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A B S T R A C T

In tissue engineering, foreign body reactions (FBRs) that may occur after the insertion of medical implants are a
considerable challenge. Materials currently used in implants are mainly metals that are non-organic, and the lack
of biocompatibility and absence of immune regulations may lead to fibrosis after long periods of implantation.
Here, we introduce a highly biocompatible hybrid interface of graphene oxide (GO) and collagen type I (COL-I),
where the topological nanostructure can effectively inhibit the differentiation of fibroblasts into myofibroblasts.
The structure and roughness of this coating interface can be easily adjusted at the nanoscale level through changes
in the GO concentration, thereby effectively inducing the polarization of macrophages to the M1 state without
producing excessive amounts of pro-inflammatory factors. Compared to nanomaterials or the extracellular matrix
as an anti-fibrotic interface, this hybrid bio-interface has superior mechanical strength, physical structures, and
high inflammation. Evidenced by inorganic materials such as glass, titanium, and nitinol, GO-COL shows great
potential for use in medical implants and cell-material interfaces.
1. Introduction

The global demand for medically implantables is on the rise, with an
increasing number of medical implants being inserted into human bodies
each year with a compound annual growth rate of 13.69% [1]. However,
most medical implants trigger unwanted foreign body reactions (FBRs)
after implementation, which ultimately lead to fibrosis and irreversible
damage to the device [2,3]. Once a biomaterial comes into contact with
body fluids, proteins such as albumin, fibronectin, fibrinogen, and
complements are immediately absorbed on the surface of implants.
Protein deposition subsequently triggers the innate immune system,
resulting in acute inflammation. Macrophages are one of the white cells
first recruited to the implantation site, where they differentiate into the
pro-inflammatory M1 phenotype and the alternative M2 phenotype [4].
Continuous stimulation of the implant site leads to chronic inflammation
after a few days of acute inflammation. During chronic inflammation, the
macrophages switch toward an alternatively activated M2 phenotype,
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and release pro-fibrotic factors such as the platelet-derived growth factor
(PDGF) and transforming growth factor-β1 (TGF-β1) that stimulate con-
version of fibroblasts into myofibroblasts [5,6]. These myofibroblasts
produce extensive extracellular matrixes (ECMs), predominantly type I
collagen (COL-I), resulting in a condensed fibrous capsule surrounding
the implant. Macrophages play a crucial role in tissue regeneration by
regulating the ECM environment, with excessive polarization of both
M1/M2 phenotypes ending in fibrosis [7–10]. Therefore, regulating FBR
from macrophage polarization in the tissue microenvironment is signif-
icant for the inhibition of fibrosis.

Surface modification is a common approach adopted to improve tis-
sue integration by limiting severe FBR and fibrosis [11]. Biomaterials
that resemble structures similar to natural ECM are better candidates for
substrate coatings. Arg-Gly-Asp (RGD) motif-inhibiting coatings that
could reduce cell adhesion, and slow-release drug coatings have been
developed to inhibit implant fibrosis [12]. Other modifications target
physical properties such as surface hydrophilicity, porosity, stiffness
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(elastic modulus), roughness and topography [13]. Recently, novel nano-
and micro-patterning technologies have expanded the fundamental un-
derstanding of cellular behavior control [14–19]. Surfaces with nano-
patterns have demonstrated great potential against fibrosis; the unique
topology and roughness of the implant surfaces are sensed by fibroblasts
that come in contact with them, resulting in inhibition of cell skeleton
rearrangement and subsequent differentiation [15]. Although these ap-
proaches result in obvious inhibition of myofibroblasts, a lack of suitable
immune regulation strategies still leads to fibrosis after prolonged im-
plantation, with accumulated M2 macrophages continuing to attract and
stimulate fibroblasts [6].

Graphene oxide (GO), a derivative of graphene, is composed of sp2
hybridized hexagonal lattice units, and exhibits a two-dimensional sheet-
like structure [20]. Based on the abundant oxygen-containing functional
groups (hydroxyl, epoxy, carbonyl, and carboxyl) on the surface, GO has
been intensively investigated in the biomedical field such as in drug
delivery, tissue engineering, wound healing and medical devices [21].
GO contains carbon radicals and possesses oxidative ability, and has been
reported to induce a pro-inflammatory response through lipid peroxi-
dation of the surface membrane as well as membrane damage and sub-
cellular processing, especially in macrophages [22,23]. GO has also been
evidenced to have an immunomodulatory influence on the
pro-inflammatory, M1 phenotype of macrophages [24–26].

However, GO still faces significant challenges when applied to human
bodies. Previous studies have reported dose-dependent cell death in
several human cell lines including lung epithelial cells (BEAS-2B, A549),
normal lung fibroblasts (HLF), and macrophages (THP-1) [22]. Although
providing the GO with a coating makes it less toxic, there is still the risk
of dissolution, release of GO flakes, and their cellular uptake. Therefore,
researchers have incorporated GO in hydrogels to reduce its acute
toxicity potential through the entrapment of GO in hydrogel matrices
[27]. More importantly, GO can function as a coordinator to regulate the
mechanical properties of hydrogels; the addition of GO significantly
improves the tensile strength and modulus of elasticity of the
hydrogel-based nanocomposite [27,28]. The covalent bond and in-
teractions between GO and the polymers provide firm physical support
[29,30].

