GOs. As shown in Fig. 5a, the

average height of native LDL nanoparticles viewed in AFM was 20 nm.
After incubating LDL with GOs, LDL particles adhered to the surface
of all three types of GOs. Notably, L-GOs induced the aggregation and
fusion of LDL, resulting in larger particles, making it difficult to
observe LDL particles with their normal size and spherical mor-
phology on L-GOs. This finding suggests that the adsorbed LDL
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Fig. 3 | Cellular uptake of GO/LDL complexes, intracellular localization, and
influence on macrophage lipid droplet formation. a Cellular uptake of GO/LDL
complexes assessed by Raman mapping of GOs, showing D-band (red color) and
G-band (green color) signal intensity. Scale bar represents 10 pm. b Confocal
images depicting the uptake of GO/LDL complexes using laser reflectivity micro-
scopy. Fluorescent signals in red, green, and blue correspond to cytoplasmic
membrane, GOs, and the nucleus, respectively. Scale bars represent 7.5 pm.

¢ Subcellular localization of GOs and lipid droplets observed through TEM images.
Red arrows indicate lipid droplets, while blue arrows indicate GOs. Scale

bar represents 1 um. Cells are treated with 50 pg/mL LDL and a mixture of 50 pg/mL
LDL with 20 pg/mL GOs for 24 h. d Accumulation of lipid droplets in macrophages
when treated with LDL and GO/LDL complexes, visualized by confocal imaging. Red
color indicates lipid droplets, while blue indicates nucleus. Scale bar represents
10 um. e Quantitative analysis of total lipid droplet mean fluorescent intensity (MFI)

per cell using high-content analysis. Data are presented as mean + standard
deviation of n =3 biological replicates. Statistical significance is calculated by one-
way ANOVA with Tukey’s multiple comparisons test. *p < 0.05; **p < 0.01;

***p < 0.001; ***p < 0.0001; n.s., not significant (p > 0.05). f, g Soft X-ray cryo-
tomographic images of lipid droplets in macrophages before and after exposure to
LDL and GO/LDL, obtained through soft X-ray transmission microscopic imaging
and 3D reconstruction (nano-CT). Cells are treated with 50 pg/mL LDL or a mixture
of 50 pg/mL LDL with 20 pg/mL GOs for 24 h, and wet samples are frozen in liquid
nitrogen for nano-CT imaging. f Soft X-ray transmission cryo-microscopic and 3D
tomographic imaging of frozen cells and lipid droplets at 520 eV and -80 °C. Red
stars indicate lipid droplets, while purple stars represent organelles. g Spatial dis-
tribution of lipid droplets (in yellow) and organelles (in red) based on 3D recon-
struction of the macrophages. Scale bar represents 5 pum. Source data are provided
as a Source Data file.
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Fig. 4 | Interfacial interaction between GOs and Apolipoprotein B-100 on the
outer layer of LDL. a-c Changes in the secondary structure of apolipoprotein,
ApoB-100, after incubating LDL with three types of GOs, as determined by SR-CD.
Time-dependent studies are conducted in a mixture of 20 pg/mL GOs with 50 pg/
mL LDL, dispersed in phosphate buffer at pH 7.4. d Alterations in the relative
content of LDL protein secondary structure treated with GOs at different time
points. e Schematic diagram of the LDL receptor binding domain stained by RED-

NHS protein labeling kit. Figure 4e Created in BioRender. Wu, J. (2024) BioR-
ender.com/w06z982 released under a CC-BY-4.0 license. f Quantitative analysis of
MFI of LDL labeling in the supernatant after incubation with 20 pg/mL GOs for 1 h.
Data are presented as mean + standard deviation of n =3 biological replicates.
Statistical significance is calculated by one-way ANOVA with Tukey’s multiple
comparisons test. *p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not sig-
nificant (p > 0.05). Source data are provided as a Source Data file.

particles significantly altered the shape and boundary of LDL, pos-
sibly due to a strong interaction between L-GO and phospholipids,
the main component on the outer layer of LDL particles, which
maintains the shape of LDL. In contrast, M-GO and H-GO did not
induce the fusion of LDL, and the bound LDL particles retained their
spherical shape, indicating a weaker interaction with the outer
monolayer phospholipid structure of LDL.

Subsequently, we employed X-ray liquid interface scattering
techniques to verify the effect of GOs on LDL structure. X-ray reflec-
tivity (XRR) measurement was used to study the interaction between
GOs and a model SOPC monolayer phospholipid at the air-water
interface. As shown in Fig. 5b, the Qz value, corresponding to the
minimum of the reflectivity curve, under constant surface pressure (20
mN/m), shifted from 0.28 A™ to 0.35 A (Orange) after incubation with
20 pg/mL of L-GO in water, compared to the SOPC monolayer (grey),
indicating that L-GO decreased the thickness of the SOPC monolayer

(Supplementary Table 3). Moreover, the concentration-dependent
change in the SOPC monolayer upon its interaction with three GOs was
also observed (Supplementary Fig. 14 and Supplementary Table 3).
However, with a higher level of hydrophilicity, the changes in Qz values
for the systems of SOPC incubating with M-GO (blue) and H-GO (pink)
were less pronounced than with L-GO (orange), suggesting that the
more hydrophilic H-GO/M-GO did not significantly affect the structure
of the SOPC monolayer. The electron density profile was consistent
with the thickness variation (Fig. 5¢). In summary, our results demon-
strate that the physical adsorption of LDL on the GO surface caninduce
structural changes in LDL. Specifically, more hydrophilic H-GO/M-GO
have a preference for binding and altering the secondary structures of
the ApoB-100 protein, while hydrophobic L-GOs tend to adsorb the
phospholipid structure. As a consequence, LDL may fuse with the
disintegrated shape of LDL particles after binding to the L-GO surface.
In contrast, LDL particles remain more intact on H-GO/M-GO, as
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Fig. 5| Interfacial interaction between GOs and the phospholipids on the outer
layer of LDL. a Morphological images of LDL and GO/LDL complexes observed by
AFM. Scale bar represents 500 nm. b, ¢ X-ray liquid interface scattering results of
structures between phospholipid (SOPC) and GOs. b XRR data of GOs adsorption
and the SOPC thickness. ¢ Electron density profiles derived from the XRR data in b.
POPC self-assembles to form a monolayer on the air-water surface and GOs at

