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Abstract: In dentistry, bone regeneration requires osteoinductive biomaterial with antibacterial
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ok properties. Polycaprolactone (PCL) may be combined with different nanofillers including reduced
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graphene oxide (rGO). Here, the amount of rGO filler was defined to obtain a biocompatible and
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stem cells (MSCs). Compounds carrying three different percentages of rGO were tested. Among all,
the 5% rGO-PCL compound is the most bacteriostatic against Gram-positive bacteria. All scaffolds
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are biocompatible. MSCs adhere and proliferate on all scaffolds; however, 5% rGO-PCL surface
supports the growth of cells and implements the expression of extracellular matrix components
necessary to anchor the cells to the surface itself. Moreover, the 5% rGO-PCL surface has superior
osteoinductive properties confirmed by the improved alkaline phosphatase activity, mineral matrix
deposition, and osteogenic markers expression. These results suggest that 5% rGO-PCL has useful

10.3390/ coatings12060799 properties for bone tissue engineering purposes.
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Publisher’s Note: MDPI stays neutral 1. Introduction

with regard to jurisdictional claims in In dentistry, bone regeneration is crucial in cases of trauma, infections, and tumors,
and it is sometimes required to stabilize dental implants [1]. De facto, implant therapy is
effective when an adequate vertical and horizontal bone volume is present at the implant
site [2]. Bone augmentation usually requires bone blocks or granulated bone particulates
and membrane or titanium meshwork. This can be technically challenging, and the success
of the treatment will depend on the space maintenance of the regenerated defect, wound
stability, and absence of infection [3]. When bacterial activity occurs in bone defects, bone
regeneration can be limited or even hindered. For this reason, novel biomaterials for bone
regeneration are still extensively investigated. Currently, most commercial biomaterials are
slightly osteoinductive and with poor antibacterial properties [1].
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stress without fracturing, PCL represents a perfect chosen material in dental and orthopedic
regenerative medicine [5,6]. In addition, PCL can be combined with a low concentration
of specific nanomaterials for the fabrication of scaffolds with definite features for cell and
tissue growth. The mechanical properties of nanocomposite polymers depend on the
properties of both pure polymer and filler [7]. In recent years, a large body of investigation
has been dealing with nanofiller as a reinforcement to improve or introduce new properties
at the nano- and macro-scale. Graphene-related materials, including graphene oxide (GO),
reduced graphene oxide (rGO), or graphene nanoplates, were embedded in PCL to enhance
the crystallization and orientation of polymer matrix or to make PCL conductive [8-10].

Nowadays, stem cells are offering revolutionary therapies for many diseases with
limited treatment options. They play a crucial role in tissue repair, as they possess the
unique quality to differentiate into specialized cell types in response to biochemical, bio-
physical, and biomechanical cues. In fact, stem cells adapt themselves to the surrounding
environment and to the specific features of the scaffold, including composition, surface to-
pography, ligand availability, and mechanical properties changing migration, proliferation,
differentiation, and viability [11,12].

In this work, PCL/rGO composites have been investigated for regenerative medicine
purposes as substrates for stem cell proliferation and differentiation. Pure PCL was mixed
with three different percentage of rGO (1.6%, 3%, and 5%) to manufacture by extrusion
rGO-PCL compounds. First chemical composition, antibacterial activity, and biocompati-
bility of tGO-PCL compounds were screened. Second, the regenerative properties of the
composites were investigated in vitro with human mesenchymal stem cells (HMSCs). All
compounds were biocompatible in conformity with the international standard for medical
devices and bacteriostatic to Gram-positive bacteria in rGO-dose dependent manner. The
percentage of rGO also regulated the adhesion, morphology, and differentiation of the
stem cells. rGO impacted the osteogenic differentiation by ensuring the activity of alkaline
phosphatase, the deposition of the mineral matrix, and the expression of proteins crucial
for the differentiation in osteoblasts. These results suggest that 5% rGO-PCL has useful
properties for bone tissue engineering purposes.

2. Materials and Methods
2.1. Compounds Preparation

Pure PCL (Sigma-Aldrich, St. Louis, MO, USA) was mixed with rGO (Abalonyx
AS, Oslo, Norway) at the percentages of 1.6% w/w, 3% w/w, or 5% w/w through melt
compounding strategy assisted by a twin screw extruder (Themo Fisher Scientific, Waltham,
MA, USA) by Nadir s.r.l. PCL pellets were placed in the extruder’s pellet feeder, whereas
the rGO were placed in the extruder’s filler feeder. Next, during the extrusion process,
all the materials were fed at the same time to produce a compounded wire that was
immediately ground to form composite pellets. After drying the composite pellets at 50 °C,
injection molding was performed to manufacture disks. All samples were sterilized with
ethylene oxide.