In this study, we incorporated GO with COL-I to generate a biocom-
patible hybrid interface—the graphene oxide conjugated collagen (GO-
COL) composite—demonstrating a coating surface with nanoscale
roughness. By adjusting the GO concentration, the level of crosslinking in
the GO-COL network as well as the surface roughness can be regulated. In
addition, the oxidative ability of the GO flakes on this hybrid interface
provides it a unique ability to inhibit fibrosis through immune regulation,
and subsequently bestows anti-fibrotic properties on materials
commonly used in implants such as glass, titanium, and nitinol.

2. Material and methods

2.1. Synthesis of GO-COL composites for use as coating

A single-layer GO solution was purchased from Sigma-Aldrich
(#777676). According to the product information, GO was dissolved in
water to obtain a concentration of 4 mg/mL. The average diameter of the
GO flakes was approximately 400 nm.

To synthesize the GO and collagen complex, the 4 mg/mL GO stock
solution was first diluted to 300 μg/mL in deionized water. Next, the gel
linker N-(3-Dimethylaminopropyl)-N-ethyl carbodiimide hydrochloride
(EDC, E1769, Sigma) and N-hydroxysulfosuccinimide sodium salt (NHS,
FL-56485, Sigma) were added to the diluted GO solution and placed in a
low-temperature ultrasonic cleaning machine and sonicated for 1 h to
avoid uneven aggregation. Finally, COL-I purchased from Thermo Fisher
(A1048301, Gibco) was added, and GO/(GO þ COL) solutions of
different weight percentages—in the sequence 8%,16%, and 32% GO-
COL—were prepared.
2

2.2. X-ray photoelectron spectroscopy analysis

The X-ray photoelectron spectroscopy (XPS) spectra of GO, COL, 8%
GO-COL, 16% GO-COL, and 32% GO-COL were obtained using the
ESCALAB Xiþ (Thermo Fisher Scientific), and peak analyses were con-
ducted using OriginPro 9.1 (OriginLab Corporation). All sample solutions
were coated and dried on silicon wafers with at least five iterations.
2.3. Fourier transform infrared spectroscopy analysis

The measurements of functional changes among the 8%, 16%, and
32% GO-COL groups and COL were performed using Fourier transform
infrared (FTIR) spectroscopy (Vertex 80v, Bruker). Solutions of 8%, 16%,
and 32% GO-COL and COL were first prepared, after which all samples
were coated and dried on silicon wafers, with at least five iterations
performed.
2.4. Characterization of surface nanostructure and roughness

Scanning electron microscopy (SEM, SU-8010, Hitachi) was used to
detect the surface nanostructures of the 8%, 16%, and 32% GO-COL
samples as well as those of COL. Atomic force microscopy (AFM edge)
was performed in tapping mode to record the surface roughness. For
sample preparation, silicon wafers were placed overnight in the coating
solution at 4 �C. The coated wafers were then washed with deionized
water followed by fixation with 2.5% glutaraldehyde (G6257, Sigma) for
1 h. Subsequently, the samples were dehydrated with ethanol solution at
35%, 70%, 85%, and 99% concentrations, in that order (10 min at each
concentration). After the removal of ethanol, the samples were soaked in
100% hexamethyldisilazane for 5 min and dried overnight at room
temperature (RT).
2.5. Cell culture

The normal human lung fibroblast cell line (HFL-1) and the human
monocytic cell line (THP-1) were acquired from the Bioresource Collec-
tion and Research Center (BCRC). The HFL-1 cell line was cultured in the
Roswell Park Memorial Institute-1640 (RPMI-1640, Gibco) medium
supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin (P/S) in place of the F12K medium after the adaptation
test. The THP-1 cell line was maintained in RPMI-1640 (Gibco) supple-
mented with 10% fetal bovine serum and 1% penicillin-streptomycin. All
cell cultures were maintained in T75 flasks at 37 �C in an incubator with
5% CO2.

For single culture, the glass slides, and Titanium disks (pure Ti, Ul-
timate Materials Technology Co., Ltd., Taiwan), or Nitinol disks (Ni 55%
&Ti 45%, Ultimate Materials Technology Co., Ltd., Taiwan) were pre-
coated with 8%, 16%, and 32% GO-COL, and COL by placing them
overnight in the coating solution at 4 �C. HFL-1 cells were seeded on
these glass slides, Titanium disks, or Nitinol disks and incubated for 24 h.
THP-1 cells were also seeded on the coated glass slides, Titanium disks, or
Nitinol disks; however, they were first cultured in RPMI-1640 medium
with 150 nM PMA to induce differentiation. After 6 h of incubation, the
suspension type THP-1 monocytes differentiated into an adhesive
macrophage-like phenotype. The medium was then replaced with RPMI-
1640 without PMA, and the cells incubated for 24 h.