20 pg/mL are incubated with SOPC monolayer under a surface pressure of 20 mN/
m for XRR characterization. d-f Molecular interaction between graphene or GO
nanosheets and a model lipid droplet (representing LDL particles) based on coarse-
grained molecular dynamics. d Schematic diagrams showing the structure of a
lipid droplet. The outer layer of the lipid droplet includes POPC monolayer (in
cyan) and free cholesteryl (in orange). The inner components contain cholesteryl
ester (in yellow) and triglyceride (in red). e Snapshots of the lipid droplet structure

depositing on graphene and GOs. For the GO models, the hydrophilic carbon is
assigned as carbonyl groups, while the hydrophobic carbon is assigned as sp? and
sp’ carbon. For graphene (GRA), GO1, and GO2, the percentage of carbonyl carbon
among all carbons is assigned as 0, 30%, and 50% beads, correlating to the
hydrophilicity of pristine graphene, L-GO, and H-GO, respectively. f lllustration of
POPC lipids at the edge of lipid droplet bound to graphene/GOs. Each panel con-
tains 40 POPC molecules. g-j Density profiles of the lipids along the vertical
direction to graphene/GOs. k-n Interaction energy between the lipid components
and the graphene/GOs. Each simulation is performed for at least 2 pus when the
interaction energy between POPC and the graphene/GOs increases slowly, indi-
cating that no more POPC molecules spread on the surface. Source data are pro-
vided as a Source Data file.

observed in the AFM image (Fig. 5a), due to the different binding
behaviors compared to L-GOs.

We employed coarse-grained molecular dynamics simulations
to investigate the molecular and structural aspects of the interaction
between LDL particles and GOs. Due to the extensive unknown
regions within the ApoB-100 structure, we simplified the lipid droplet
model to simulate how GOs interact with the lipid composition of
LDL. For the ApoB-100 protein structure, we used SR-CD to deter-
mine the structural changes directly. To model LDL particles, we used
a lipid droplet model (Fig. 5d) and chose hydrophobic graphene and
relatively hydrophilic graphene oxides (GO1 and GO2) as surfaces.
The simulation results showed that the lipid droplet adhered to and
spread on the surfaces of all these materials, forming a hemispherical
structure after deposition (Fig. Se, and Supplementary Table 4; the
dynamic processes are presented in Supplementary Movies 6-11).
The major binding sites between GOs and the model lipid droplet

were the planar carbon rather than the boundary carbon. Notably, as
the surface hydrophobicity increased, the spreading area of lipid
nanodroplets on the GO surface also increased, leading to more
contact between neighboring lipid droplets and fusion between lipid
nanodroplets on the graphene. In contrast, the limited spreading
area hindered the fusion of neighboring lipid nanodroplets on GO2
(Fig. 5e). Consequently, lipid nanodroplets only formed numerous
small hemispherical protrusions on the hydrophilic surface, con-
sistent with observations from AFM images (Fig. 5a). The differences
in the spreading area of lipid droplets were influenced by their
interaction with the materials, mainly determined by the presence of
POPC as the major component on the outer layer (Supplementary
Table 4). The simulation provided representative structures indi-
cating the positioning of POPC molecules on the three graphene
material surfaces: nearly all the POPC tails were on the hydrophobic
graphene surface; a few POPC tails adhered to the GO1 surface, with
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Fig. 6 | Chemical mechanism of LDL oxidation after absorption on the surface
of GOs. a Detection of carbon radicals present in the GOs using Electron Spin
Resonance (ESR). b, ¢ Comparison of the pro-oxidant capacity of three GOs in
promoting oxidation reactions. b Measurement of the MFI of ROS using DCF
fluorescence spectra. ¢ Quantitative analysis of DCF fluorescence intensity to
assess ROS generation by three types of GO suspensions. Data are presented as
mean * standard deviation of n =3 biological replicates. d Impact of three GOs on
the lipid peroxidation of LDL under oxygenated or deoxidated conditions.

Malondialdehyde (MDA). Data are presented as mean + standard deviation of n=4
biological replicates. e Oxygen consumption determined by ESR after incubating
GOs and LDL for 0 min and 3 h. Statistical significance was calculated by one-way
ANOVA with Tukey’s multiple comparisons test (c) and two-way ANOVA with
Tukey’s multiple comparisons test (d). *p < 0.05; **p < 0.01; **p < 0.001;

***p < 0.0001; n.s., not significant (p > 0.05). Source data are provided as a Source
Data file.

the remaining POPC tails perpendicular to the surface and their
heads adhering to it; on the GO2 surface, only a few POPC tails were
present, and most of the POPC molecules were perpendicular to the
surface (Fig. 5f). This demonstrated that the lipid nanodroplet ten-
ded to interact with the hydrophobic surface through lipid extraction
(graphene/GO1), promoting the spreading of POPC on the surface.
Conversely, lipid nanodroplets interacted with the hydrophilic sur-
face through adhesion with the polar heads of POPC (GO2). These
simulation results were consistent with the XRR findings regarding
the changes in the phospholipid monolayer structure (Fig. 5b).
Given the complexity of lipid droplet components, we conducted
a thorough analysis of the interactions between graphene/GOs and
different lipid components using simulation systems. We observed
that most CHYO and TOG molecules were located within 3 nm of the
nanomaterial surface, while the majority of the outer POPC and CHOL
lipids adhered directly to the graphene/GO surfaces (within 1nm
above the surface, as shown in Fig. 5g—j). This suggested the formation
of a monolayer at the interface of the lipid droplet and the graphene/
GO, primarily consisting of POPC and CHOL molecules. We next
quantified the molecules interacting with the graphene/GO surface
and detailed the proportional composition of various lipid compo-
nents on the nanomaterial’s surface (Supplementary Fig. 15). Our initial
findings indicated a predominance of POPC molecules across all sur-
faces (Supplementary Fig. 15a), which exhibited much higher interac-
tion energies than other molecules (Fig. 5k). Additionally, we noted an
increase in the number of lipids in correlation with surface hydro-
phobicity (Supplementary Fig. 15a), suggesting that increased

