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The osteoconductive properties of
graphene-based material surfaces are finely tuned
by the conditioning layer and surface chemistry+
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The molecular layer that adsorbs on the biomaterial surface upon contacting body tissues and fluids,
termed the conditioning layer (CL), influences cell behavior regulating scaffold integration and resilience
in a patient-specific fashion. To predict and improve the clinical outcome of 3D-printed scaffolds,
graphene coatings are employed in bone tissue engineering, due to the possibility to functionalize its
chemical/physical properties. In this study, we investigated the composition and the influence of the CL
on three different graphene oxide-based coatings of 3D-printed polycaprolactone (PCL) implants:
graphene oxide (-GO), carboxylated GO (-GO-COOH) and reduced GO (-rGO). The effects of surface
features and CL were evaluated in vitro using bone marrow-derived mesenchymal stromal cells
(hBM-MSC). Our results showed that the CL formed on negatively charged PCL-GO-COOH and PCL-
rGO scaffolds reduced cell adhesion, while simultaneously enhancing cell cluster formation and prolif-
eration by a fivefold increase. The quantification of bone mineralized matrix highlighted that CL on both
PCL-GO-COOH and PCL-rGO coatings sustained the osteogenic potential of these two types of
GO. The analysis of CL components adsorbed on the scaffolds revealed that the PCL-GO-COOH and
PCL-rGO coatings tend to entrap specific patterns of serum proteins (e.g. anti-adhesive and osteogenic
modulators) and ions (carbonate and phosphate), suggesting a correlation between these enriched
components and the observed biological outcomes of conditioned scaffolds. Lastly, PCL-rGO coatings
maintained unique antibacterial properties after in vitro simulated CL formation, representing a suitable
promising strategy to improve bone grafting capable of shaping CL formation while preserving the
favorable osteoinductive properties of scaffolds.

Introduction

Bone grafting represents the second most common transpla-

“ Dipartimento di Scienze della Vita e Sanita Pubblica, Universita Cattolica del
Sacro Cuore, Rome, Italy. E-mail: wanda.lattanzi@unicatt. it

sz’partz'mento di Chimica, Universita di Roma “La Sapienza”, Rome, Italy

¢ Istituto di Scienze e Tecnologie Chimiche (SCITEC) “Giulio Natta”,
Consiglio Nazionale delle Ricerche, Rome, Italy

“ Dipartimento di Scienze Biotecnologiche di Base, Cliniche Intensivologiche e
Perioperatorie, Universita Cattolica del Sacro Cuore, Rome, Italy

¢ Fondazione Policlinico Universitario Agostino Gemelli IRCCS, Rome, Italy.
E-mail: Massimiliano.papi@unicatt.it

7, Dipartimento di Neuroscienze, Universita Cattolica del Sacro Cuore, Rome, Italy

¢ Istituto dei Sistemi Complessi, Consiglio Nazionale Ricerche, Rome, Italy

i Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4ma00144c

1 Authors contributed equally to this work.

4772 | Mater. Adv., 2024, 5, 4772-4785

tion worldwide, following blood transfusions,’? and there is an
increasily growing demand for bone substitutes for reconstruc-
tive surgery.

Bone is a highly dynamic tissue characterized by a remark-
able self-renewal ability to remodel, regenerate and repair its
structure and function upon injury.>* Nevertheless, sponta-
neous complete bone healing is usually limited to small
defects.” Bone defects larger than 2 cm in length (i.e. non-
union defects) usually exceed the intrinsic regenerative capacity,
thus representing a relevant clinical challenge that requires surgi-
cal grafting procedures.”® Non-union bone defects may result
from multiple clinical conditions, including complex traumas,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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degenerative diseases, tumor resection and congenital malfor-
mations. A functionally effective bone regeneration mandatorily
requires an efficient restoration of the mechanical strength and
support (osteoconduction), along with the appropriate biochem-
ical environment of osteoinductive stimuli for resident progenitor
cells. Also, the designed strategy needs to minimize the risk of
implant-site infections, which still represent the main adverse
event affecting the outcome of bone grafting surgery and often
require implant removal, with increased morbidities.” Autolo-
gous bone grafting remains the gold standard in reconstructive
orthopedic surgery, although its widespread clinical application is
limited by several drawbacks, including the restricted availability
of donor bone, pain and morbidity in grafting sites, risk of
hematoma, and resorption.>*>*?

The recent advancements in 3D printing provide suitable
alternatives to autologous bone grafts.*™*® 3D printed scaffolds
can meticulously mimic the microarchitecture and the anato-
mical structure of bone acting as osteoconductive supports by
ensuring host cell adhesion, proliferation and differentia-
tion."”*® Among all, polycaprolactone (PCL) is a synthetic
polyester polymer widely exploited for the fabrication of 3D
scaffolds for bone tissue engineering, due to its good biocom-
patibility, its moldability, slow degradation rate, and loadbear-
ing properties. Nonetheless, the clinical application of PCL is
still limited owing to its low cell adhesion properties causing
poor osteoconductive performance, and due to the limited
ability to control its in vivo osteointegration.'®> The success
and clinical translation of biomimetic constructs indeed also
depend on the interaction of the biomaterial with the in vivo
biological microenvironment upon implantation, that it is
now well known can largely affects its properties. The in vivo
controlling of scaffolds remains a considerable hurdle to be
considered to accurately predict individual responses and a
successful bone grafting.

Specifically, a molecular layer initially adheres to the bio-
material surface upon contact with bodily tissues and fluids,
namely the conditioning layer (CL), significantly influencing
scaffold integration and its pro-regenerative capabilities.>*°
The CL alters the physicochemical properties of the scaffold
surface playing a crucial role in biomaterial-tissue interactions
and serving as the primary interface at the implantation site,
thus providing more relevant than the material composition
itself in triggering the initial cellular responses.””’>® The CL
affects biomaterial integration also by modulating the coloni-
zation by microorganisms as well as the inflammation process,
which altogether amount to the successful outcome of the
implant.®*® On the other hand, the chemical composition,
charge, topography, and roughness of the biomaterial influence
the CL dynamics,?’ thus modifying the biomaterial surface
chemistry can help in controlling its formation.

In this context, to predict the in vivo capabilities of bioma-
terials, there is a need for effective and diversified surface
modification strategies to shape the CL and boost scaffold
integration at the bone defect site.