For co-culture, the glass slides, Titanium disks, or Nitinol disks were
also first pre-coated with 8%, 16%, and 32% GO-COL and COL by placing
them overnight in the coating solution at 4 �C. Next, THP-1 cells were
seeded using PMA treatment for 6 h. After that, the medium was
replaced, and the HFL-1 fibroblasts were seeded together with macro-
phages in the ratio of 1:2 (macrophage: fibroblast ¼ 1:2). Subsequently,
the cells were cultured for 1, 3, or 7 days, depending on the experiment
performed.
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2.6. Cell viability

The reagent from the cell counting kit 8 (E-CK-A361, Elabscience)
was applied to each well and incubated at 37 �C for 2 h. Single cell
viability was measured at 24 h after approximately 2 � 104 THP-1
macrophages or 4 � 104 HFL-1 fibroblasts seeded onto GO-COL-coated
coverslips in 24-well plates. The medium that underwent change of
color was placed in the wells of a 96-well plate, with 100 μl per well and
the absorbance was read using an ELISA reader. For co-culture, 2 � 104

THP-1 macrophages were initially seeded on GO-COL-coated coverslips
in 24-well plates, and 4 � 104 HFL-1 fibroblasts were seeded after 6 h of
macrophage adhesion. The viability of the co-culture was measured 24 h
after both cells were seeded.

2.7. Immunofluorescence staining

The GO-COL coated 12 mm coverslips, Titanium disks, or Nitinol
disks were placed at the bottom of 24-well plates. There were 2 � 104

THP-1 macrophages, 4 � 104 HFL-1 fibroblasts, or both, seeded in each
well. The cells were fixed with 4% formaldehyde at RT for 15 min. The
fixed cells were permeabilized with 0.5% Triton X-100 in phosphate-
buffered saline (PBS), then blocked with a blocking buffer (1% bovine
serum albumin/5% fetal bovine serum in PBS) at RT for 30 min before
incubated with primary antibodies at 4 �C overnight. They were then
incubated with a secondary antibody to detect the primary antibodies,
followed by DAPI counterstaining. Cell images were visualized through
confocal microscopy. More detailed information about the antibodies is
provided in supplementary information (Table. S1).

2.8. Western blot

The cells were co-cultured in 6 well plates with GO-COL-coated glass
coverslips. Approximately 1� 105 THP-1 macrophages and 2� 105 HFL-
1 fibroblasts were co-cultured in each well for 24 h. Whole cell protein
extracts were prepared with ice-cold RIPA lysis buffer supplemented with
protease inhibitors, and quantified using a BCA protein assay kit
(#23225, Thermo). Protein lysates were first isolated through 8% SDS-
polyacrylamide gel electrophoresis (PAGE), and transferred to a poly-
vinylidene difluoride (PVDF) membrane (NEF1002, PerkinElmer). After
blocking the membranes with 5% milk in TBST (0.1% Tween-20 in 1x
TBS), the membranes were incubated overnight at 4 �C with primary
antibodies diluted with 5% milk in TBST. After washing three times for
10 min each in TBST, the membranes were incubated with HRP-
conjugated goat anti-rabbit/mouse IgG (H þ L) secondary antibodies
(#31460 and #31439, Thermo) for 1 h at RT. Finally, the membranes
were incubated with ECL western blot substrate (WBKLS0500, Thermo
Scientific) for 1 min, and images of the protein bands were captured
using an imaging system.

2.9. Cell proliferation on GO-COL coated Titanium/Nitinol disks

The measurement of the CCK8 reagent is mentioned above. For pro-
liferation tests, THP-1 and HFL-1 cells were co-cultured on GO-COL
coated 12 mm Titanium/Nitinol disks with approximately 2 � 104

THP-1 macrophages and 4 � 104 HFL-1 fibroblasts, in a well. The optical
density (OD) values were read on Day 1, Day 3, and Day 7. Statistical
analysis and illustration were completed using Excel and Prism.

2.10. Measurement of pro-inflammatory cytokine expression

IL-6 and CCL2 expression levels were quantified using the Human IL-6
DuoSet ELISA kit (DY206–05, R&D) and Human CCL2/MCP-1 DuoSet
ELISA kit (DY279–05, R&D). All the samples were assayed according to
the manufacturer's instructions. The Coat CorningTM CostarTM 9018
ELISA plate wells were coated with capture antibodies overnight. Next,
serial diluted standard and cell culture medium was transferred to each
3

well of the ELISA plate. After incubation, the unbound conjugate was
washed off, and detection antibodies were added to each well. After
washing again, streptavidin-HRP was added to each well. Substrate was
added to each well and incubated for 15 min, and the reaction was
terminated using a stop solution (H2SO4). The OD in each well was
measured at 450 nm using a microplate reader.

2.11. Measurement of pro-fibrotic cytokine expression

The activation of TGF-β in the cell culture experiments was measured
using a TGFb1/LAP Human Uncoated ELISA Kit (Invitrogen, 88–50390).
The Coat CorningTM CostarTM 9018 ELISA plate was incubated overnight
at 4 �C with a capture antibody. After washing twice with wash buffer
(0.05% Tween 20 in 1x PBS), the plate with 1x assay buffer was incu-
bated at RT for 2 h. The plate was washed twice with 0.05% PBST, fol-
lowed by loading of the plate with samples/standards. The detection
antibody was then added to each well and incubated at RT for 2 h. After
washing four times with 0.05% PBST, streptavidin-HRP was added, and
the plate incubated at RT for 1 h. Finally, the plates were read at 450 nm
using a microplate reader.

2.12. Statistical analysis

Each group of data was repeated at least three times, and the data are
represented as the mean � standard deviation. Statistical analysis was
performed using GraphPad Prism (version 6) or Excel (Microsoft). The t-
test for unpaired data was used for statistical analysis, and two-way
analysis of variance was used for multiple comparisons.