hydrophobicity facilitated LDL spreading on the nanosheets’ surface.
Furthermore, we observed a tendency where more hydrophobic
molecules (CHYO, TOG) showed a propensity to adsorb on the
hydrophobic graphene surface, while more hydrophilic molecules
(POPC, CHOL) were inclined to adsorb on the comparatively hydro-
philic GO surface (Supplementary Fig. 15b). As a result, the interior
CHYO and TOG lipids, being highly hydrophobic, showed a strong
interaction only with the hydrophobic graphene surface and a much
weaker interaction with the GO surface (Fig. 51, n). The hydrophobicity
of the materials significantly influenced their interactions with the
lipids, thereby affecting the configuration of the lipids and the lipid
redistribution at the lipid droplet-water interface. For example, upon
the adsorption of the lipid droplet on the material surface, more C=C
bonds of the interior CHYO molecules were exposed to the sur-
rounding water (Supplementary Fig. 16), making them more suscep-
tible to oxidation. The possibility of C=C bond oxidation increased
with the increasing hydrophobicity of the material surface, correlating
with the lipid peroxidation results (Fig. 6d).

Based on our simulations and AFM images (Fig. 5), the differences
in the uptake of the graphene-lipoprotein complex and the GO/lipo-
protein complex may arise from two reasons. First, the curvature of the
adsorbed lipoprotein on the GOs surface is much higher than that on
the graphene surface, which could hinder the binding of ApoB-100
with cellular receptors. Second, the exposed surface region of apoli-
poprotein is hydrophilic and would prefer to interact directly with the
hydrophilic surface rather than the hydrophobic surface of GOs.
Therefore, when the lipoprotein adheres to a hydrophobic surface, the
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ligands of apolipoprotein are more likely to be exposed to the sur-
rounding water, potentially enhancing cellular recognition.

Accelerated oxidation of LDL by GOs and chemical mechanism
The mechanisms underlying the interaction between GOs and lipid
membranes have been suggested to involve the chemical oxidation of
lipids following physical contact and disruption*®*°. However, it remains
unclear whether the physical interaction between LDL particles and GOs
is responsible for LDL oxidation. Therefore, our primary objective was
to determine whether GOs have the ability to oxidize lipids. Figure 6a
illustrates that GOs possess innate carbon radicals, as measured by ESR.
Furthermore, we observed that GOs with higher hydrophobicity had
more carbon radicals, indicating their capacity for chemical oxidation.
To ascertain whether GOs-mediated oxidation occurs via oxidative
stress, we incubated GOs with H,DCFDA, an ROS indicator. The results
showed that GOs were capable of oxidizing H,DCFDA, converting it into
DCF with high-intensity fluorescence (Fig. 6b). Additionally, GOs with
greater hydrophobicity facilitated the conversion of H,DCFDA into DCF
(Fig. 6b, c), confirming that the chemical oxidation of GOs originated
from oxidative stress. Considering the physical contact between GOs
and LDL, we hypothesized that GOs oxidize LDL particles after inter-
action due to their oxidizability.

To assess the oxidative degree of LDL, we measured the mal-
ondialdehyde (MDA) content, an important parameter reflecting the
potential peroxidant capacity of biomolecules. Initially, we incubated
GOs with LDL under aerobic conditions for 24 h. As expected, GOs
enabled the oxidation of LDL under aerobic conditions, while LDL alone
did not exhibit oxidation. Additionally, GOs with higher hydrophobicity
led to the production of higher MDA levels in LDL due to their increased
carbon radicals. To investigate the impact of oxygen availability on LDL
oxidation, we conducted experiments under anoxic conditions using
nitrogen gas. Under anoxic conditions, lower levels of MDA were pro-
duced compared to aerobic conditions, regardless of the oxidized
degree of GOs. These findings indicated that the oxidation of LDL was
inhibited in the absence of oxygen (Fig. 6d). Subsequent ESR oxygen
consumption experiments confirmed these results (Fig. 6e). Notably,
GOs with higher hydrophobicity resulted in increased oxygen con-
sumption after incubation with LDL for 3 h. In conclusion, our results
demonstrate that GOs, particularly those with higher hydrophobicity,
accelerate the oxidation of LDL due to their endogenous carbon radi-
cals under aerobic conditions, leading to the generation of more ROS.

We also found the enrichment of HDL (Apolipoprotein Al, II, and
IV) in the protein corona of GOs (Fig. 2c, Supplementary Figs. 17a-c).
However, its affinity was 100 times lower than that of LDL with GOs
(Supplementary Fig. 18), which is one of the impact factors on the
oxidation of HDL by GOs. After incubation of HDL proteins with GOs
for 3 h and 8 h, there was a slight change in the secondary structure of
protein components of HDL based on SR-CD (Supplementary
Fig. 17d, e and Supplementary Table 5). Moreover, we incubated HDL
with GOs for 24 h and measured MDA of the mixture. The results
revealed that HDL did not suffer from oxidation after incubation with
GOs (Supplementary Fig. 17f). One reason may be the binding affinity
of GOs with HDL was 100 folds lower than that of GOs with LDL. In
addition, compared to the LDL and GOs interaction, the difference in
the states of HDL may be ascribed to different sizes, molecular struc-
tures and compositions of proteins including multiple types of apoli-
poproteins, enzymes, lipid transfer proteins, acute-phase proteins, and
others between LDL and HDL. Additionally, HDL possesses more
apolipoproteins and less lipids and cholesterol than LDL, which
endows HDL with high capability of anti-oxidation®°.