2.2. Chemical Characterization

Raman spectra were recovered using a dispersive Raman system Thermo Scientific™
DXR3™ (Waltham, MA, USA) equipped with an Olympus microscope. The experimental
parameters were laser wavelengths 532 nm, power laser of 5 mW, and 50-3350 cm !
full range grating. A 10x objective and a 25 um-slit aperture were used to obtain more
representative spectra from the samples. Total acquisition time for each spectrum was 120 s.
Thermo Scientific™ OMNIC™ software 34.3 (Version 3, Waltham, MA, USA) was used to
operate the DXR3™ Raman Microscope and to collect the spectra. Raman spectra were
compared with the internal library of instrument and with literature for peak assignment.
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2.3. Antibacterial Activity

Antibacterial activity of rGO-PCL compounds was evaluated against Streptococcus
pyogenes, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa (all pur-
chased from ATCC, Manassas, VA, USA). Antibacterial assays were performed according
to ISO 22196:2011 (Measurement of antibacterial activity on plastics and other non-porous
surfaces). The agar diffusion method and the quantification of colony forming units (CFU)
were performed. P. aeruginosa virulence was evaluated by quantification of pyocyanin
production. E. coli adhesion was monitored by fluorescent miscopy. A suspension of
recombinant E. coli bacteria expressing green fluorescent protein GFP (E. coli-GFP; ATCC)
was placed in contact with samples at 37 °C with shaking for 24 h and then observed
at microscope.

2.4. In Vitro Cytotoxicity

The in vitro cytotoxicity of rGO-PCL compounds was evaluated following the ISO
10993-5 standard test method (Biological evaluation of medical devices—Part 5: Tests for
in vitro cytotoxicity) [13]. Briefly, NCTC clone 929 (mouse fibroblast cell line; ATCC) were
seeded at the density of 2 x 10* cell/cm? in Dulbecco’s Modified Eagle Medium (DMEM,
EuroClone, Rome, Italy) supplemented with 10% Fetal Bovine Serum (FBS, EuroClone) and
1% Penicillin-Streptomycin (PS, EuroClone). After 24 h, rGO-PCL compounds were placed
in direct contact with cells for 48 h. Then, cell viability was determined by incubation
with 0.5 mg/mL MTT (Sigma-Aldrich) solution for 3 h. After removing the MTT solution,
extraction solution (isopropanol:dimethyl sulfoxide 9:1) was incubated for 30 min at 37 °C,
and absorbance at 570 nm was recorded. NCTC in direct contact with sterile titanium was
used as control condition. Results were expressed as the percentage of viable cells [14].

2.5. Stem Cell Seeding on rGO-PCL Surfaces

rGO-PCL disks were positioned on the bottom of 24-well plates and 2 x 10* hu-
man Adipose-derived Mesenchymal Stem Cells (HMSCs, Sciencell Research Laboratories,
New York, NY, USA) were seeded on each of them. Cultures have been maintained in
osteogenic differentiation medium consisting in DMEM supplemented with 10% FBS, 1%
PS, 10 ng/mL Fibroblast Growth Factor 2 (FGF-2, ProSpec, New York, NY, USA), 10 mM
-glycerophosphate (Sigma-Aldrich, St. Louis, MO, USA), and 10 nM dexamethasone
(Sigma-Aldrich, St. Louis, MO, USA). All cultures were incubated at 37 °C and 5% CO,
for up to 21 days, and culture medium was changed three times a week [15]. These cul-
tures were investigated for cell adhesion, mechanical properties, morphology, cell viability,
alkaline phosphatase (ALP) activity, mineral matrix deposition, and gene expression.

2.6. Cell Adhesion, Morphology, and Proliferation

The adhesion and morphology of HMSCs on rGO-PCL surfaces were evaluated using
the ZEISS SIGMA VP Field Emission Scanning Electron Microscope (FE-SEM, ZEISS, Jena,
Germany). Samples were fixed with 2% glutaraldehyde (Sigma-Aldrich, St. Louis, MO,
USA) in 0.1 M HEPES buffer (Sigma-Aldrich, St. Louis, MO, USA), dehydrated in ethanol,
and chemical dried with hexamethyldisilane (Sigma-Aldrich, St. Louis, MO, USA) [16]. The
SEM images of the sample surfaces were recorded in high vacuum (10~ mbar) after the
surface metallization with a gold thin film by using a Polaron SC7620 gold sputter coater.