3. Results and discussion

3.1. Fabrication and characterization of GO-COL composites

To synthesize the GO-COL composite, carboxylic groups present on
the GO surface were first activated using 1-Ethyl-3-(3-dimethylamino-
propyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS) as cross-
linking agents. Next, different concentrations of activated GO were
made to react with the amine group on the COL to form covalent amide
bonds (Fig. 1a). However, the electrostatic charges and Van der Waals
forces generated between the GO nanosheets made them prone to
agglomeration. During the synthesis of the GO-COL composites, exces-
sive GO agglomerates were formed, affecting the synthesis efficiency and
quality of the composite. Some parameters that can affect the dispersion
of GO have been described, including pH, ionic strength, and tempera-
ture [31,32]; we synthesized GO-COL composites in an ice bath with
ultrasound treatment in a chemical cross-linking reaction environment
(Fig. S1).

Finally, GO-COL composites containing different weight percentages
of GO (0%, 8%, 16%, and 32%; the composites are hereafter referred to
as 8% GO-COL, 16% GO-COL, and 32% GO-COL) were prepared. In the
C1s XPS spectrum, the GO-COL exhibited a higher C

–

–O/C–NH (288.2
eV) peak than that exhibited by GO corresponding to the amide bonding
formed in GO-COL, as shown in Fig. 1b. In addition, the spectra of N1s in
GO-COL showed two additional N–H–C––O (400.4 eV) and N–H3þ

(401.9 eV) peaks, which also proved the formation of more covalent
bonds and hydrogen bonds in GO-COL (Fig. 1c). The chemical-bound
composition of the GO-COL composites (Fig. 1d) was evident by
Fourier-transform infrared spectroscopy (FTIR) showing absorption
peaks appearing at C–N (1100–1300 cm�1) and N–H (1560–1640 cm�1).
These results confirmed that the degree of cross-linking was higher in
GO-COL composites compared to COL.

We subsequently analyzed the morphology of the GO-COL-coated
substrates and found that the surface of the GO-COL coating became
more textured as the weight percentage of GO in the GO-COL composite
increased (Fig. 1e). The morphologies of the COL-and GO-COL-coated
substrates were visualized by SEM imaging, and it was found that the GO-



Fig. 1. Preparation and analysis of GO-COL biocompatible hybrid interface (a) Scheme of GO-COL conjugation. (b) XPS analysis of composites with different per-
centages of GO in interface. C1s spectra of GO, COL, 8% GO-COL, 16% GO-COL, and 32% GO-COL. GO-COL groups display a stronger C

–

–O/C–NH (288.2 eV) bond
than GO. (c) N1s spectra of COL, 8% GO-COL, 16% GO-COL, and 32% GO-COL where GO-COL presents stronger N–C

–

–O (399.8 eV) and C–NH3þ (401.4 eV) binding
energy than COL. (d) FTIR spectra of COL, 8% GO-COL, 16% GO-COL, 32% GO-COL, and GO are measured and illustrated. Peaks are characterized at different
wavelengths, C ¼ O (1650 nm-1), N–H (1560–1640 cm-1), and C–N (1100–1300 cm-1). (e) Scheme of changes in structure of regulating GO at different concen-
trations. (f) SEM image at different percentages of GO-COL coating surface. (g) AFM analysis at different percentages of GO-COL topography.
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COL formed a three dimensional (3D) cross-linking network structure,
whereas COL formed a two dimensional (2D) mesh structure (Fig. 1f).
These structural differences stem from the addition of GO, which
contributed to tighter connections among the separated nanoscale
fibrous structures in the GO-COL composites. GO facilitates the structural
alignment of COL fibers through supramolecular interactions, including
hydrogen bonding, electrostatic interactions, and π-π stacking [33]. In
addition, the amide bond formed between GO and COL further enhances
the cross-linking effect, resulting in the formation of a 3D network
structure of GO-COL [34]. Analysis of the surface topography showed
that the roughness increased with increasing GO concentration, as shown
in Fig. 1e. The COL showed a root mean square (RMS) roughness of 2.9
nm. As for GO-COL, the addition of GO resulted in an increase in RMS
roughness from 18.8 nm to 116 nm for 8% GO-COL and 32% GO-COL
respectively. In addition, the higher GO concentration in GO-COL com-
posites also increased the stiffness to 19.26 kPa on the GO-COL composite
with a GO weight percentage of 32%. (Fig. S2). In comparison, COL was
softer than GO-COL and had a stiffness of 5.87 kPa. Considering these
factors, we incorporated GO into COL, creating a 3D fibrous structure
with nanoscale roughness that simultaneously enhanced material
stiffness.

Other studies on GO-incorporated hydrogels also reported that
different ways of cross-linking GO sheets improved mechanical
4

properties such as stiffness, dimensionality, surface roughness, porosity,
and deformability [35,36]. The hydrogels were designed to create
various degrees of mechanical strength that regulate cell behavior, which
provided researchers with a biomaterial platform for modeling in vitro
cell research and tissue engineering applications [27,29,37]. Here, we
focus on how GO-COL coatings influence the phenotypic changes of fi-
broblasts and macrophage cells, and assess the feasibility of their use in
anti-fibrotic applications.
3.2. Fibroblast cell morphology on GO-COL coatings

It has been well documented that quiescent fibroblasts are activated
to transform into myofibroblasts during the tissue healing process. This
leads to cytoskeletal structural alterations and alpha-smooth muscle actin
(α-SMA) expression through the activation of the focal adhesion kinase
(FAK) pathway [38,39]. Myofibroblasts are responsible for enhancing
the secretion of ECM and thus repairing injured tissue. However,
continued activation of the myofibroblasts can also lead to cell prolifer-
ation, resulting in the accumulation of abnormal ECM and altered tissue
mechanical properties, eventually leading to fibrosis [6]. Therefore, a
balanced activation of fibroblasts is important for reducing fibrotic
capsule formation during the wound healing process.