Graphene oxide (GO) has stood out as an innovative and low-
cost material for bone reconstruction.” GO is derived from the
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oxidation of graphene, a carbon allotrope where carbon atoms
are densely arranged in a two-dimensional honeycomb pattern.
It is characterized by oxygen-containing functional groups
bound to the carbon backbone along both its surfaces and
edges. There is a large variety of functionalities on the GO
surface, such as hydroxyl and epoxy groups on the basal plane
and carbonyl, carboxylic acid ethers, quinones, lactones, and
ketones at the edges.**® The functional groups can be selec-
tively removed from GO by reduction methods in a spatially
controlled fashion.***”*® These methods also allow the mod-
ulation of GO topography and roughness. The reactivity of
these groups on GO, as their balance and distribution, also
influence the chemical interaction and conjugation of GO-
based scaffolds and thus their CL composition.***° In fact,
the reduction of the oxygen content of GO inhibits complement
activation, and the reduction along geometric patterns can
cause selective binding of growth factors and act as patterned
topological cues, altering cell polarization and growth patterns,
while inducing the osteogenic differentiation of stem cells and
progenitors.’” When used as coatings on titanium or magne-
sium devices or calcium phosphate scaffolds, graphenic mate-
rials have been observed to enhance cell attachment and
differentiation. This bone-promoting effect is attributed to
their high concentration of potential attachment points,
diverse modes of binding (such as electrostatic interactions,
hydrogen bonding, and n-n stacking), and large surface area.
These characteristics enable graphenic materials to rapidly
gather and focus essential signaling proteins that are crucial
for bone formation and blood vessel development.*’ Then,
while graphene oxide, with its abundant oxygen-containing
functional groups, offers enhanced biocompatibility and pro-
vides numerous sites for cellular attachment, which is crucial
for the initial cell adhesion and subsequent differentiation,
reduced graphene oxide (rGO), with its restored n-conjugated
structure, tends to have better electrical conductivity. This
feature can be particularly beneficial for bone differentia-
tion.”” Also, an enhanced osteoconductivity of tGO has been
explained due to the denaturation of insulin, an adipogenic
differentiation stimulus. GO’s oxygen-containing groups can
provide multiple binding sites for proteins, which stabilize the
protein structure. In contrast, the more hydrophobic surface of
rGO leads to stronger n—n interactions, which induce structural
changes due to strong interactions with the protein’s aromatic
residues.*® Controlling the GO surface chemistry and topogra-
phy has the potential to meet the need for new strategies to
personalize biomaterials for bone regeneration.

In this paper, we exploited recently developed GO synthesis
methods***® to enable the chemical manipulation of GO coat-
ings for 3D-printed PCL scaffolds. Specifically, GO, carboxylated
GO (GO-COOH), and reduced GO (rGO) coatings were pro-
duced and the effects of the different GO surfaces on cell
behaviour were evaluated in simulated in vivo conditions.
To this aim, GO-coated scaffolds were conditioned with a
control human serum, and cell adhesion and viability, growth,
osteogenic differentiation, and bacterial proliferation have
been studied and compared to the uncoated PCL. We have
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demonstrated that the surface chemistry of GO not only influ-
enced protein adsorption and concentration but, more impor-
tantly, facilitate the formation of a biomimetic mineralized
layer after exposure to simulated body fluid (SBF), conditioning
the regenerative capacities of the GO-based surfaces. Overall,
we propose an optimized approach to define an ideal bone graft
coating strategy based on GO functionalities.

Experimental
Materials synthesis

Pristine GO (GO) was synthesized by following a reported
procedure.** Briefly, 69 mL of H,SO, 96 wt% were added to
a mixture of synthetic graphite (3.0 g) and NaNO; (1.5 g) and
the mixture was cooled at 0 °C. Then, KMnO, (9.0 g) was added
in portions and the mixture was stirred at 35 °C for 30 min.
Subsequently, Milli-Q water (138 mL) was added slowly, and
the mixture was heated at 98 °C for 15 min. Next, additional
distilled water (420 mL) and H,0, (3 mL, 30% v/v) were added.
For workup, filtration through a filter paper was performed
and the solid obtained was centrifuged at 4000 rpm for 30 min
in the presence of HCI 1.12 M and Milli-Q water (four times).
During this step of purification, the supernatant was dis-
carded and replaced with Milli-Q water. Next, the solid was
transferred to a round-bottom flask, then Milli-Q water was
added, and the mixture was stirred for a night to ensure
proper exfoliation. Next, the dispersion was sonicated for 30
min and centrifuged at 3000 rpm for 40 min to recover the
yellowish supernatant and discharge, as precipitate, the gra-
phite oxide that may be present. This procedure was repeated
until the obtainment of an almost colorless supernatant.
Finally, the dispersion of GO was freeze-dried, and the solid
powder was stored in a desiccator. Carboxyl-functionalized GO
(GO-COOH) was prepared by following a reported procedure**
in which 25.5 mg of GO and 25.5 mg of K,CO; (0.18 mmol)
were added to 30 mL of dry DMF. Then, 130 mg of succinic
anhydride (1.30 mmol) were added, and the mixture was
sonicated for 30 min. Subsequently, the mixture was stirred
at 50 °C for 24 h under an inert atmosphere (N,). After this
time, the stirring was stopped and, subsequently, 160 mL of
diethyl ether were added to precipitate the product. The
mixture was then filtered through a filter paper and the solid
collected was washed with an additional 40 mL of diethyl
ether. Finally, after the complete solvent evaporation, 76 mg of
a brown solid were obtained. Reduced GO (rGO) was synthe-
sized from GO by follwing a reported procedure.*’ Briefly,
10 mL of an aqueous dispersion of GO 4.25 mg mL ' was
diluted to 50 mL of volume using Milli-Q water. Then, 425 mg
of sodium ascorbate (2.14 mmol) was added to the dispersion
and the mixture was stirred at room temperature for 72 h.
Subsequently, the mixture was centrifuged at 4000 rpm for
30 min in water (four times) discharging away the supernatant
and keeping the solid black precipitate. Finally, the sample
was freeze-dried, and the solid powder was stored in a
desiccator.

4774 | Mater. Adv, 2024, 5, 4772-4785

View Article Online

Paper

3D printing

3D printing of scaffolds was performed with a BIO X 3D
bioprinter (Cellink) using a thermoplastic printhead (Cellink,
heating capacity of up to 250 °C) and PCL pellets. The structure
of scaffolds was designed using modeled 3D computer graphics
and computer-aided design (CAD) software Rhinoceros software
(Robert McNeel & Associates). The extrusion-based printing was
done at a printhead temperature of 65 °C and a printed tempera-
ture of 25 °C. The extrusion pressure was set at 40 kPa, with
a preflow of 20 ms and a speed of 22 mm s ', and the nozzle
diameter was 200 pm.

Dynamic light scattering and Zeta potential

Dynamic light scattering measurements were performed with
Zetasizer Nano ZS (Malvern), equipped with a 633 nm He-Ne
laser and operating at an angle of 173°. UV-transparent cuvettes
(Malvern) were used for experiments with a sample volume of
500 pL and a concentration of 100 g mL™". The measurements
were performed at a fixed position (4.65 mm) with an automatic
attenuator. For each sample, three measurements were aver-
aged, and the diffusion coefficient D was retrieved through
cumulant analysis from autocorrelation functions. The equiva-
lent hydrodynamic radius (Z-Average size) was obtained by the
Stokes-Einstein equation. Data analysis was performed by
Malvern Zetasizer software. The zeta potential ({) was calcu-
lated from the electrophoretic mobility by means of the Henry
correction to Smoluchowski’s equation. Data analysis was
performed by Malvern Zetasizer software.