MTS Assay (Abcam, Cambridge, UK) quantified the viability and proliferation of
HMSCs on each surface. Briefly, cells were incubated with MTS compound for 4 h at 37 °C
and 5% COs;. Then, the produced formazan was quantified by measuring the absorbance
at 490 nm.

2.7. ALP Activity

ALP activity was detected by Alkaline phosphates kit (Abcam) that uses p-nitrophenyl
phosphate (pNPP) as phosphatase substrate and adsorbed at 405 nm when dephosphory-
lated by ALP. According to the manufacturer protocol, cells were lysed with ALP Assay
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Buffer [17]. Samples were incubated with pNPP for 60 min at 25 °C, and then the absorbance
at 405 nm was measured. ALP activity in test samples was calculated as follows:

ALP activity (U/L) = (B/AT x V) x D x 1000 1)

where B is the amount of pNP in sample well calculated from standard curve (umol), AT is
the reaction time (minutes), V is the original sample volume added into the reaction well
(mL), D is the sample dilution factor [18].

2.8. Quantification of Mineral Matrix Deposition

The deposit of mineral matrix was evaluated by Alizarin Red S (ARS) quantification.
After fixation with 10% formalin (Sigma), the staining with 40 mM ARS solution (Sigma-
Aldrich) was performed for 20 min with gentle shaking. After washing with ddH2O, ARS
staining was extracted with 0.5 mL of 10% acid acetic solution for 20 min with gentle
agitation. The extracts were measured at 570 nm in a plate reader (Victor 3 Perkin Elmer).

2.9. Gene Expression Profile

Total RNA was extracted with Total RNA Purification Plus Kit (Norgen Biotek Cor-
poration, Thorold, ON, Canada), according to the manufacture procedures. The RT2
Profiler PCR Array Human Extracellular Matrix and Adhesion Molecules (Qiagen, Hilden,
Germany) were performed by reverse transcribing 200 ng of total RNA, following the manu-
facture procedures. The Ct values of target genes were normalized to the geometric mean Ct
values of five housekeeping genes (ACTB: actin, beta; B2M: beta-2-microglobulin; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; HPRT1: hypoxanthine phosphoribosyltrans-
ferase 1; RPLPO: ribosomal protein, large, P0). The expression of osteogenesis-related genes
including osteocalcin (OC), osteopontin (OPN), runt-related transcription factor 2 (RUNX2),
osterix (OSX), receptor activator of NF-kB ligand (RANKL), and alpha-1 type I collagen
(COL1A1) was investigated at day 7, 14, and 21. Total RNA was reverse transcribed with
SensiFAST cDNA Synthesis kit (Bioline GmbH, Luckenwalde, Germany) following the
manufacture conditions. Real-time PCR was performed using SensiFAST SYBR No-ROX
mix (Bioline GmbH) with 400 nM primers (selected by Primer 3 software3, Bioline, NY,
USA). Ct values of target genes were normalized to the geometric mean Ct values of
two housekeeping genes (B2M; GAPDH). Data analysis was performed using the 2AACt
method [18]. Results were reported as fold change of target genes on rGO/PCL composites
compared with PCL (control).

2.10. Statistical Analysis

All data were expressed as mean and standard deviation (mean =+ SD), one-way
analysis of variance (ANOVA), and two-tailed f-test were utilized to assess the statistical
significance with p-value < 0.05.

3. Results
3.1. Chemical Characterization of rGO-PCL Compounds

The different rGO-PCL compounds were manufactured through the dispersion of
low percentage of rGO in order to do not change the bulk macroscopic properties of the
substrate such as mechanical and rheological properties. Three percentages of tGO powder
(1.6% w/w, 3% w/w or 5% w/w) were well dispersed into melted PCL using a lab-scale
twin-screw extruder at temperatures ranging between 55 and 60 °C. Raman spectra of
rGO-PCL compounds were compared to pure PCL and pure rGO (Figure 1). The spectrum
of pure PCL (Figure 1a) is characterized by two intense bands for CH; antisymmetric and
symmetric stretching at 2870 cm ! and 2920 cm !, respectively. The bands at 1728 cm ™!
(vC=0), at 1110 cm~! (vCOC), and at about 1728 cm ™! reflect the crystalline domains
of PCL. The other narrow peaks at 916 cm~ ! (vC-COO), between the spectral range
1046-1110 cm~! (vCOC), and 1298-1419 cm ! (§CH2) are also related to PCL crystalline