To demonstrate the applicability and effectiveness of GO-COL as an
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anti-fibrotic coating, we studied the cell morphology and myofibroblast
marker (α-SMA) expression in HFL-1 fibroblasts seeded on GO-COL to
analyze their differentiation levels (Fig. 2a). Fibroblasts were cultured on
the GO-COL coating for 24 h, and cell viability was examined by the
CCK8 assay. As shown in Figs. 2b and 8% GO-COL, 16% GO-COL, and
32% GO-COL did not show significant differences in cell viability
compared to COL, demonstrating the biocompatibility of the GO-COL
coatings. The cell morphology of myofibroblasts usually exhibits a
spreading shape similar to that of quiescent fibroblasts [40]. We exam-
ined fibroblast morphology using the mesenchymal marker-vimentin.
Cells on GO-COL showed lower vimentin expression, which we specu-
lated was due to the decrease in cell aspect ratio and cell area (Fig. 2c and
d). To further confirm and analyze the influence of myofibroblast dif-
ferentiation on the GO-COL coatings, the cells were immunostained with
the myofibroblast marker α-SMA. Confocal images (Fig. 2c) showed that
HFL-1 fibroblasts grown on COL expressed more α-SMA filaments, while
fibroblasts grown on the 8% GO-COL, 16% GO-COL, and 32% GO-COL
indicated a GO concentration-dependent decrease (Fig. 2e). According
Fig. 2. Response of HFL-1 fibroblast cultured on GO-COL biocompatible hybrid interf
GO-COL. (b) Viability of cells cultured for 24 h. (c) Immunofluorescence images of
broblasts demonstrate higher myofibroblast marker α-SMA expression levels on CO
increasing GO percentage in GO-COL, with 32% group presenting least α-SMA area
expression areas among COL, 8% GO-COL, 16% GO-COL, and 32% GO-COL. Statistic
expression, presenting the best anti-fibrotic capability among all GO-COL groups.
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to previous studies, stiff substrates promote the formation of stress fibers
and α-SMA expression in myofibroblasts [41,42]. Since COL only formed
a mesh-like 2D structure on the glass surface, the cells cultured on the
COL-coated coverslips were still affected by the stress of the glass sub-
strate, leading to myofibroblast activation. High matrix stiffness triggers
the mechanosensitive Hippo pathway effector Yes-associated protein 1
(YAP) [43]. Conversely, activated YAP upregulates myofibroblast dif-
ferentiation, resulting in increased ECM deposition and tissue stiffness
[44]. Excessive deposition of ECM establishes an aggressive pro-fibrotic
feedback loop, which stimulates fibrotic tissue proliferation [45]. In
contrast, GO-COL composites form a 3D fibrous structure that creates a
softer matrix between the cells and the glass, maintaining the quiescent
phenotypic nature of the fibroblasts. In addition, the topological nano-
structure of the surface also played an important role in inhibiting the
differentiation of fibroblasts into myofibroblasts [46]. The cross-linking
of GO with COL, forming anisotropic fibers, can potentially regulate
the expression of α-SMA in fibroblasts, as observed in previous studies
[47]. Topologically anisotropic fibrillar microstructure inhibits the
ace. (a) Scheme of fibroblast and myofibroblast morphology changes on COL and
cells cultured on COL, 8% GO-COL, 16% GO-COL, and 32% GO-COL. HFL-1 fi-
L compared to GO-COL; α-SMA expression levels show decreasing trends with
s. (d) Quantification of vimentin expression areas. (e) Quantification of α-SMA
s are normalized based on COL. HFL-1 cells on 32% GO-COL show least α-SMA
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activation of integrin β1 ligands on fibroblasts and further suppresses the
YAP signaling involved in α-SMA-mediated fibrosis [45].

3.3. Polarization of macrophages on GO-COL coatings

Macrophages play a key regulatory role in wound healing and
maintaining pro-fibrotic environments [48]. Each macrophage pheno-
type plays a unique and critical role in different stages of tissue repair;
therefore, the dynamic regulation of macrophage subtypes and their
functions is important. Specific environmental factors can polarize
macrophages from the ground state M0 into two major subtypes: the
pro-inflammatory M1 type and the M2 type in which tissue repair is
promoted [49]. Although both pro- and anti-inflammatory macrophages
are indispensable for regular tissue repair, overactivation of either sub-
population is undesirable. M1 macrophages are involved in angiogenesis
and phagocytosis during early wound healing, but an overly intense M1
inflammatory response leads to tissue destruction and fibrosis. Similarly,
although M2 macrophages promote tissue repair, an overabundance of
M2 macrophages might cause high expression of TGF-β, and enhance
fibrotic capsule formation. Therefore, the state of balance of the M1/M2
ratio is an important factor that determines the success or failure of
Fig. 3. THP-1 Macrophage polarization on GO-COL biocompatible hybrid interface.
with IFN-γ/LPS treatment, 8% GO-COL, 16% GO-COL, and 32% GO-COL. (b) Flow cy
with IFN-γ/LPS treatment, and 32% GO-COL. (c) SEM images of morphology of THP-
(e–f) Expression of fibrosis related cytokines in THP-1 macrophages on GO-COL. ELI
treatment, 8% GO-COL, 16% GO-COL, and 32% GO-COL. (g) Scheme of THP-1 mac
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bio-implants [50].
To clarify the propensity of the macrophages for polarization on the