Atomic force microscopy

Atomic force microscopy (AFM) was performed with a NanoWwi-
zard II (JPK Instruments AG, Berlin, Germany). The images
were acquired using silicon cantilevers with high aspect-ratio
conical silicon tips (CSC37 Mikro-Masch, Tallinn, Estonia)
characterized by an end radius of about 10 nm, a half conical
angle of 20°, and a spring constant of 0.6 N m~'. Scan areas
(10 x 10 um) were imaged. The surface roughness of all
samples was evaluated by using the software JPK SPM data
processing. Briefly, 3 scan areas were imaged with AFM for each
sample. Then, the roughness was measured in terms of both
the arithmetical mean deviation of the assessed profile (R,) and
of root mean squared (Rgy). Furthermore, in the ESI{ the R,
i.e. the height difference between the highest (Max) and lowest
peak (Min) in the images were reported. Finally, Kurtosis
was measured to describe the ‘“‘sharpness” of the surface

topography.

Raman spectroscopy

Raman spectra were run at room temperature in backscattering
geometry with an inVia Renishaw micro-Raman spectrometer
equipped with an air-cooled CCD detector and super-Notch
filters. An Ar' ion laser (Ajzser = 514 nm) was used, coupled to a
Leica DLML microscope with a 20x objective. The resolution
was 2 cm™ ' and spectra were calibrated using the 520.5 cm™*
line of a silicon wafer. Raman spectra of GO and its derived

© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials were collected with 1% of power, 10 seconds of
spectral acquisition and 20 scans.

Fourier transform infrared spectroscopy (FTIR)

The chemical analysis of PCL and GO-coated PCL surfaces was
carried out using attenuated total reflectance-Fourier transform
infrared spectroscopy, using a Bruker ALPHA II FTIR Spectro-
meter, equipped with an attenuated total reflection module
(Eco-ATR). The surfaces were directly laid upon the ATR crystal
and the spectra were recorded in the wave number range of

4000-550 cm ™.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out using a modified Omicron
NanoTechnology MXPS system equipped with a monochro-
matic Al Ko (hv = 1486.7 eV) X-ray source (Omicron XM-1000),
operating the anode at 14 kV and 16 mA. The C 1s photoioniza-
tion region was acquired using an analyzer pass energy of
20 eV, while the survey spectra were acquired with a pass
energy of 50 eV. A take-off angle of 21° with respect to the
sample surface normal was adopted. The experimental spectra
were theoretically reconstructed by fitting the secondary electrons
background to a Shirley function and the elastic peaks to pseudo-
Voigt functions described by a common set of parameters: posi-
tion, full-width at half-maximum (FWHM), Gaussian-Lorentzian
ratio. The relative amount of the different oxygenated functional
groups was determined through the area of the peaks within the
curve-fitting envelope of the C 1s region, with an uncertainty of
+10%. For the sake of comparison between different samples,
all intensities (areas) of the peaks were normalized to the one due
to the contribution from isolated sp> C atoms (peak at 284.8 eV)
in the C=C network, including also that related to extended
n-delocalization (peak at 284.3 eV) in the case of rGO sample.

Scanning electron microscopy

Scanning electron microscopy (SEM) was performed to evaluate
the 3D printed scaffold morphology, simulated body fluid
adhesion, cell adhesion and bone matrix formation using
SEM Supra 25 microscope (Zeiss, Germany). For cell imaging
samples were fixed for 30 minutes with glutaraldehyde (2.5%)
and dehydrated in a series of ethanol solutions. All samples
were sputter-coated with gold prior to imaging.

Cell culture

Primary human bone marrow-derived mesenchymal stromal
cells (hBM-MSC) were purchased from STEMCELL Techno-
logies (Inc, Vancouver, Canada). hBM-MSC were cultured in
growth medium [GM; MesenCult MSC Basal Medium (STEM-
CELL Technologies) supplemented with Mesencult MSC Stimu-
latory Supplement (STEMCELL Technologies)] and expanded
for multiple passages (up to 4 passages) for subsequent
experiments.

Cell viability and proliferation assay

To evaluate the effects of GO-based biomaterials on hBM-MSC
adhesion and proliferation, PCL, PCL-GO, PCL-GO-COOH and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PCL-rGO scaffolds were placed into 48-well plates and ster-
ilized by 70% ethanol (v/v) for 5 minutes. PCL was used as a
control. A sample of the different biomaterials was also incu-
bated with human serum (Sigma-Aldrich, St. Louis, MO, USA)
for 1 h at 37 °C to allow the adsorption of its components
(i.e. organic and inorganic species) on biomaterials’ surfaces.
After this pretreatment, scaffolds were extensively washed with
Dulbecco’s phosphate buffered saline w/o calcium w/o magne-
sium (PBS; Aurogene, Rome, Italy) to remove loosely bound
species. Thereafter, hBM-MSC were seeded on both untreated
and pretreated surfaces, using a 7 x 10> cells-per-well density in
fresh complete GM, and incubated in a humidified incubator at
37 °C with 5% CO,. After 48 hours of incubation, cell viability
was measured using the CellTiter-Glo Cell viability assay
(Promega, Madison, WI, USA). Briefly, the medium was care-
fully removed by the well and replaced with 120 pL of fresh GM
containing 20 pL of CellTiter-Glo reagent and incubated at
37 °C in 5% CO, for 2 hours. Fluorescence intensity was
recorded with cytation 3 cell imaging multi-mode reader (Bio-
tek, Winooski, VT, USA) by exciting at 550 nm and reading the
emission at 600 nm. Cell growth was assessed after 24 and
72 hours of culture. For this purpose, cells on biomaterials were
fixed in paraformaldehyde 4 wt% and cell nuclei stained with
DAPI (Sigma-Aldrich). The experiment was repeated in tripli-
cate and Aat least 3 nonoverlapping images representing each
experimental condition were acquired using cytation 3 and the
number of nuclei/field was counted.