Mechanism about lipid metabolism regulation after interaction
with GO/LDL complexes in vitro and in vivo

As demonstrated, GOs with varying hydrophilicity can selectively alter
the structure of LDL’s phospholipid monolayer and apolipoprotein

ApoB-100, influencing their behavior in macrophages. Next, we
explored the mechanism of how GO/LDL modulates lipid metabolism.
LDL participates in macrophage lipid metabolism, and activated
macrophages can be further stimulated by chemically or biologically
modified LDL via ROS, RNS, or enzymatic modification**43455152
within the vessel. Additionally, LDL particles undergo fusion and
aggregation®*?>7°5 with physical changes in their structure and
composition, leading to disturbed lipid metabolism and eventual
development of inflammatory atherosclerosis*". In our study, the
physical adsorption of LDL on GOs resulted in structural and property
changes of LDL, while GOs themselves also promoted the lipid per-
oxidation of LDL chemically. Therefore, we hypothesized that the
adsorbed LDL on GOs might induce dysregulation of lipid metabolism.

To understand how GOs modulate selective lipid metabolism
fates, we examined the expression of genes and proteins responsible
for LDL uptake, transport, efflux, and storage using Western Blotting
and real-time PCR assays (Fig. 7a, b, Supplementary Figs. 19, 21). To
determine the mechanism of internalization of GO/LDL complexes, we
first used the Biolayer interferometry (BLI) technique to analyze the
interaction between GO/LDL complexes and LDL receptor proteins or
CD36 proteins (Supplementary Fig. 22). Results showed that GO/LDL
complexes had higher Kp values when interacting with CD36 protein
than with LDL receptor (Fig. 7c, d). GO/LDL complexes could bind to
more CD36 proteins than to the LDL receptor proteins, suggesting
rapid internalization into THP-1 macrophages through scavenger
receptor CD36, explaining why THP-1 macrophages internalized more
GOs in the presence of LDL. To confirm this, we blocked the CD36 and
LDLR receptor by their antibodies and found that macrophages
internalized LDL and GO/LDL mainly via CD36, and LDLR (Supple-
mentary Fig. 23), suggesting both CD36, and LDLR contributed to the
recognition by macrophages and cellular uptake of LDL and GO/LDL.

After translocating into the cytoplasm, LDL was esterified into
cholesterol ester and stored in lipid droplets in the presence of Acyl
coenzyme A-cholesterol acyltransferase (ACAT)**. Simultaneously,
Acetyl CoA acyltransferase 2 (ACAA2) facilitated fatty acid -oxidation
and fatty acid degradation crucial for lipid metabolism and adipocyte
differentiation®’. Comparing LDL and L-GO/LDL with H-GO/LDL and M-
GO/LDL, we observed that H-GO/LDL and M-GO/LDL significantly
decreased the expression of ACAA2 and ACATI (Fig. 7a, b). This sug-
gests that hydrophilic GOs weakened the macrophages’ ability to
esterify cholesterol into cholesterol esters, effectively inhibiting lipid
droplet formation.

Furthermore, stored lipid droplets are lipolyzed by neural cho-
lesterol ester hydrolase (nCEH) into free cholesterol, which can be
exported from macrophages by ATP-binding cassette Al (ABCA1) and
ATP-binding cassette G1 (ABCG1)*. We also observed that LDL treat-
ment downregulated the expression of nCEH and ABCAIl levels
(Fig. 7a, b), indicating that neutral cholesterol ester from LDL was
stored in lipid droplets and retained in the cytoplasm after LDL
treatment (Fig. 3c-g). Compared to LDL and L-GO/LDL, H-GO/LDL
upregulated the levels of ABCG1 and nCEH at the mRNA level. The
higher the hydrophilicity of GOs, the more upregulation of these
gene or protein expressions (Fig. 7a). Consequently, H-GO can sig-
nificantly alleviate lipid accumulation in macrophages (Fig. 3d-g,
Supplementary Fig. 12). In conclusion, our findings demonstrate that
GOs can influence the fate of lipid metabolism in macrophages. Spe-
cifically, hydrophilic GOs may alleviate foam cell formation by upre-
gulating the expression of lipid transport and hydrolysis-related
proteins such as ABCA1, ABCGI, and nCEH, compared to cells treated
with LDL and hydrophobic GOs (Fig. 7e).

Significantly, ABC transporters play crucial role in cholesterol
efflux, and their expression is further regulated by PPARy and
LXRa***’. To assess the functional role of ABC transporters, we initially
examined the protein levels of ABC transporters, PPARy and LXRa. As
shown in Fig. 7b and Supplementary Fig. 21, only LDL treatment of
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THP-1 macrophages resulted in the downregulation of PPARy and
LXRa expression, leading to the suppression of ABCAl or ABCG1 and
the inhibition of cholesterol efflux. Conversely, treatment with GOs/
LDL complexes upregulated the expression of PPARy and LXRa. To
further verify the role of ABC transporters in foam cell formation, we
used siRNA to knock down the expression of ABCAl and ABCGl