GO-COL coating, THP-1 monocytes were first seeded on GO-COL coat-
ings; the suspension-type THP-1 monocytes were then treated with pro-
pidium monoazide (PMA) for them to differentiate into an adhesive
macrophage-like phenotype. A PMA concentration of 150 nM and
treatment time of 6 h were provided, based on past researches [51,52].
After 6 h of incubation, the THP-1 cells that were attached to the GO-COL
had transformed into a macrophage-like phenotype. As a comparison, we
also induced the transformation of THP-1 macrophages into an M1
positive phenotype using interferon-γ (IFN-γ) and lipopolysaccharide
(LPS). After 24 h of culture, the cells were immunostained with the
CD163 antibody. CD163 markers were found in M0, M1, and M2 mac-
rophages, but the M2 macrophages showed increased expression.
Confocal images (Fig. 3a) showed decreased expression of CD163 in the
M1 positive COL (IFN-γþ/LPSþ) group and M0 THP-1 macrophages
seeded on the GO-COL, compared to macrophages seeded on COL. In
addition, GO-COL showed a decreasing trend of CD163 expression as the
GO content in the composite increased. Flow cytometry was used for
further quantification of the fluorescent expression of CD163 on THP-1
macrophages (Fig. 3b). Macrophages seeded on the 32% GO-COL
(a) Immunofluorescence images of M2 macrophage marker CD163 of COL, COL
tometry analysis of CD163 marker fluorescence intensity (MFI) among COL, COL
1 macrophage on GO-COL. (d) Viability of THP-1 macrophage cultured for 24 h.
SA analysis of TGF-β1 and IL-6 concentration among COL, COL with IFN-γ/LPS
rophages cultured on COL and GO-COL coating surface.
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showed a 10% downregulation in CD163 expression compared to mac-
rophages seeded on COL. Furthermore, CD163 expression in macro-
phages seeded on 32% GO-COL was increased by 12% compared to that
on the M1 positive COL (IFN-γþ/LPSþ) group. We also analyzed M1
markers (TLR2 and CCR7) and found that THP-1 macrophages on
GO-COL showed higher M1 marker expression than cells seeded on COL
(Fig. S3). These results suggested that GO-COL inhibited the differenti-
ation of macrophages into M2 macrophages, with 32% GO-COL pos-
sessing the greatest inhibition capability among all the GO
concentrations considered.

The macrophage subtypes were also quite different in morphology.
We observed the detailed surface morphology of THP-1 macrophages
using SEM images. As shown in Fig. 3c, THP-1 macrophages exhibited a
flatter morphology on COL, with fewer membrane wrinkles seen on the
cell surface, similar to the M2 phenotype of human macrophages [53]. In
contrast, THP-1 macrophages seeded on the GO-COL coatings were more
spherical and exhibited more membrane folds, showing more similarity
to the morphology of M0/M1 macrophages. The biocompatibility of
THP-1 macrophages cultured on GO-COL was confirmed using the CCK8
assay (Fig. 3d).

GO has been reported to interact with cell membranes, thereby
Fig. 4. Co-culture of Fibroblast/Macrophage on GO-COL biocompatible hybrid inte
HFL-1 fibroblasts. HFL-1 fibroblasts are labeled with green tracking dye, and THP-1
nofluorescence images of THP-1 macrophages/HFL-1 fibroblasts co-cultured on COL,
expression levels compared to COL. (c) Result of western blot of 24 h co-culture. (d–
γ/LPS treatment, 8% GO-COL, 16% GO-COL, and 32% GO-COL.
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altering the phenotype and function of macrophages. For example, GO
nanosheets can activate toll-like receptors (TLRs) of macrophages
through multivalent interactions between the functionalized surface and
TLRs on the cell membrane, and activated TLRs promote macrophage M1
polarization through typical NF-κB signaling [25,54]. Moreover, GO
carbon radicals trigger surface oxidation that causes lipid peroxidation in
macrophage membranes, resulting in phenotypic and functional changes
[22]. According to our findings, the GO-COL coating induced THP-1
macrophages to transform into the M1-like phenotype as the concen-
tration of GO increased. Interestingly, THP-1 macrophages induced by
GO-COL did not produce excessive amounts of the pro-inflammatory
factor -Interleukin-6 (IL-6) compared to those induced by IFN-γ and
LPS (Fig. 3e). However, previous studies have observed that stimulation
with GO nanosheets resulted in high levels of pro-inflammatory factor
secretion by macrophages [55]. Li et al. have found that oxygen func-
tional groups level and carbon radicals density on the GO surface may
determine its toxicity [56]. The OH, COOH, and COC groups on the GO
surface in contact with the cell membrane may oxidize unsaturated lipids
[57]. Lipid peroxidation can lead to failure of membrane integrity, which
in turn induces significantly higher levels of pro-inflammatory cytokines.
We speculated that due to the tight cross-linking of GO-COL composites,
rface. (a) Immunofluorescence images of co-culturing THP-1 macrophages and
macrophages are stained with macrophage specific marker CD11b. (b) Immu-
8% GO-COL, 16% GO-COL, and 32% GO-COL. GO-COL groups show less α-SMA
e) ELISA analysis of TGF-β1 and IL-6 concentrations among COL, COL with IFN-
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the interaction of GO with cell membranes decreased, lowering the dif-
ferentiation of pro-inflammatory M1 types, while GO-COL also inhibited
the differentiation of M2 macrophages and reduced the secretion of
TGF-β1 (Fig. 3f). TGF-β1, being a potent pro-fibrotic cytokine, mediates
fibrosis and induces differentiation into myofibroblasts. Altogether, the
nanoscale roughness of GO-COL, coupled with the oxygen functional
groups on GO, synergistically influenced the polarization of macrophages
(Fig. 3g).