Osteogenic differentiation assay

To investigate the effect of the different GO-based biomaterials
on osteogenic differentiation of hBM-MSC, cells were seeded on
PCL, PCL-GO, PCL-GO-COOH and PCL-rGO scaffolds at a
density of 7 x 10> cells per well and grown until confluence.
The GM was then replaced with an osteoinductive medium
(OM) composed as follow: DMEM with low glucose (1 g L)
(Aurogene) supplemented with 1% r-glutamine (Aurogene), 1%
antibiotics (penicillin 100 IU mL ™", streptomycin 100 mg mL™";
Aurogene), 10% fetal bovine serum (FBS; GIBCO, Thermo
Fisher Scientific, Waltham, MA, USA), Dexamethasone (0,1 uM),
ascorbic acid (10 uM) and B-glycerophosphate (50 pM) (Sigma
Aldrich) as previously described.® OM was changed every
3 days. After 7 days, osteogenic differentiation was assessed
morphologically using Alizarin red S (ARS) staining (Sigma-
Aldrich) to detect the in vitro matrix mineralization.*® Further-
more, ARS dye was extracted from the stained monolayer by
dissolving each sample in 10% acetic acid and ARS adsorption
spectrum at 405 nm was quantified””*® using an automatic
microplate photometer (ELx800; Biotek, Bad Friedrichshall,
Germany). Since GO interacts with ARS, the concentration of
each sample was calculated by subtracting the optical density
(OD) of neat sample (blank). We replicated the experiment in
triplicate.

In addition, to analyze the effect of (+)-sodium r-ascorbate of
PCL-rGO on osteogenic differentiation, hBM-MSC were seeded
into 48-well plates and cultured in GM until confluence, when
the GM was switched with OM supplemented with (+)-sodium

Mater. Adv,, 2024, 5, 4772-4785 | 4775
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r-ascorbate at the concentration of 17.5 ug mL™" and 1.75 ug mL ™",
Cells grown with standard OM were used as controls. ARS staining
and quantification of stained monolayers were performed to inves-
tigate the osteogenic differentiation of cells as described above.

A modified-simulated body fluid (SBF; Biochemazone,
Leduc, Alberta, Canada), a solution of apatite containing calcium
ions and phosphate ions, was used to evaluate the binding of
inorganic components, excluding the contribution of the organic
fraction. To this aim, the different scaffolds were treated with SBF
for 7 days; thereafter the chemical composition of the surfaces
was analyzed by using FTIR.

Protein analysis and characterization

Serum proteins were detached from the scaffolds using a
protocol optimized for phage display. Briefly, after 10 x washing
with PBS to remove loosely bonded proteins, 100 uL of 0.2 M
glycline-HCl (pH = 2.2) were added to each well and incubated
for 8 minutes upon gently rocking; then the pH of the eluate
was neutralized with 15 pL 1 M Tris-HCl (pH = 9.1).*° Protein
samples were quantified using the Pierce BCA protein assay kit
(Thermo Fisher Scientific) and a UV spectrophotometer (Nano-
Drop™ One/OneC Microvolume UV-vis, Thermo Fisher Scientific).
Sample quality was assessed through SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) (Bio-Rad Laboratories GmbH, Feld-
kirchen, Germany). Protein samples were submitted to filter aided
sample preparation (FASP) (10 kDa molecular cut-off) protocol for
protein digestion before LC-MS analyses. Specifically, a volume of
the protein sample corresponding to 50 ug of total protein content
was mixed with urea buffer solution (8 M urea in 0.1 M Tris/HCl
buffer pH = 8.5), transferred to the filter device, and centrifuged
at 14000 rpm for 15 min. After urea buffer solution washing
(1x volume) and centrifugation, the supernatant was added with
8 mM 1,4-dithiothreitol (DTT) in urea buffer solution to allow
disulfide bridges reduction for 15 min incubation at 37 °C. After
centrifugation, any excess of DTT was eliminated by repeated
cycles of urea buffer washings and centrifugations. The super-
natant was then treated for thiols carboxamide methylation with
50 mM iodoacetamide (IAA) solution in urea buffer solution. The
mixture was incubated at room temperature in the dark for
20 min. After centrifugation, any excess of IAA was removed by
incubating the supernatant with DTT solution at 37 °C for 15 min,
followed by urea buffer solution washings and filter buffer
exchange with 50 mM ammonium bicarbonate filter buffer
exchange. Sample digestion was carried out overnight at 37 °C
using trypsin enzyme (1 pg/pL solution in 50 mM ammonium
bicarbonate buffer) in ratio 1:50 (w/w). Enzymatic digestion was
stopped by the addition of concentrated formic acid (FA) to the
final level in the sample of 1% (v/v). The proteolytic peptides were
collected by centrifugation of FASP device, then lyophilized and
redissolved in 0.1% FA water solution (v/v) for LC-MS analysis.

Ultra high-performance liquid chromatography-nanoESI mass
spectrometry analysis (UHPLC-ESI-MS/MS)

UHPLC-ESI-MS/MS analyses of the digested protein samples
were performed in triplicate on UltiMate 3000 RSLCnano
System coupled to Orbitrap Elite MS detector with EASY-Spray
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nanokESI source (Thermo Fisher Scientific, Waltham, MA, USA)
and equipped with Thermo Xcalibur 2.2 computer program
(Thermo Fisher Scientific) for instrumental operations and data
acquisition. Chromatographic separations were performed on
PepMap C18 EASY-Spray column (2 pm particles, 100 A pore
size, 15 cm length, 50 um L.D.) (Thermo Fisher Scientific) to an
Acclaim PepMap100 nano-trap cartridge (C18, 5 pum, 100 A,
300 pm, ID x 5 mm) (Thermo Fisher Scientific). The separation
was performed under thermostated temperature (40 °C) and
gradient elution program using 0.1% FA aqueous solution as
Eluent A and acetonitrile/water/FA solution (99.9:0.1%v/v) as
Eluent B as following: (i) 5% B for 7 min, (ii) 5% to 35% B for
113 min, (iii) 35% B to 99% for 2 min, (iv) 99% B for 3 min,
(v) 99% to 1.6% B for 2 min, (vi) 1.6% B for 3 min, (vii) 1.6% to
78% B for 3 min, (viii) 78% B for 3 min, (ix) 78% to 1.6% B for
3 min, (x) 1.6% B for 3 min, (xi) 1.6% to 78% B for 3 min,
(xii) 78% B for 3 min, (xiii) 78% B to 5% B for 2 min, and (xiv)
5% B for 20 min. The mobile phase flow rate was 0.3 pL min .
The injection volume was 5 pL. The Orbitrap Elite operated in
positive ionization mode with a 60000 full scan resolution, in
350-2000 m/z acquisition range. MS/MS fragmentation was
obtained using collision-induced dissociation (CID) with a
normalized collision energy of 35% and data-dependent scan
(DDS) mode on the top 20 most intense signals of each MS
spectrum. The minimum signal threshold set was 500.0, with
an isolation width of 2 m/z and a default charge state to +2. MS/
MS spectra acquisition was performed in the linear ion trap at a
normal scan rate.