nature. The remaining minor peaks, such as the broad band at about 860 cm~!, are



Coatings 2022, 12,799

5o0f 14

attributable to the amorphous part of PCL, here present mainly as residues [19-21]. Raman
spectrum of pure rGO (Figure le) is characterized by two main bands at ~1350 cm~! and
at ~1593 cm~! associated to the well-known D-band and the G-band, respectively [22,23].
In 1.6% rGO-PCL (Figure 1b), 3% rGO-PCL (Figure 1c), and 5% rGO-PCL (Figure 1d) the
D- and G-band are also present. In particular, 1.6% rGO-PCL sample presents the peculiar
peaks and bands of both PCL and rGO. Whereas in 3% rGO-PCL and 5% rGO-PCL samples
the D- and G-band are the dominant features due to the cover effect of rGO on PCL film.
However, although less intense, the PCL CH; related bands at 2870 ecm~ 1! and 2920 cm ™!
are also detectable.
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Figure 1. Raman spectra: PCL (a), 1.6% rGO-PCL (b), 3% rGO-PCL (c), 5% rGO-PCL (d), and rGO
powder (e).

3.2. Antibacterial Activity and Cytotoxicity Evaluation of rGO-PCL Compounds

The antibacterial property of each rGO-PCL compound was investigated by means of
different approaches, including the agar diffusion method, the count of CFU after treatment
or seeding with Gram-positive (S. pyogenes and S. aureus) or Gram-negative (E. coli and
P. aeruginosa) bacteria, the production of pyocyanin, and the adhesion of E. coli-GFP.

For agar diffusion method, samples were placed in Mueller-Hinton plates seeded
with S. pyogenes, S. aureus, E. coli, or P. aeruginosa. After 24 h, the inhibition zone around
the samples were evaluated. Inhibition zones (diameter 1 mm) were present around 1.6%
rGO-PCL, 3% rGO-PCL, and 5% rGO-PCL in S. aureus cultures. In case of S. pyogenes
culture, inhibition region of 1 mm was observed around 1.6% rGO-PCL and 3% rGO-PCL,
and inhibition zone of 2 mm around 5% rGO-PCL. Suspensions of each bacterium were
incubated with the samples for 1, 4, and 24 h in order to quantify the CFU of bacteria
after 24 h of incubation (Table 1). E. coli and P. aeruginosa growth was not affected by any
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tested sample. Concentrations of 1.6% rGO-PCL and 3% rGO-PCL have slight bacteriostatic
effect against S. aureus after 24 h of contact, whereas the increase in contact time yielded an
increased bacteriostatic action for 5% rGO-PCL against S. aureus. The S. pyogenes growth
is slightly affected by 5% rGO-PCL after 24 h of treatment. Moreover, the proliferation
of 100 bacteria was evaluated after the direct seeding on the samples for 1, 3, and 24 h,
and subsequently buffered on a plate (Table 2). Among tested samples, 5% rGO-PCL
have bacteriostatic activity on E. coli, S. aureus, and S. pyogenes. The effect of the samples
against Gram-negative bacteria was also detected by monitoring the adhesion of E. coli,
and the production of pyocyanin in P. aeruginosa. The E. coli adhesion was greater on 1.6%
rGO-PCL than on 3% rGO-PCL and 5% rGO-PCL. Instead, the production of pyocyanin in
P. aeruginosa has been reduced by 27.7% for 1.6% rGO-PCL, 23.34% for 3% rGO-PCL, and
17.58% for 5% rGO-PCL.

Table 1. Colony forming units (CFU) of E. coli, P. aeruginosa, S. aureus, and S. pyogenes after treatment
with 1.6% rGO-PCL, 3% rGO-PCL, and 5% rGO-PCL for 1, 4, and 24 h.

Log (CFU/cm?)
Time 1.6% rGO-PCL 3% rGO-PCL 5% rGO-PCL Control
E. coli

1h 1.30 (r = —0.02) 1.38 (r=—0.1) 1.23 (r = 0.05) 1.28

4h 1.76 (r = —0.03) 1.80 (r = —0.07) 1.69 (r = 0.04) 1.73
24h 2.20 (r=-0.1) 2.20 (r=—-0.1) 2.05 (r =0.05) 2.10

P. aeruginosa

1h 1.58 (r=—0.54) 1.38 (r=—0.34) 1.41 (r=—-0.37) 1.04

4h 1.96 (r = —0.38) 1.82 (r=—0.24) 1.85 (r= —0.27) 1.58
24h 2.19 (r =0.01) 2.21 (r=—0.01) 2.23 (r = —0.03) 2.20

S. aureus

1h 1.34 (r = —0.08) 1.38 (r=—0.12) 0.95 (r =0.31) 1.26

4h 1.69 (r= —0.11) 1.70 (r = —0.12) 1.23 (r = 0.35) 1.58
24h 1.90 (r = 0.33) 1.98 (r =0.25) 1.62 (r=0.61) 2.23

S. pyogenes

1h 0.84 (r = 0.0) 0.9 (r = —0.06) 0.78 (r = 0.06) 0.84

4h 1.15 (r = —0.04) 1.18 (r = —0.07) 1.11 (r=0.0) 1.11
24h 1.41 (r=0.07) 1.5 (r=—-0.02) 1.34 (r=0.14) 1.48

r: correlation coefficient.