Lipid droplets

L-GO/LDL M-GO/LDL H-GO/LDL

Lipid droplets DAPI

(Supplementary Fig. 24), followed by treatment with LDL or GOs/LDL
to assess the lipid accumulation in THP-1 macrophages. The results
indicated no significant difference in the fluorescent intensity of GOs
determined by laser reflectivity imaging (Supplementary Figs. 10, 25),
suggesting that neither ABCA1 nor ABCG1 predominantly mediates the
uptake of GOs/LDL in macrophages. However, lipid droplet analysis
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Fig. 7 | The change in lipid metabolism pathway of macrophages after treat-
ment with LDL and GOs. a The change in mRNA level of lipid metabolism when
macrophages are treated with LDL, L-GO/LDL, M-GO/LDL, and H-GO/LDL for 6 h
according to the fatty acid metabolism PCR Array. b Effects of LDL and the GOs/LDL
complexes on protein levels of cholesterol metabolism. All blots are performed
with three independent replicates for biological experiments. Original and
uncropped blots are shown in Supplementary Fig. 20. Binding affinity of GOs/LDL
complexes with CD36 receptors (c) and with LDL receptors (d) in vitro by BLI.

e Schematic illustration of the different pathways of cellular uptake and export of

cholesterol when macrophages are treated with LDL and hydrophilic GO/LDL
complexes. Figure 7e Created in BioRender. Wu, J. (2024) BioRender.com/j78q721
released under a CC-BY-4.0 license. Accumulation of lipid droplets in macrophages
after knockdown of the expression of ABC transporter using ABCA1 siRNA (f) and
ABCGI siRNA (g) when treated with LDL and GO/LDL complexes, visualized by
confocal imaging. Red color indicates lipid droplets, while blue indicates nucleus.
Three biological experiments are repeated independently. The scale bar represents
35 um. Source data are provided as a Source Data file.
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Fig. 8 | Effects of GOs/LDL on lipid metabolism in vivo. a Overview of timeline for
treatment with LDL or GOs/LDL in C57 BL/6 J mice. Figure 8a Created in BioRender.
Wu, J. (2021) BioRender.com/n18b700 released under a CC-BY-4.0 license. Effects
of LDL or GOs/LDL on serum total cholesterol (TC) levels (b), triglyceride (TG)

levels (c), LDL-C levels (d), and HDL-C levels (e). Effects of LDL or GOs/LDL on liver

TC levels (f), TG levels (g), LDL-C levels (h), and HDL-C levels (i). Data represent
mean * standard deviation of n =7 biological replicates. Statistical significance was
calculated by one-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05;
**p < 0.0L; **p < 0.001; ***p < 0.0001; n.s., not significant (p > 0.05). Source data
are provided as a Source Data file.

indicated that ABCA1 and ABCG1 play major roles in lipid accumula-
tion, leading to the formation of lipid droplets due to reduced cho-
lesterol efflux after siRNA treatment for 48 h, followed by treatment
with of LDL or GOs/LDL complexes (Fig. 7f, g).

As we know, the accumulation of cholesterols contributes to the
differentiation of macrophages into pro-inflammatory Ml-like type,
leading to endoplasmic reticulum stress, inflammatory cytokine pro-
duction, and apoptosis®’. However, the activation of LXR-targeted
gene expression will contribute to enhancing cholesterol efflux and
acquisition of anti-inflammatory properties in M2-like type
macrophages®. We thus studied the profiles of macrophage polariza-
tion after treatment with LDL or GOs/LDL complexes. The results
indicated that macrophages tend to differentiate into anti-
inflammatory M2-like types (CD206" in F4/80/CDI11b" subset) after
treatment with GOs/LDL complexes, comparing to LDL treatment.
Moreover, GOs with a higher hydrophilicity induced more polarization
of macrophages in other words, more production of M2-like ones
(Supplementary Figs. 26-28). This can be explained by the fact that
GOs/LDL complexes upregulate the expression of LXR to enhance the

anti-inflammatory properties in macrophages. As a result, the level of
lipid metabolism modulated by GOs/LDL complexes affects the acti-
vation of macrophages and their functions.

We next wonder whether GO/LDL complexes could impact lipid
metabolism in mice in vivo, taking into account the potential hemolytic
effects induced by pure GOs in vivo. To mitigate this effect, we pre-
incubated GOs and LDL. As shown in Fig. 8a, 12 weeks old mice received
repeated injections of LDL or GOs/LDL through the tail vein, with doses
of 100 pg of GOs and 200 pg of LDL, once every 3 days for a total of five
injections in total. Seven days after the final injection, the mice were
euthanized, and blood and livers were harvested for measurement of
total cholesterol, triglycerides, LDL-cholesterol, and HDL-cholesterol to
evaluate lipid metabolism. Injection of LDL five times exacerbated the
higher levels of total cholesterol, triglycerides, and LDL-C in both blood
serum and liver. In contrast, GO/LDL complexes appeared to reduce
lipid accumulation in blood and liver (Fig. 8b-d, f-h). The oxidation
degree of GO, correlated with the decrease in lipid storage, as evi-
denced by the higher level of HDL-C involved in lipid reverse transport
(Fig. 8e, i). Thus, analysis of hepatic and blood-lipid levels indicated
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Hydrophobic GOs

Hydrophilic GOs

Fig. 9 | Schematic illustration of how surface hydrophilicity/hydrophobicity of
nanomaterials determines lipid metabolism in macrophages. a Schematic
illustration of how graphene oxide nanosheets determine lipid metabolism in
macrophages. b Influence of surface properties of GOs on the structure and phy-
siological function of bound LDL. GOs with distinct surface hydrophilicity/hydro-
phobicity exhibit preferred modes of binding the components of LDL such as
lipoprotein ApoB-100 and phospholipids, which ultimately affect lipid metabolism
in macrophages. Upon absorption of LDL, hydrophobic GOs preferentially bind
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lipid components, disrupting the integrity of LDL phospholipid monolayer, accel-
erating the fusion of LDL and lipid peroxidation, and inducing foam cell formation.
In comparison, hydrophilic GOs prefers to bind ApoB-100, altering its secondary
structures, which effectively blocks LDL receptor binding and cellular uptake,
preventing the abnormal lipid metabolism in macrophages. Figure 9a Created in
BioRender. Wu, J. (2024) BioRender.com/r16c552 released under a CC-BY-4.0
license. Figure 9b Created in BioRender. Wu, J. (2024) BioRender.com/028z461
released under a CC-BY-4.0 license.

that GO/LDL complexes could regulate hyperlipidemia and disturbed
lipid metabolism triggered by LDL in vivo.