Data analysis

LC-MS raw data were processed using Proteome Discoverer 1.4
software (version 1.4.1.14, Thermo Fisher Scientific) for protein
identification based on SEQUEST HT cluster as search engine
against the Homo Sapiens databank (UniProtKB/Swiss-Prot
protein knowledgebase released in February 2022). The
signal-to-noise (S/N) threshold was set to 1.5. Trypsin was set
as a cleavage enzyme with a maximum of 2 missed cleavage
sites. Minimum and maximum peptide lengths were set to
6 and 144 residues, respectively. Mass tolerance was set at
10 ppm and fragment mass tolerance of 0.5 Da and 0.02 Da;
both “‘use average precursor mass” and ‘‘use average fragment
mass” were set to ‘“False”. Methionine oxidation (+15.99 Da)
and N-terminal acetylation (+42.011 Da) were set as dynamic
modifications, while carbamidomethylation of cysteine (+57.02 Da)
as a static modification. Validation of protein and peptide identi-
fications was performed through a decoy database search and
calculation of the false discovery rate (FDR) using the Percolator
node, with strict and relaxed FDR target values set at 0.01 and 0.05,
respectively.

The resulting protein identification data were further fil-
tered for high-confidence peptide identification, requiring a
minimum of at least 2 peptides per protein, each with a
minimum peptide length of 9 amino acids and peptide rank 1,
according to the human proteome project (HPP) mass spectro-
metry data interpretation guidelines.’® Sample data grouping
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analysis was performed using the Venn diagram tool at https://
bioinformatics.psb.ugent.be/webtools/Venn/.

Antibacterial effects

Samples were tested for their antibacterial performance. E. coli
ATCC 25922 was chosen as the standard bacterium. Bacteria
were inoculated in a Lennox LB Broth at 37 °C overnight.
Afterwards, 250 pL of cell suspension was subcultured in
250 mL of LB and harvested at the exponential growth phase
and diluted in PBS. Samples were incubated with 50 pL
of E. coli suspension diluted in PBS to a concentration of
10° CFU mL ™! for 3 hours. At the end of the incubation, the
samples were washed and vortexed in PBS to recover cells from
the surface. The resulting solution was then plated on LB Agar
plates at 37 °C overnight and the CFU were quantified. The
experiment was repeated in triplicate.

Results and discussion

Morphological and spectroscopical analysis of GO coatings on
PCL scaffolds

PCL-GO coatings were prepared using GO samples with tai-
lored surface chemistry and compared with uncoated PCL
scaffolds used as controls. Precisely, coatings were made with
GO, a GO enriched with additional carboxyl groups (GO-COOH)
and a reduced graphene oxide (rGO) depleted in oxygen-based
functional groups after the treatment with the mild and green
reducing agent sodium ascorbate**** (Fig. S1A, ESIf). The
characterization of GO flakes was obtained by dynamic light
scattering and { potential measurements (Table S1, ESIt). The
determined average size was 111 + 35 nm for GO, 249 + 62 nm
for GO-COOH and 245 + 31 nm for rGO and with the relative
surface charges determined through ( measurements of
—24.8 + 1.7 mV for GO, followed by —31 + 0.5 mV for GO-
COOH and —37 £ 2.2 mV for rGO.

For the coating preparation, GO, GO-COOH or rGO aqueous
dispersions at concentration 0.5 mg mL~" were deposited by
drop casting on PCL scaffolds and let dry overnight in sterile
conditions. The AFM characterization of surface properties is
reported in Fig. 1A where images show the typical rough
surfaces, regardless of the type of GO employed. Values
obtained for surface roughness are reported in Fig. S1B (ESIT),
that shows a significantly higher roughness for PCL-GO-COOH
followed by PCL-GO and PCL-1GO.

The Raman spectrum of the pristine GO displayed the
diagnostic D and G bands. The former, associated to the ring
breathing mode from sp® carbon-rings adjacent to an edge or
defect, was localized at ~1363 cm ' while the latter was
centered at ~1600 cm " (Fig. 1B, black line) and due to the
C-C stretching mode of the sp* domains.>*? It is well estab-
lished that the variation of the Ip/I; ratio is an important
parameter to estimate the variation in the number of defects
in the layers. In fact, this ratio slightly increased from 0.84 in
GO to 0.86 in GO-COOH as a consequence of the carboxyl-
functionalization (Fig. 1B, red line), which only marginally
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(B) Normalized Raman spectra of GO (red line), GO-COOH (yellow line)
and rGO (green line).

led to additional structural defects. Conversely, after the mild
chemical reduction of GO with sodium ascorbate, the I,/Ig ratio
rose up to 1.18 (Fig. 1B, blue line) owing to the depletion of the
epoxy-functionalities that were mainly localized in the basal
plane of the layers, in accordance with the literature,***>>3>*

In order to further investigate the surface functionalities,
present in the layers of the GO-based materials, XPS measure-
ments were performed. A comparison of the C 1s region after
curve fitting of the various GO-based nanomaterials has been
presented in Fig. 2. To obtain an accurate fitting, the XPS
spectrum of GO (Fig. 2) was deconvoluted into five components
(see Table S1, ESIt): Csp> (red), hydroxyls (blue), epoxides
(green), carbonyls/carboxylates (purple) and carboxyls
(orange).”® By observing the spectrum of the carboxylated
graphene oxide (GO-COOH) shown in Fig. 2, an extensive
increase was evident in the peak associated to carbonyls/
carboxylates (purple), whose area ratio versus Csp> (Ax/Asp®)
rose from 0.19 to 0.30 (Table S1, ESIt), while the component
relative to epoxides considerably decreased from 0.75 to 0.28,
due to their involvement in the carboxylation reaction of GO
with succinic anhydride. Furthermore, to obtain an optimal fit,
it was necessary to add a component associated to the methy-
lene groups of the appended succinate residual. Regarding the
rGO sample, it was evident that the chemical reduction of GO
with sodium ascorbate led to a general drop of oxygen func-
tionalities, as observable in the 285.5-289.0 eV BE range
(Fig. 2). In the case of epoxide and carbonyls, this decrease
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Fig. 2 X-ray photoelectron spectroscopy (XPS) characterization of GO
coatings. XPS spectra in the C 1s region of GO (upper panel), GO-COOH
(center panel) and rGO (lower panel). Experimental data are reported in
dots, while curve-fitting results are reported with continuous coloured
lines, corresponding to different oxygenated functional groups.

was larger than for hydroxyls, whereas carboxyl amount was
maintained similar to the pristine GO. Finally, to attain an
accurate curve-fitting of the experimental data, the rGO spec-
trum required an additional low-energy asymmetrical compo-
nent at 284.3 eV (Cy,), associated with an increased carbon sp”
network after reduction.*>”%°”

Cell adhesion and proliferation on GO coatings in simulated
in vivo conditions

The biocompatibility of the different GO-based coatings and
their capabilities to support cell growth were investigated using
hBM-MSC grown on the different scaffolds. Cell adhesion,
viability and proliferation were analyzed comparatively among
the differently coated PCL scaffolds, with and without human
serum preconditioning. Our results showed that, while serum
pretreatment did not affect the viability of cells grown on PCL,
the metabolic activity of hBM-MSC was slightly reduced on
conditioned PCL-GO, PCL-GO-COOH and PCL-rGO already
suggesting that a specific CL influenced surfaces’ biological
capability (Fig. S2A, ESIY).
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Fig. 3 Cell adhesion and proliferation on GO coatings. (A) Schematic
representation of the workflow for the analysis of hBM-MSC growth on
GO-based scaffolds conditioned with human serum (created with https://
Biorender.com). (B) Images of nuclei stained with DAPI after 24 and
72 hours of culture of cells cultured on both untreated (—) and serum
pretreated (+) scaffolds. (C) The histogram summarizes the proliferation
rate of cells on GO coatings and each bar indicates the ratio between the
number of nuclei at 72 h and nuclei of cells at 24 h in each condition. The
results are reported in the graph bar as mean + standard deviation (SD).
P values were assessed by ordinary one-way ANOVA followed by
Tukey's multiple comparisons test; *o < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.