3.4. Anti-fibrotic attributes of GO-COL coatings under pro-fibrotic
environments

Fibroblast-macrophage interactions affect tissue repair, regeneration,
and fibrosis after implantation [7]. To further investigate the ability of
the GO-COL coating to inhibit fibrosis under conditions of
fibroblast-macrophage interactions, we first created a macrophage and
fibroblast co-culture model by seeding THP-1 cells on coated coverslips
and treating them with PMA to induce macrophage-like differentiation.
Next, HFL-1 fibroblasts were seeded and co-cultured with the macro-
phages for 24 h. We labeled HFL-1 with tracking dye, and immunostained
THP-1 with the macrophage marker CD11b to verify the successful
co-culture of fibroblasts and macrophages on COL and GO-COL coatings
(Fig. 4a). The ratio of fibroblasts to macrophages affects the level of
fibrosis through cell-cell interactions [58]. To observe the ability of the
GO-COL coating to inhibit fibrosis in a highly fibrotic co-culture model,
we set the ratio of the number of macrophage cells and co-cultured
fibroblast cells to different values (fibroblast/macrophage ratios of 2:1,
4:1, 8:1, and 16:1), followed by immunostaining with the α-SMA marker
to confirm the differentiation of myofibroblasts on COL-coated cover-
slips. As shown in Supplementary (Fig. S4), statistical results did not
indicate significant differences among the α-SMA expression levels in
each group (2:1, 4:1, 8:1, and 16:1) However, the 2:1 ratio showed a
higher level of fibrosis; therefore, it was selected as the best co-culture
ratio for studying the anti-fibrotic ability of the GO-COL coating.

The anti-fibrotic ability of the GO-COL coating was examined by
immunostaining HFL-1 fibroblasts with myofibroblast markers (α-SMA)
in a pro-fibrotic environment within a fibroblast/macrophage co-culture
model. The results showed that the α-SMAmarker in the HFL-1 tended to
decrease with increasing GO concentration in the GO-COL composite
(Fig. 4b). COL-I is also considered a fibrosis marker because, when fi-
broblasts differentiate into myofibroblasts, it is overproduced and
deposited, creating a stiff ECM [59]. Therefore, we collected cell lysates
from 24 h co-cultures and analyzed them with western blot for more
accurate quantification. As shown in Fig. 4c, the results of the western
blot showed that the GO-COL coating inhibited the expression of α-SMA
and COL-I in HFL-1 fibroblasts. In the GO-COL-coated group, secretion of
the fibrosis-associated cytokine TGF-β1 was significantly reduced
(Fig. 4d), and the inflammatory mediator IL-6 showed no significant
increase (Fig. 4e). These results indicate that the GO-COL coating did not
trigger a strong inflammatory response under conditions of
fibroblast-macrophage interaction, and could inhibit myofibroblast dif-
ferentiation. These results are consistent with the research of Li et al. who
demonstrated that GO-COL hybrid membranes reduced gene expression
associated with fibrosis, collagen metabolism, and scar formation [60].
The GO-COL hybrid membrane also showed less neutrophil and macro-
phage accumulation and a lower inflammatory response in the healing
area compared to COL membrane. These demonstrate the potential of
GO-COL for anti-fibrotic applications.

Fibrosis is a progressive disease that becomes aggressive over time. To
study whether the inhibition of myofibroblast differentiation by the GO-
COL coating is sustainable, we further examined the expression of α-SMA
markers of HFL-1 at days 3 and 7. As shown in Fig. S5, although the
expression of α-SMA increased with time for all groups, the HFL-1 on the
GO-COL coating showed a 75% decrease in the a-SMA expression at day 7
compared to the uncoated group, while the HFL-1 on COL showed only a
31% decrease. This result demonstrated the anti-fibrotic potential of the
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GO-COL coating in the pro-fibrotic environment within 7 days. Fibro-
blasts with high expression of α-SMA markers indicate a pro-fibrotic
myofibroblast phenotype, which is an important pathological feature of
pre-fibrosis.