In summary, our study underscores the crucial role of surface
chemistry in modulating intracellular lipid metabolism during inter-
actions between nanomaterials and macrophages. GOs serve as a
valuable model for hydrophobic carbon nanomaterials, illustrating
how surface chemistry influences the formation of a specific lipopro-
tein corona. This, in turn, leads to changes in the structure and func-
tions of lipoproteins, ultimately regulating lipid metabolism at the
molecular interface and cellular level. By precisely controlling the
oxidation degrees and surface functional groups of GOs, such as car-
boxyl and hydroxyl groups, distinct hydrophobicity/hydrophilicity can
be achieved. This enables hydrophilic or hydrophobic GOs to effec-
tively enrich lipoproteins on their surface, resulting in different corona
compositions of apolipoproteins in the presence of serum.

Hydrophobic GOs tend to adsorb more ApoB-100 (LDL), while
hydrophilic nanosheets preferentially bind more ApoA-1 (HDL)
proteins. Further investigations have revealed that both types of GOs
can adsorb a large number of LDL, but they induce different beha-
viors in lipid metabolism within macrophages, including lipid accu-
mulation and efflux. Through the use of SR-CD, XRR, and MD
simulation, we have elucidated the underlying mechanisms. Hydro-
phobic GOs preferentially bind to the phospholipids on LDL’s outer
monolayer, altering the structures and morphology of LDL and
accelerating lipid peroxidation. Conversely, hydrophilic GOs tend to
adsorb onto the protein component of LDL, ApoB-100, effectively

blocking the sites where LDL binds to the LDL receptor (LDLR).
These distinct nano-bio interactions ultimately determine the
uptake fate of GO/LDL by activated macrophages and their ability to
induce lipid storage and efflux within the macrophages (Fig. 9).
Specifically, hydrophobic GOs with LDL are more readily inter-
nalized, leading to lipid storage and the formation of foam cells.
Conversely, the complex formed by hydrophilic GOs and LDL is less
internalized by macrophages, but it promotes the upregulation of
lipid hydrolysis and efflux-related gene expression, facilitating the
removal of lipids from macrophages. In conclusion, our findings
highlight the pivotal role of nanomaterials surface chemistry in
regulating the corona composition of lipoproteins and selectively
altering the interfacial structures of low-density lipoprotein through
preferential interactions with lipids or protein components. This, in
turn, significantly affects the lipid metabolism of macrophages.
Understanding the pathological effects of nanomaterials caused by
surface chemistry provides valuable insights for biomedical appli-
cations, particularly in the modulation of lipid metabolism.

Methods

Preparation of GOs

Single-layer GO with varying oxidative degrees was prepared using
modified Hummer methods?”. Briefly, 0.5000 g of graphite was stirred
in 60 mL of concentrated sulfuric acid (H,SO,) for 6 h at room tem-
perature. Subsequently, the mixture was cooled to 0°C, and KMnO,
powder was added, followed by another 2h reaction at 37°C.
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Afterwards, 240 mL of distilled water was added to the mixture at
room temperature, and a 30% H,0, solution was introduced to com-
pletely remove unreacted KMnO,. The resulting GO product under-
went several washes with 5% HCI solution and was dialyzed in diluted
water for a week to liminate any remaining saline and acid. Finally, the
graphite oxide solution was ultrasonically exfoliated for 5h (using a
cycle of 5-s on and 5-s off, at a power of 400 W) and then centrifuged at
13,800 g to obtain the GO solution. The oxidative levels of the GOs
were determined based on the amount of added KMnOy,, and the final
products were named L-GO, M-GO, and H-GO, corresponding to
additions of 1g, 2 g, and 3 g of KMnOy,, respectively.

Preparation for serum proteomics of GOs

Human blood was collected from various healthy volunteers at the
Shenzhen Blood Center with the donors’ consent. The collection of
human blood samples was approved by Shenzhen Blood Center’s and
Shenzhen Institute of Advanced Technology’s ethics committee
(ethical approval number: SIAT-IRB-230415-H0648) and all relevant
ethical regulations were followed. The proteomics samples were pre-
pared following established procedures described in previous pub-
lications. The blood was drawn into serum collection tubes (BD
Vacutainer™). After allowing the blood to clot at room temperature for
30 min, human serum was obtained by centrifuging the samples at
1100 x g for 10 min. The collected serum was then aliquoted and stored
at —80 °C until further use in the preparation of GOs and serum pro-
teomics samples. Prior to incubation with the GOs samples, the serum
underwent a second centrifugation step at 10,600 x g for 10 min at4 °C
to separate protein aggregates from the serum. Subsequently, three
different GOs samples (at 0.5 mg/mL) were incubated with 10% human
serum in PBS for 1h at 37°C under continuous stirring. After the
incubation, the GOs/protein complexes were separated from the
serum by centrifugation at 21,600 x g for 15 min at 4 °C. The super-
natant was discarded, and the pellet was washed with ice-cold PBS.
This washing process was repeated three times, and the pellets at the
bottom of the tubes were resuspended in ultra-pure water and stored
at —20 °C for LC-MS/MS analysis. The protein concentration of the
mixture was determined using the BCA assay. To elute corona proteins
from the GOs samples, 100 L of 5% SDS was added to the GOs/corona
complexes, and the mixture was heated at 95 °C for 15 min. Finally, the
samples were centrifuged at 10,600 x g for 15min and digested for
label-free LC-MS/MS analysis.