We then analyzed the adhesion of cells at different time
points, as well as the coating effect on cell proliferation
(Fig. 3A). Our results displayed that hBM-MSC adhesion was
comparable between cells on the different untreated scaffolds
analyzed after 24 hours of culture, whereas the number of cells
attached on scaffolds previously conditioned with serum
decreased on GO-based biomaterials already after 1 day of
growth (Fig. 3B and Fig. S2B, ESIt). To elaborate, pretreated
PCL-GO-COOH and PCL-rGO showed the lowest adhesion
capacity compared with all the untreated scaffolds and with
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both pretreated PCL and PCL-GO (Fig. 3B and Fig. S2B, ESIY).
Conversely, the number of cells on untreated and serum-
conditioned scaffolds showed no difference after 24 hours of
culture (Fig. 3B and Fig. S2B, ESIT). After 72 hours, the number
of cells remained low on conditioned GO-based biomaterials
compared with the respective unconditioned scaffolds, whereas
conditioned PCL scaffolds showed a significantly increased
number of adherent hBM-MSC compared with the other pre-
treated conditions (Fig. 3B and Fig. S2C, ESIf).

The proliferation rate on each surface, calculated by con-
sidering the number of cells observed after 72 hours and 24
hours, indicated that hBM-MSC growth was fostered on PCL,
PCL-GO-COOH and PCL-rGO pretreated with serum compared
with the same experimental condition at 24 hours (Fig. 3C).
Specifically, the highest growth of hBM-MSC has been observed
on serum conditioned PCL-GO-COOH and PCL-rGO (Fig. 3C).
The proliferation data might reflect the metabolism reported in
Fig. S2A (ESIt), i.e. even if the cell number is reduced (DAPI in
Fig. S2B and C, ESIY), there is an evident response to proteins
on the surface.

Of note, the proliferation rate on the pretreated PCL-rGO
resulted particularly interesting since a 5-fold increase in cell
number was observed and this trend was significantly higher
compared to the other conditions (Fig. 3C). Then, analyzing the
distribution of cells on the different surfaces, we observed that
in treated PCL-GO-COOH and PCL-rGO cells formed packed
clusters, while on other biomaterials, the cells distributed and
grew evenly over the whole area (Fig. 3B).

These results suggested that CL on GO surfaces influenced
both cell adhesion and proliferation, reducing the number of
cells that initially adhere to the scaffolds, whereas strongly
promoting cells proliferation above all on PCL-rGO. Several
studies demonstrated that the capability of graphene deriva-
tives to enhance cell viability, adhesion and growth, partially
resides in their strong proficiency to adsorb proteins through
electrostatic interaction by oxygenated groups on their surface,
thereby creating a layer between cells and material surfaces.>®*

Effects of GO biomaterials on osteogenic differentiation

The osteoinductive abilities of GO and rGO were largely
described both in in vitro and in vivo studies,*®*>®" though
insufficient insights are available regarding the correlation
between GO chemistry, CL composition, and the osteogenic
commitment of MSC. We thus analyzed if the CL could also
influence the osteogenic differentiation of hBM-MSC (Fig. 4A).

ARS staining and quantification showed that PCL-GO-
COOH and PCL-rGO displayed the best osteoinductive capacity
compared with both PCL and PCL-GO (Fig. 4B). Additionally,
the conditioning with serum did not significantly affect the
osteogenesis of hBM-MSC on PCL-GO-COOH and PCL-rGO,
whereas the osteogenic differentiation of hBM-MSC cultured on
serum conditioned PCL and PCL-GO was completely inhibited
(Fig. 4B). To confirm CL effects on the osteogenic commitment
of cells, SEM images of samples after 7 days of induction in
serum coated scaffolds were analyzed. Our results demon-
strated the presence of an evident mineralized matrix layer
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Fig. 4 Osteogenic differentiation assays of hBM-MSC on GO coatings.
(A) Schematic workflow for the culture and osteogenic induction of hBM-
MSC on GO-coated scaffolds after pretreatment with serum (created with
https://Biorender.com). (B) The graph displays the quantification of bone
matrix deposited by hBM-MSC on the different scaffolds conditioned with
human serum (+) or not (—). The results are reported in the graphs as mean
+ SD and they represent the optical density of each sample, from which
the corresponding blank values were subtracted, resulting in some nega-
tive values. These negative values were only observed in conditions where
the mineralized matrix was slightly detected. (C) Representative images of
the mineralized matrix deposits on serum-coated scaffolds after 7 days of
osteogenic induction of hBM-MSC obtained by SEM [Scale bar: 20 um (top
images), 10 um (bottom images)].

on both pretreated PCL-GO-COOH and PCL-rGO coatings
(Fig. 4C).

Considering that the PCL-rGO chemical synthesis is based
on sodium ascorbate, we verified whether part of its effect on
osteogenic differentiation of hBM-MSC could be mediated by
the presence of increased concentrations of sodium r-ascorbate
in the culture medium. We evaluated the effect of a concen-
tration of sodium ascorbate comparable to that used to synthe-
size PCL-rGO deposited on the scaffold (1.75 pg mL ') and of a
10x higher concentration (17.5 pg mL~'). Our data showed that
the treatment did not significantly affect the osteogenic differ-
entiation of cells, when compared with cells grown for 7 days in
standard OM (Fig. S3, ESIt).

Overall, our results confirmed the osteoinductive effects of
rGO coatings.’®®> We hypothesize that the specific adsorption
of factors present in the OM by this nanomaterial provides cells
with a concentrated pool of substances that strongly support
their differentiation.”®>® Interestingly, our data showed that
the CL on GO substrates negatively influenced its osteoinduc-
tive properties, while PCL-GO-COOH and PCL-rGO main-
tained their potential to enhance osteogenesis even after CL
adsorption. Also, GO coating is known to affect cellular
mechanosensing and mechanotransduction through the integ-
rin/FAK axis,®® hence the differential nanopatterned surface
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achieved with the different GO modifications may differentially
affect cellular adhesion, growth, osteogenic commitment and
matrix deposition.