Table 2. Colony forming units (CFU) of E. coli, P. aeruginosa, S. aureus, and S. pyogenes after seeding
on 1.6% rGO-PCL, 3% rGO-PCL, and 5% rGO-PCL for 1, 4, and 24 h.

Log (CFU/cm?)
Time 1.6% rGO-PCL 3% rGO-PCL 5% rGO-PCL Control
E. coli
1h 1.18 (r = 0.0) 1.15 (r = 0.03) 1.00 (r =0.18) 1.18
4h 1.54 (r = —0.01) 1.50 (r = 0.03) 1.40 (r=0.13) 1.53
24h 2.04 (r=0.0) 2.02 (r = 0.05) 1.91 (r=0.15) 2.04
P. aeruginosa
1h 1.15 (r = —0.07) 1.08 (r=0.0) 1.11 (r = —0.03) 1.08
4h 1.59 (r = —0.02) 1.59 (r = —0.02) 1.56 (r =0.01) 1.57
24h 2.18 (r = —0.01) 2.21 (r = —0.04) 2.19 (r = —0.02) 2.17
S. aureus
1h 1.34 (r=0.0) 1.30 (r = 0.04) 0.95 (r = 0.39) 1.34
4h 1.62 (r = 0.04) 1.61 (r = 0.05) 1.28 (r = 0.38) 1.66
24h 1.87 (r=10.21) 1.99 (r = 0.09) 1.83 (r=0.25) 2.08
S. pyogenes
1h 1.00 (r = 0.08) 0.9 (r=0.18) 0.78 (r = 0.30) 1.08
4h 1.15 (r = 0.13) 1.18 (r = 0.10) 1.08 (r = 0.20) 1.28
24h 1.36 (r = 0.05) 1.38 (r = 0.03) 1.30 (r=0.11) 1.41

r: correlation coefficient.
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The biocompatibility of rGO-PCL was assessed by measuring the viability of murine fi-
broblasts (NCTC clone 929) according to the International Organization for Standardization
(ISO 10993-5) that assess the in vitro cytotoxicity of medical devices. The viability of the
fibroblasts incubated with rGO-PCL compounds ranged between ~81 and ~90% (Figure 2).
According to ISO 10993-5, a reduction in cell viability by more than 30% is considered a
cytotoxic effect. Therefore, all rtGO-PCL compounds exhibited no toxicity against NCTC
clone 929 cells.
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- 100 oPCL
& I
> 80 I 01.6% rGO-PCL
= ®3% rGO-PCL
= 50 5% rGO-PCL
-y m control
20
0

5% rGO - PCL
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Figure 2. In vitro cytotoxicity evaluation of rGO-PCL compounds. Cell viability percentage of murine
fibroblasts (NCTC clone 929) in contact with rGO-PCL compounds for 48 h. Sterile titanium was used
as control. Data are expressed as mean & SD. Multi comparison statistical analyses were performed
by using one-way ANOVA. A T test was performed for all pairwise comparisons between group
means. Representative images show fibroblasts after 48 h of culture with each sample.

3.3. Stem Cells Adhesion on rGO-PCL Surfaces

HMSCs were seeded and maintained on each rGO-PCL surface for 7 days. In general,
the cells have adhered and migrated over the substrates, as shown by the representative
SEM images in Figure 3a—d. The cells on rGO-PCL surfaces appeared flat (Figure 3b-d);
on the contrary, on pure PCL cells were fusiform (Figure 3a). The gene expression of
molecules and proteins of extracellular matrix (ECM) was investigated by real time PCR
array (Figure 3e). On rGO-PCL, with more extension on the 5% rGO-PCL surface, the
mRNA encoding CD44, COL4A2, CTNNA1, CTNNB1, ECM1, ITGA2, ITGA4, LAMAL1,
MMP11, SGCE, and TIMP1 genes were upregulated, whereas ITGAM, ITGA1, LAMBS3,
and VCAM1 were under-expressed genes.
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Figure 3. Stem cells adhesion on rGO-PCL surfaces. SEM images of the cells on pure PCL (a),
1.6% rGO-PCL (b), 3% rGO-PCL (c), 5% rGO-PCL at 1 xK magnification (d). (e) Expression profile
of extracellular matrix and adhesion molecules in HMSCs maintained on rGO-PCL surfaces for
7 days. Heat map reporting under expressed (green) and overexpressed (red) genes in 1.6% rGO-
PCL (Group 1), 3% rGO-PCL (Group 2), and 5% rGO-PCL (Group 3) compared with pure PCL
(Control Group).