LC-MS/MS analysis

The digested products were separated using a Thermo Ultimate 3000
nano-UPLC system with a flow rate of 0.300 uL/min for a 120 min
gradient elution, which was directly interfaced with a Thermo Fusion
LUMOS mass spectrometer. The system employed an Acclaim PepMap
RSLC column (75um ID, 250 mm length, C18), with mobile phase A
(0.1% formic acid) and mobile phase B (80% acetonitrile and 0.1%
formic acid). The Fusion LUMOS mass spectrometer operated in data-
dependent acquisition mode using Xcalibur 4.1.50 software, starting
with a single full-scan mass spectrum in the Orbitrap (300-1800 m/z,
60,000 resolution), followed by 20 data-dependent MS/MS scans. MS/
MS spectra from each LC-MS/MS run were then searched against the
selected database using Proteome Discoverer software (Thermo Sci-
entific, ver. 2.2). Identified corona proteins on GOs samples were
manually assigned by searching the human taxon in the UniProt
database. Protein abundance was calculated based on label-free
quantification intensities relative to the total sum of protein inten-
sities for each sample (three biological replicates).

Observation of lipid accumulation in THP-1 macrophages by
TXM imaging

Single-cell imaging was conducted to observe organelles and lipid
droplets within THP-1 derived macrophages. The cryo-soft X-ray

transmission microscope (TXM) at beamline BLO7W of the National
Synchrotron Radiation Laboratory (NSRL, Hefei, China) was utilized for
sample observation. THP-1 cells were seeded and allowed to differ-
entiate into macrophages for 16 h in the presence of 100 ng/mL PMA.
The macrophages adhered to a nickel grid with a carbon-free sup-
porting film (ZhongJingKeYi Technology Co., Ltd., China). Subse-
quently, the macrophages were treated with fresh medium containing
20 pg/mL GOs, 50 pg/mL LDL, and the GO/LDL complexes for 24 h,
respectively. Following this, the cells were washed three times with PBS
solution and fixed with a 4% paraformaldehyde solution for 20 min.
Finally, the cells on the supported nickel grids were immersed in liquid
ethane and inserted into a sample holder in liquid nitrogen, which was
then transferred to the TXM chamber. Using a soft X-ray beam at
520eV, the cells of interest were focused, and their images were
magpnified by a zone plate and an objective, then captured by a CCD
camera with a 13-pum field of view and a 30 nm spatial resolution. The
cells were rotated from -60° to +60°, and a series of projected images
were sequentially collected for 121 times, with 1-degree intervals and an
exposure time of 3s. The tilt series of images were aligned using
XMController, and 3D tomographic reconstruction was performed on
these images using XMReconstruction and visualized. Because various
organelles contain quite different molecular compositions with dif-
ferent matter density, lipid droplets and other organelles exhibit dis-
tinct capacity for X-ray absorption when soft X-ray transmit the
samples*. This characteristic enables various organelles to exhibit
distinct coefficients for X-ray absorption. To distinguish the organelles
and lipid droplets, we thus used linear absorption coefficient (LAC) to
identify the different types of subcellular structures from the recon-
structed Nano-CT greyscale images. Segmented cellular structures,
such as cytoplasm, organelles, and lipid droplets, were identified and
labeled in red, cyan, and yellow, respectively, based on the difference
in their LAC, via Amira (FEI Company).

Assessment of the interaction of GOs with the phospholipids
The X-ray reflectivity (XRR) experiment was conducted using a liquid
surface reflectometer on the ChemMatCARS 15-ID-C beamline at the
Advanced Photon Source, Argonne National Laboratory®* . Incident
X-rays with an energy of 10keV and a wavelength of 1.23894 A
were utilized. For in situ XRR experiments, a 60 mL single-barrier
Langmuir trough measuring 7.78 cm (W) x 17.8 cm (L) x 0.3 cm (H)
was employed. To investigate the absorption of GOs with the
outer phospholipid monolayer of LDL and the interfacial structure, a
model phospholipid, 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
(SOPC), was spread on the surface of water to form a SOPC phos-
pholipid monolayer. Specifically, 1 mg/mL of SOPC phospholipid dis-
solved in chloroform was gently dropped onto the water’s surface
using a microsyringe. Within 10 min, the SOPC phospholipids spread
and formed a monolayer after the chloroform volatilized. A surface
pressure of 20 mN/m was maintained using a barrier, mimicking the
physiological state of biological membranes®. Next, 20 pg/mL of well-
dispersed GO solutions were injected into the subphase (water) and
mixed homogeneously to facilitate the adsorption of GO to SOPC
through continuous stirring for 40 min at 120 rpm using a Teflon-
coated magnetic bar®>®’, The reflectivity signal was detected using a
two-dimensional hybrid pixel array X-ray detector (PILATUS 100 K).
After data collection, the XRR data were analyzed, and the data fitting
was performed based on a model-dependent and iterative fitting
procedure®®®’,

Molecular dynamic simulation system for the interaction of
graphene/GOs with a lipid nanodroplet model

All the coarse-grained molecular dynamics (CGMD) simulations were
performed using the GROMACS package with the modified MARTINI
2.0 force field”*”. The CG model for graphene/GOs was created from
the atomistic model using a 4-to-1 mapping scheme, preserving their
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hexagonal lattice geometry”. According to the MARTINI force field,
the hydrophobic beads of GOs were represented as C4, while the
hydrophilic beads were represented as P1. To prevent water freezing
on the substrate surface during the simulations, the CSJ water model
was utilized”>”*. To mimic LDL, mainly composed of lipids and occu-
pying a significant the surface area, a lipid droplet model was used with
a similar lipid composition and surface properties™”°. Each lipid dro-
plet consisted of 1,352 1-palmitoyl-2-oleoyl-phosphatidylcholine
(POPC), 600 cholesterol (CHOL), 1,400 cholesteryl esters (cholesteryl
oleate, CHYO), and 170 triglycerides (glyceryl trioleate, TOG)”>’. The
lipid droplet was equilibrated in water and placed approximately 1 nm
above the surface of the graphene or GOs as the initial setup. The total
system size was 55 x 55 x 27 nm?, containing 883,715 CG beads. During
the simulations, the system was maintained at a temperature of 310 K
using the NVT ensemble. Temperature boundary conditions were set
using the Nose-Hoover algorithm, with the water and other molecules
independently coupled with relaxation times of 0.20 and 1.00 ps,
respectively. The graphene/GOs substrates were considered fixed by
freezing the position of the beads. The time step for all simulations was
10fs, and the nonbonding pair list was updated every 5 steps with a
neighboring search cutoff of 1.60 nm. Visulazation of MD simulation
was used VMD software (version 1.9.3).