To better delve into the origin of the CL over the analyzed
surfaces, we first evaluated the inorganic component study-
ing the adsorption of SBF. SBF replicates ions in human
serum and can be used to study the formation of apatite
layers on the surface of implants to predict the in vivo bone
bioactivity.®*®® We incubated samples in SBF for 7 days and
then analyzed the chemical composition of the surfaces by
using FTIR. FTIR spectra of samples without SBF have been
reported for reference in Fig. S4 (ESIf). As seen in peaks at
875 cm ', 1420 cm ™' and 1460 cm !, marked with red dashed
lines and ascribable to CO;2, and 605 cm ™" and 1030 cm ™7,
marked with blue dashed lines ascribable to PO, ?, in PCL-
rGO and PCL-GO-COOH samples an apatite layer was formed
after exposure to SBF (Fig. 5A).°®®” From SEM images in
Fig. 5B, the deposition of the apatite layer was evident, while
small sparsed crystals were visible on the surface of PCL and
PCL-GO.

The origin of this amorphous biomimetic hydroxyapatite
layer on the GO-COOH surface can be explained by the charge
of the functional groups, as previously described for COOH-
carbon nanotubes.®®*”® Specifically, negative electric charges
were present as a consequence of the dissociation of the
carboxyl groups, which electrostatically attract the positive
calcium ions (Fig. 5C). After that, by exposing this unstable
assemblage to phosphate and hydroxide ions dissolved in the
SBF, an amorphous biomimetic apatite layer was formed (see
schematic in Fig. 5C). Further supply of mineral ions could lead
to the growth of this layer in different directions. Other prob-
able functional sites may also have contributed simultaneously
to local mineralized layer deposition. Similarly, rGO has a
further negative zeta potential that could increase the binding
of positive calcium ions.”"”*

The mineralized layer on the analyzed scaffolds may also
influence their capacities for both cell growth and differentia-
tion. In this regard, it was reported that the amorphous apatite
layer on the scaffold surface enhances bone-bonding ability of
the biomaterial.**”*”* Specifically, PCL and PCL-GO, despite
the adhesion of cells, did not foster the deposition of SBF and
consequently, the osteogenic properties were limited compared
to PCL-rGO and PCL-GO-COOH. Conversely, the adsorption of
carbonate and phosphate ions on PCL-rGO and PCL-GO-
COOH resulting in the formation of a mineralized layer could
be partially responsible for the increased osteogenic potential
observed on these two coatings. Furthermore, cell communica-
tion via paracrine signals is affected by distance, as demon-
strated recently by Raina and colleagues.”” Specifically, the
range of cell-cell communication is mainly limited to the
immediate proximity, influencing the differentiation of cells
that is affected by direct cell-cell contacts.”® As reported in
Fig. 5B, the surface becomes extremely irregular and therefore
we hypothesize an uneven distribution of serum protein
which reflects the cell adhesion and therefore clustering (refer
to Fig. 3B).
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Protein conditioning layer on GO coatings

Finally, we evaluated the adsorption of serum proteins compar-
ing the different types of scaffolds to elucidate which proteins
bind to the biomaterials and which may mediate their different
in vitro properties. Serum proteins adsorbed on each scaffold
were detached and analyzed by mass spectrometry coupled with
liquid chromatography to study and compare the qualitative
and quantitative composition of the protein CL (Fig. 6A). The
protein identification data resulting from LC-MS raw data
elaboration by Proteome Discoverer software were validated
by FDR calculation and filtered to ensure high confidence
identifications (see experimental section for details).

We detected 16, 21, 17 and 23 proteins on PCL, PCL-GO,
PCL-GO-COOH and PCL-rGO, respectively (identification data
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Fig. 6 Analysis of the protein CL composition. (A) Schematic illustration of
the experimental plan used to evaluate the human serum proteins adsorp-
tion on GO scaffolds (UHPLC-ESI-MS/MS: ultra high-performance liquid
chromatography-nanoESI mass spectrometry analysis; created with
https://Biorender.com) (B) the Venn diagram shows the intersection
between the serum proteins adsorbed on PCL, PCL-GO, PCL-GO-
COOH and PCL-rGO identified by means of mass spectrometry. (C) The
table reports the unique UniProt identifier and full name of all the proteins
exclusive of each scaffold and in common between the 4 different
scaffolds analyzed.

in Supplementary file S1, ESIt). Of these, 11 elements were in
common between the 4 different scaffolds, whereas 1 protein
resulted exclusive of PCL (namely Inter-alpha-trypsin inhibitor
heavy chain H1), 1 of PCL-GO (namely Complement C4-B) and
1 of PCL-GO-COOH (namely Complement factor H-related
protein 1) (Fig. 6B and C). In addition, GO-based composites
exclusively absorbed Ceruloplasmin (CP) compared with PCL
scaffold, whereas Complement factor H, Alpha-1-antichymotry-
psin and Zinc-alpha-2-glycoprotein bound solely PCL-GO-
COOH and PCL-rGO (Fig. 6B and C). The results demonstrated
that GO-based scaffolds used influenced the composition of
protein coronas compared to uncoated PCL.

Considering only the common proteins identified, we also
compared their levels on biomaterial surfaces by label-free
relative quantification of the protein areas, since the amount
of a specific protein could influence GO-scaffolds properties.
These proteins showed statistically significant different levels
between the PCL and each GO-coated sample analyzed. Differ-
ences were observed between PCL-GO-COOH and the other
GO-based materials, often showing lower levels of these pro-
teins, on some occasions similar to PCL (Fig. 7). Nevertheless,
PCL-GO-COOH adsorbed more Complement C3 (C3), Immu-
noglobulin kappa constant and Serotransferrin compared with
PCL alone (Fig. 7D, F and J). PCL-GO and PCL-rGO held a
significantly higher quantity of all the common proteins
adsorbed compared to both PCL and PCL-GO-COOH, except
for C3 which showed comparable levels in PCL-GO materials.
In addition, PCL-GO and PCL-rGO showed no significantly
different levels of the common proteins except for alpha-
2-macroglobulin (A2M), that exhibited a higher extent of
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Fig. 7 Quantification of serum proteins adsorbed on scaffolds surface.
The histograms show levels of common serum proteins adsorbed on PCL,
PCL-GO, PCL-GO-COOH and PCL-rGO (A)-(K) and on GO-based
scaffolds (L). The results are reported in the graphs bar as mean + SD.
P values were assessed by ordinary one-way ANOVA followed by Tukey's
multiple comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001,
***%p < 0.0001.

adsorption on PCL-GO (Fig. 7C), and of apolipoprotein A1l
(APOA1), that, on the contrary, was found higher on PCL-rGO
compared to PCL-GO (Fig. 7K).