3.4. Osteogenic Differentiation of Stem Cell on rGO-PCL Surfaces

In order to investigate rGO-PCL surfaces as promising platform for osteogenic dif-
ferentiation, cultures of HMSCs were monitored up to 21 days. Firstly, the adhesion and
proliferation of HMSCs were evaluated by microscope and enzymatic analyses (Figure 4).
As shown by SEM images at 7 days, HMSCs were able to adhere to surfaces of rGO-PCL
samples by numerous filopodia (Figure 4a—d). After 14 days of culture, HMSCs appeared
more spread out, and an increased cell coverage on each tGO-PCL surface was observed
(Figure 4e-h). After 21 day of culture, the number of HMSCs attached to the surfaces
was indistinguishable, which implied that the cells were evenly distributed on rtGO-PCL
surfaces (Figure 4i-1). These observations were in agreement with MTS assay results
(Figure 4m—p). In general, the magnitude of the MTS reduction provides information on
the number of viable cells indicating if materials support the adhesion and proliferation of
the cells. Compared with 7 days of culture, cell proliferation showed a significant increase
at the 14th (p < 0.05 for PCL and 5% rGO-PCL, p < 0.01 for 1.6 %rGO-PCL and 3% rGO-PCL)
and 21st day (p < 0.05 for PCL, p < 0.01 for 1.6 %rGO-PCL, 3% rGO-PCL and 5% rGO-PCL).
Furthermore, cell proliferation exhibited a significant increase (p < 0.05) on 1.6% rGO-PCL
and 3% rGO-PCL by comparing 21 days of culture with 14 days.

The differentiation of HMSCs towards osteoblast phenotype on rGO-PCL surfaces
was investigated by the quantification of ALP activity and mineral matrix deposition, and
by gene expression profile of osteogenic markers (Figure 5). Compared to 7 days of culture,
ALP activity was increased at 14 days. Nevertheless, a significant (p < 0.05) increase was
observe only in HMSCs seeded on 5% rGO-PCL. At 21 days, ALP activity remained stable
on 1.6% rGO-PCL as well as on PCL, and significantly (p < 0.05) increased on 3% rGO-
PCL. On 5% rGO-PCL, ALP activity at 21 day is less compared to 14 day, but significantly
(p <0.05) greater than 7 days (Figure 5a). The Alizarin Red S (ARS) quantification performed
on rGO-PCL samples confirmed the progression of osteogenic differentiation up to 21 days.
In particular, the matrix deposition was significantly (p < 0.001) boosted at 14 and 21 days,
and largely on 5% rGO-PCL surface (Figure 5b). In addition, gene expression for both early
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and late osteogenic differentiation markers osteocalcin (OC), osteonectin (ON), osteopontin
(OPN), runt-related transcription factor 2 (RUNX2), osterix (OSX), and receptor activator
of NF-kB ligand (RANKL) was assessed (Figure 5c-h). The mRNA expression of the
osteogenic markers on each rGO-PCL surface was compared with that on PCL at each time
point. The comparison shown that on rGO-PCL the gene expression of matrix proteins OC
and ON is similar to those on PCL. Further, 1.6% rGO-PCL, 3% rGO-PCL, and 5% rGO-PCL
showed significantly (p < 0.05) enhanced mRNA expression level of OPN, which were
2.4 £0.22,1.7 + 0.04, and 2.3 & 0.17 fold higher than the PCL group at 14 days, respectively.
The transcription factors RUNX2 and OSX were significantly (p < 0.05) up regulated on 5%
rGO-PCL at 14 days with a fold change of 1.3 = 0.2 and 5.1 £ 0.4, respectively. In addition,
a significant (p < 0.01) upregulation of RANKL is also observed on 5% rGO-PCL compared
to control condition.