Animal experiments

Male C57BL/6]) mice (12 weeks old, 20-25g) and male BALB/c mice
(10-12 weeks old) were purchased from SPF Biotechnology Co., Ltd.
(Beijing, China). All animal experiments were approved by Institute of
High Energy Physics’ ethics committee (ethical approval number:
IHEPLLSC) and all relevant ethical regulations were followed. The mice
were kept in the specific pathogen-free (SPF) animal facility in a
temperature-controlled (22°C) and a strict 12-h light cycle environ-
ment, in which mice were fed with a standard diet and water with 60%
relative humidity, with the cages changed every 2 days. After an
adaptation period of 7 days, 7 mice in each group were repeatedly
injected with LDL or GOs/LDL through the tail vein at 100 pg of GOs
and 200 pg of LDL once every 3 days for five injections in total. Mice in
control groups were injected with the same volume of saline intrave-
nously. At days 7 after the final injection, the mice were sacrificed to
harvest blood and livers for measurement of total cholesterol, trigly-
ceride, LDL-cholesterol, and HDL-cholesterol.

Blood samples were collected at room temperature for 3 h and
centrifugated at 1,200xg for 15min. Serum in supernatant were
obtained and 10 pL of serum sample was mixed with 1 mL of working
reagent and incubated at 37 °C for 10 min, following by measurement
of OD value under 500 nm according to the manufacturer’s protocol.
Positive control was conducted by mixing 10 pL of standard choles-
terol solution (6.56 mM) or triglyceride solution (2.39 mM) with 1mL
of working reagent and incubated at 37 °C for 10 min. Negative control
was conducted by mixing 10 pL of PBS solution with 1 mL of working
reagent and incubated at 37 °C for 10 min.

For measurement the LDL-cholesterol (4.1mM) and HDL-
cholesterol (1.32 mM) in serum sample, 10 pL of serum samples were
first mixed with 750 pL of reagent 1 and incubated at 37 °C for 5 min
and corresponding OD values were recorded under 600 nm and set as
Al. Then 250 pL of reagent 2 was added into above solution and con-
tinued to incubate for another 5 min, following by measurement of OD
values under 600 nm and set as A2. The OD values of samples were
calculated as AA =A2-Al. Positive control was conducted by mixing
10 pL of standard LDL cholesterol solution (4.1 mM) or HDL cholesterol
solution (1.32 mM) with 750 pL of reagent 1 and 250 pL of reagent 2.
Negative control was conducted by using 10 pL of PBS solution. Liver
samples were weighed and homogenized with icy PBS solution fol-
lowed by sonication and centrifugation at 600 x g at 4 °C for 15 min-
utes to collect the supernatant. The procedure of OD values
measurement was the same as blood samples.

Statistical analysis

The results are presented as mean values from replicate experiments
or samples in one representative experiment, as indicated in the figure
legends. Statistical significance was determined using the two-tailed
Student’s ¢-test for comparisons between two groups, and one- or two-
way ANOVA with Tukey’s or Sidak’s multiple comparisons test. Statis-
tical analysis was performed using GraphPad Prism and p < 0.05 was
considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study is available with the article, Supple-
mentary Information, Supplementary Data files and Supplementary
Movies. Source data is available for Figs. 1-8 and Supplementary
Figs. 1-3, 9, 12, 14-24, and 28 in the associated source data file. The
proteomics data generated by mass spectrometry, including raw data
and search results have been deposited to the ProteomeXchange
Consortium (https://proteomecentral.proteomexchange.org) via the
PRIDE partner repository with the dataset identifier: PXD044475. The
human proteomic dataset is available on the UniProt website (https://
www.uniprot.org). The identified protein corona parameters, includ-
ing relative abundance, accession code, enrichment factors (in Fig. 2,
Supplementary Figs. 4, 5) generated in this study are presented in
Supplementary Data 1. The identified coronal lipid components,
including relative abundance, volcano plots, heatmaps, PCA analysis
results (in Supplementary Figs. 6-8) generated in this study are pre-
sented in Supplementary Data 2. For clustering heatmaps, the data
were normalized using z-scores of the intensity areas of differential
metabolites and were plotted by Pheatmap package in R language
(version 4.0.5). The secondary structure of Apo B-100 was analyzed
using CDtool software (http://cdtools.cryst.bbk.ac.uk). The lipid dro-
plets in macrophages visualized by TXM and Nano-CT are presented in
Supplementary Movies 1-5. The simulation results are presented in
Supplementary Movies 6-11. The primer sequences for cholesterol
metabolism-related genes are listed in Supplementary Data 3. The
schematic illustration of the ball-and-stick model of GOs (in Fig. 1a)
were visualized by ChemBioDraw software (version 14.0.0.117). Other
illustrations presented in the manuscript (in Figs. 4e, 7e, 8a and 9) were
created in BioRender.com released under a CC-BY-4.0 license. Visua-
lization of MD simulations (in Fig. 5d, e) is rendered by VMD software
(version 1.9.3). Source data are provided with this paper.
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