It has been reported that some of these proteins can
influence cell adhesion, proliferation, and differentiation and
hereafter we have examined the most representative proteins
suggesting a possible explanation for our results.

As already discussed above, serum proteins reduced hBM-
MSC adhesion on GO coatings and mass spectrometry analysis
suggested that this effect could be most likely associated to the
greater adsorption on these coatings of anti-adhesive proteins,
such as alpha-1-antitrypsin, alpha-2-macroglobulin and cerulo-
plasmin.”” Since it has been observed that C3 improved bone
formation ability of MG63 osteoblast cells influencing the OPG/
RANKL/RANK axis,”® we hypothesized that the enrichment of
C3 on GO-based scaffolds could influence the osteogenic
performance of serum-conditioned GO-biomaterials compared
to the unconditioned ones. In addition, A2M is an extracellular
macromolecule mainly known for its role as a broad-spectrum
protease inhibitor, promoting osteoblastic differentiation
through the TGF-B pathway.””®° Moreover, APOA1, one of
the major HDL protein constituents, has been described as a
key modulator of osteoblast differentiation and bone mass
production.®” Indeed, its deficiency in vivo has been asso-
ciated with a change in the commitment of MSC towards
adipocyte lineage rather than osteoblast progenitors.®*®* Simi-
larly, serotransferrin is a protein involved in the iron balance
which greatly affects MSC behavior and several studies demon-
strated that iron overload reduced bone density, impairing
osteoblast activity, and thus leading to decreased extracellular
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Fig. 8 Antimicrobial test of GO coatings. The graph shows the number of
colonies forming unit per ml on both pretreated and untreated scaffolds.
The results are reported in the graph bar as mean + SD. P values were
assessed by ordinary one-way ANOVA followed by Tukey's multiple
comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

matrix (ECM) mineralization.?*®”

facilitates osteoclast differentiation and bone resorption.
These processes may contribute to the diminished osteogen-
esis observed in conditioned PCL-GO scaffold. Of note,
ceruloplasmin (CP), which resulted selectively adsorbed to
GO-based biomaterials, showed a higher affinity for PCL-GO
and PCL-rGO compared to PCL-GO-COOH (Fig. 7L). CP is a
serum glycoprotein with ferroxidase activity responsible for
95% copper transport in the blood. It has been reported that
CP can undergo oxidative modifications under oxidative con-
ditions that promote a gain of function in integrin binding,
signaling, and cell adhesion.®®° In this context, we specu-
lated that GO-based scaffolds could promote oxidative-
induced structural change of serum proteins that interact
with them, including CP, thus influencing cell adhesion and
proliferation.

Overall, the different subsets of adsorbed proteins on each
coating analyzed in this study may cause specific osteoinduc-
tive effects, thus affecting their biological performance. These
results suggested that the serum-derived CL was not able to
modify the low osteoinductive properties of PCL-GO. Conver-
sely, the osteoinductive capacities of unconditioned PCL-GO-
COOH and PCL-rGO, seemed to be strengthened or otherwise
preserved by the serum conditioning.

Of note, in addition to the protein layer, as mentioned
above, the ionic composition of serum was also an important
co-stimulus, which strongly contributed to maintaining the
osteoinductive abilities of PCL-GO-COOH and PCL-rGO. On
the basis of our anlyses we hypothesized that in these GO-
coatings the main stimulus for differentiation could be the
biomimetic apatite layer formed on the scaffold surface rather
than a specific protein pattern.’” In other words, we hypothe-
sized that the higher the adsorption of mineralized matrix the
lower the influence of the protein CL.

Additionally, iron overload
84-87
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Given the importance for the clinical translational of the
interaction of the scaffolds with possible pathogens, the anti-
microbial performance of the different biomaterials was ana-
lyzed and compared. Our results showed that PCL-rGO
displayed excellent antibacterial effects significantly reducing
the growth of E. coli (Fig. 8). Serum conditioning seemed to
increase bacterial infection on PCL scaffolds, whereas it had
no/fewer effects on GO coatings antimicrobial properties,
thereby preserving the good antibacterial properties of PCL-
rGO (Fig. 8).

A prerequisite for bacterial colonization of medical devices
is the adsorption of adhesive serum proteins.”> We did not
observe, in mass spectrometry analysis, a significant adsorp-
tion of adhesive proteins such as fibrinogen, fibronectin and
vitronectin. However, all coatings showed a certain degree of
binding of CP protein, a copper transportation protein that has
antibacterial activity.”>”®> We assumed that the bactericidal
activity of CP was to some extent responsible for the lack of
bacteria number increase when surfaces were treated with
blood serum.’® However, a secondary mechanism not depend-
ing on the CL must be implicated in the high antibacterial
efficacy measured for PCL-rGO coatings with or without serum
conditioning.

As discussed previously, rGO had the lower zeta potential
observed among the different coatings studied. We predicted
that since this zeta potential increases the adsorption
of divalent cations, the GO effect of bacteria trapping is
enhanced.”” Further investigations will be conducted to eluci-
date the mechanism underlying the strong efficacy of PCL-rGO.

Conclusions

The improvement of bone cell proliferation and differentiation
by graphene-based scaffolds was widely documented. Never-
theless, the formation of a conditioning layer on the surface of
the scaffold once it comes into contact with biological fluids,
alters the interaction between biomaterial and cells and influ-
ences the biological effects of the scaffold on cell growth,
differentiation, and extracellular matrix deposition. In this
work, we analyzed the effect of GO chemistry in coatings
for 3D-printed PCL scaffolds and determined the influence of
the CL on their regenerative capacities. We demonstrated that
PCL-GO-COOH and PCL-rGO exhibited advantageous cap-
abilities supporting hBM-MSC proliferation and osteogenic
differentiation, maintaining these functionalities even when
conditioned with serum (as summarized in Fig. 9). Our results
also revealed that PCL-rGO presented excellent antimicrobial
properties, and this effect persisted after the adsorption of CL
on its surface, making it a highly promising coating for advan-
cing the field of bone regeneration therapies given the possi-
bility to better predict its properties once implanted in vivo
(Fig. 9).

Overall, the qualitative and quantitative analyses of CL
suggested that specific inorganic components combined with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Regenerative properties of graphene-based material surfaces.
In the image the regenerative properties of graphene-based material
surfaces observed are summarized. The efficiency of each serum condi-
tioned construct on cell viability, adhesion, proliferation, inorganic com-
ponents, and proteins of CL composition as well as osteogenic
differentiation has been classified as high, medium, or low.

a definite protein pattern, including A2M, APOA1 and sero-
transferrin, adsorbed on GO-coatings may enhance and/or
sustain the GO-related effects on cell behavior and improved
bone grafting translational applications of 3D-printed PCL
scaffolds.
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