PCL 1.6% rGO-PCL 3% rGO-PCL 5% rGO-PCL

#

1.4 - * 14 w% 14 1,4 %

12 12 *% 12 12 *
g 10 g 10 £ 10 w% i
H £ H E
g o8 g o8 g o8 o 08
= by = 2
g 08 a 06 a 06 G 08

(=] (] 3

Q 04 04 04 o 0,4

0.2 02 02 02

0.0 0.0 00

Td 14d 21d 7d 14d 2d 7d 14d 21d 7d 14d 2d

Figure 4. Adhesion and proliferation of HMSCs on rGO-PCL surfaces in osteogenic differentiation
medium. SEM images (5 ox magnification) after 7 (a—d), 14 (e-h), and 21 days (i-1) of culture. MTS
assay at 7, 14, and 21 day (m—p). Data are expressed as mean £ SD. Multi comparison statistical
analysis were performed by using one-way ANOVA. T test was to perform all pairwise comparisons
between group means. Note: * p < 0.05 and ** p < 0.01 mark significant changes compared to 7 days
of culture. # p < 0.05 marks significant changes compared to 14 days of culture.
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Figure 5. Differentiation of HMSCs towards osteoblast phenotype on rGO-PCL scaffolds up to
21 days. ALP activity (a). Quantification of mineral matrix deposition (b). Gene expression profile of
osteogenic markers: osteocalcin (c), osteonectin (d), osteopontin (e), runt-related transcription factor
2 (f), osterix (g), receptor activator of NF-kB ligand (h). Data are expressed as mean £ SD. Multi
comparison statistical analysis were performed by using one-way ANOVA. T test was to perform
all pairwise comparisons between group means. Note: * p < 0.05, ** p < 0.01 and *** p < 0.001 mark
significant changes compared to pure PCL at each time point.

4. Discussion

Different rGO-PCL compounds were manufactured through the fine dispersion of low
percentage of rGO powder in molten PCL. The most suitable combinations to obtain a better
dispersion of rGO in molten PCL was obtained with a filler content less than 5% by weight.
The 1.6%rGO-PCL, 3%rGO-PCL, and 5%rGO-PCL composites were prepared through
extrusion process followed by injection molding. Chemical analysis demonstrated the
effective incorporation of rGO into the PLC matrix. The Raman spectra of the composites
shown typical characteristics of both PCL and rGO [19,22]. In 1.6% rGO-PCL, the peculiar
peaks and bands of PCL and rGO were present, whereas in 3% rGO-PCL and 5%rGO-PCL
the bands of rGO were dominant.

After sterilization, antibacterial activity and biocompatibility of rGO-PCL compounds
were investigated. By various approaches, the antibacterial activity of each compound on
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Gram-negative and Gram-positive bacteria was analyzed. The bacteriostatic properties
against Gram-positive bacteria were rGO dose-dependent, and 5% rGO-PCL compound
was the best in the prevention of S. aureus and S. pyogenes growth. Instead, no bacteriostatic
effect was shown towards the Gram-negative bacteria E. coli and P. aeruginosa. Although
a reduction in E. coli adhesion was detected as the rGO percentage increases, a minor
reduction in pyocyanin production in P. aeruginosa was observed. All compounds were
biocompatible as demonstrate by incubation in direct contact with cultures of murine
fibroblasts for 48h. Our results shown cell viability between 81% and 90% for rGO-PCL
compounds. According to in vitro cytotoxicity standard, a percentage reduction in viability
greater than 30% compared to the control is to be considered a cytotoxic effect [14]. Thus,
the rGO-PCL compounds exhibited no cytotoxicity, confirming that rGO-PCL, as pure PCL,
has potential biomedical applications.