3.5. Application of GO-COL coatings on implants

The long-term stability of implants is often limited by FBRs, especially
in metallic implants [61]. It is well known that most metals are not
bioactive, which causes the accumulation of M1 macrophages and in-
duces acute and chronic inflammatory responses [62]. On the other hand,
high surface mechanical stress induces excessive differentiation of
myofibroblasts, leading to the formation of fibrotic tissues such as scars
and granulomas [63,64]. To further clarify the potential of the GO-COL
coating for metal implants, we coated the COL and the GO-COL com-
posites on titanium and nitinol disks (Fig. S6) and analyzed the markers
of inflammation and fibrosis using a fibroblast/macrophage co-culture
model. First, COL-I was labeled by immunofluorescence staining with
Alexa-488 conjugated secondary antibodies to confirm COL and GO-COL
coating on the disks. As shown in Fig. 5a, the region with green fluo-
rescent signal appeared in both the COL and GO-COL groups. Notably,
the arrangement of COL-I fibers on the GO-COL coated surface was more
dispersed than on the COL coated surface, which was attributed to the
difference in nanostructures and mechanical properties between GO-COL
and COL. We had confirmed the difference in nanostructures (3D fibrous
versus 2D planar) and mechanical properties between GO-COL and COL.

Next, we set up the macrophage and fibroblast co-culture model
described previously for titanium and nitinol disks, with and without
COL and GO-COL coatings. Cell proliferation was analyzed using the
CCK8 assay on days 1, 3, and 7 (Fig. 5b). The results showed that the GO-
COL-coated and COL-coated groups maintained similar cell proliferation
rates on titanium disks for one week. However, cells on nitinol dis-
ks—with or without COL and GO-COL coatings—showed a low cell
proliferation rate. Other studies have indicated the possible dissolution of
nickel from nitinol to form nickel ions in solution, decreasing cell pro-
liferation or inhibiting cell growth on the substrate. To confirm whether
titanium and nitinol coated with the GO-COL composite could reduce
myofibroblast differentiation, we also checked the expression of α-SMA
markers of HFL-1 by immunofluorescence staining on days 1, 3, and 7.
The results showed that HFL-1 on the GO-COL-coated titanium and
nitinol groups exhibited a smaller increase in levels of α-SMA expression
than the COL-coated and uncoated groups over time (Fig. 5c). The
confocal fluorescence images showed that the cells grown on titanium
and nitinol disks exhibited elongated and highly oriented morphology
(Fig. 5d and e). Such cell morphology was observed because cells tend to
grow along the grooves caused by the grinding process, and therefore,
the contact micro-grooves induced cell alignment and migration [65].
The GO-COL coating created nanoscale fibrous structures on the
micro-grooves, reducing the differentiation of pro-fibrotic myofibro-
blasts while maintaining cell growth. After 7 days of immersion in the
medium, the GO-COL coating on titanium and nitinol discs still held the
3D fibrous structure (Fig. S7). In addition, the fibrosis-associated cyto-
kine TGF-β1 was reduced in the GO-COL-coated group compared to the
COL-coated groups (Fig. 5f). By day 7, TGF-β1 protein expression
increased compared to that on day 1, probably due to cell proliferation.

The continuous release of chemokines, cytokines, and other media-
tors promotes the formation of an inflammatory microenvironment,
which eventually affects tissue remodeling at the site surrounding the
implant [66,67]. The inflammatory mediator IL-6 showed no significant
increase after 7 days (Fig. 5g) in the COL-or GO-COL-coated titanium and
nitinol groups. In addition, we analyzed chemokine ligand 2 (CCL-2), an
important regulatory molecule for the recruitment of macrophages to the
implant; the results showed no significant increase after 7 days (Fig. 5h).
Our findings suggested that GO-COL-coated titanium and nitinol have the
potential to modulate the excessive release of pro-inflammatory factors
from co-cultured fibroblasts and macrophages.



Fig. 5. Performance of biohybrid interface coated on Titanium/Nitinol disk. (a) Immunofluorescence staining of COL-I on uncoated, COL coated, and 32% GO-COL
coated surfaces. (b) Cell proliferation and (c) quantification of α-SMA expression on uncoated, and COL and 32% GO-COL coated Titanium disks from Day 1 to Day 7.
(d) Immunofluorescence images of fibroblasts and macrophages co-cultured on uncoated, and COL, and 32% GO-COL coated surfaces at Day 1, Day 3, and Day 7.
Myofibroblast marker α-SMA is stained with Cy3, labeled in red. Mesenchymal marker vimentin is labeled in green. (e) Immunofluorescence images of fibroblasts and
macrophages co-cultured on different surfaces on Nitinol. Myofibroblast marker α-SMA is labeled in red and vimentin is labeled in green. ELISA test of (f) TGF-β1, (g)
IL-6 and (h) CCL-2 cytokine expressions of cells on COL and 32% GO-COL coated Titanium/Nitinol disks.
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4. Conclusions

In this study, a novel biocompatible hybrid interface was developed
to reduce FBRs and incidence of fibrotic capsules. It was demonstrated
that the GO-COL interface generates unique surface nanostructures by
providing nano roughness to inhibit myofibroblast differentiation.
Moreover, this interface decreased M2 macrophage polarization and
limited the production of more pro-inflammatory factors. This avoids the
bottleneck arising from the use of a nano interface that induces a strong
9

immune response. In addition, the expressions of fibrosis-related proteins
α-SMA and collagen-reduced significantly when fibroblasts and macro-
phages were co-cultured on GO-COL. Collectively, our results demon-
strated that GO-COL provides definite advantages over GO or ECM alone
in modulating cell interactions between fibroblasts and macrophages,
and are anti-fibrotic when applied onto common metallic implants, ti-
tanium and nitinol. The GO-COL bio-interface thus demonstrates po-
tential as a new therapeutic strategy against implant fibrosis through an
immunomodulatory concept that had remained underestimated so far.
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