The adhesion and migration of stem cells were investigated by microscopy and molec-
ular analyses. Stem cells exhibited flat morphology on tested surfaces. Cell physiological
processes including growth, division, differentiation, and migration are affected by the
adhesion to extracellular components. Via adhesion molecules, cells bind themselves to
ECM substratum defining tissue shape, structure, and function. The cell-matrix and cell-
cell interactions on rGO-PCL surfaces were also investigated by gene expression profile.
In particular, basement membrane constituents, collagens, integrins, selectins, catenins,
cell-adhesion molecule family members, and metalloproteinases (MMPs) as well as their
inhibitors were analyzed. Twenty-five percent of the genes investigated showed up- or
down-regulation compared to pure PCL; the remaining genes conversely were equally
expressed. Among the rGO-PCL formulations tested, the one with the highest percentage
of rGO resulted in high-level expression of integrins, catenins, and other proteins of ECM.
Integrins are heterodimeric proteins composed of alpha and beta subunits that function as
transmembrane linkers between the ECM and the actin cytoskeleton of cells. It is known
that the chemistry of the substrate can affect both the types of protein adsorbed onto the
surface and the conformation of self-same proteins. This in turn induces changes in integrin
expression on cell surface [24]. Integrins bind laminins, glycoproteins composed of three
different subunits (x-chain, 3-chain, and y-chain) combined and expressed in at least 16
different isoforms in human. By binding cell-surface receptors, laminins regulate vital
cellular responses, such as phenotype maintenance, migration, proliferation, and differenti-
ation [25]. Catenins are cell-adhesion molecules that fine control HMSC functions by the
intensity of Wnt/ 3-catenin signals. For instance, proliferation and self-renewal of HMSCs
were promoted only under low levels of Wnt/ 3-catenin, whereas osteogenic differentiation
was promoted in a manner proportional to the intensity of the Wnt signals. Therefore,
(-catenin functions as a distinct transactivation molecule depending on its level of accu-
mulation to induce different transcriptomic changes in the HMSCs [26]. Moreover, the
expression of CD44 gene was rGO dependent. The CD44 protein binds various components
of ECM, such as hyaluronan, and through these interactions, it influences cellular behavior,
adhesion, and migration. In addition, CD44 proteins functions as specialized platform for
growth factors and MMPs. Precisely, the binding CD44-hyaluronan triggers cell migration;
instead, the cleavage of CD44 by MMPs hinders migration [27]. The MMPs are key factors
of ECM remodeling, the essential prerequisite for the early stages of cell adhesion on bio-
materials [28]. Among the MMPs investigated, the MMP11 and the inhibitor TIMP1 were
upregulated on all rGO-PCL surfaces. Moreover, on the rtGO-PCL surfaces the homeostasis
of ECM is favored through the up-regulation of the transmembrane molecule SGCE, that
regulates cell-matrix adhesion, and the up-regulation of ECM1 that organizes a variety of
extracellular and structural proteins of ECM. The mechanical properties and the expression
profile of HMSCs maintained on rGO-PCL surfaces seem to be influenced by the amount of
rGO into PCL matrix. In particular, cells maintained on 5% rGO-PCL for 7 days show a gene
expression profile for adhesion molecules and extracellular proteins referable to the early
stages of osteogenic differentiation. Based on these findings, rGO-PCL surfaces were valued
as substrates for the osteogenic differentiation of HMSCs. By microscopy and enzymatic
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analyses, cell adhesion and proliferation were monitored over three weeks. After 21 day
of culture, cells were metabolically active and broadly distributed on rGO-PCL surfaces.
However, differences in gene expression profile, in ALP activity, and in mineral matrix
deposition were observed between the rGO-PCL surfaces. Generally, ALP is considered
an early marker of osteoblast differentiation. As ALP is a byproduct of osteoblast activity,
increased level of ALP refers to active bone formation. Conversely, the calcium deposition
in matrix is considered a late marker for osteogenesis as matrix mineralization begins after
the initial accumulation of osteoblast proteins, such as ALP [29]. Among the tested combi-
nations, only 5% rGO-PCL compound showed maximum ALP activity at 14 days followed
by maximum mineralized matrix deposition at 21 days. Furthermore, the expression of the
main genes involved in osteogenic differentiation, including OC, ON, OPN, OSX, RUNX2,
and RANKL gene was investigated. The gene expression of OC and ON did not change
over time in any of the conditions tested. Conversely, OPN gene expression is significantly
improved on all surfaces. Instead, the expression of RUNX2, OSX, and RANKL merely
increased on 5% rGO-PCL surface. OC, ON, and OPN are major non-collagenous proteins
secreted by osteoblasts and pre-osteoblast. They are involved in bone matrix deposition
and organization [30]. RUNX2 is the major transcription factor necessary for osteoblast
differentiation, as it regulates many bone-related genes. OSX is another osteoblast-specific
transcription factor downstream gene of RUNX2 involved in the osteoblast differentiation
pathway [31]. RANKL is produced and secreted by osteoblasts during the late stage of
differentiation [32-40]. Morphological, mechanical, and gene expression results indicate
that the osteogenic differentiation of stem cells is improved on rGO-PCL surfaces in rGO
dose-dependent manner. Although cell proliferation and migration are similar on all scaf-
folds, merely 5% rGO-PCL surface shown ALP activity, mineral matrix deposition, and
RUNX2, OSX, OPN, and RANKL gene expression compatible with an effective osteogenic
differentiation.

5. Conclusions

In conclusion, this study demonstrated the perfect suitability of rGO-PCL for the
adhesion, proliferation, migration, and osteogenic differentiation of HMSCs. Firstly, PCL-
based compounds with 1.6%, 3%, and 5% rGO were manufactured by extrusion. After
sterilization, the biocompatibility of all compounds was demonstrated by measuring the
cell viability according to the international standard for medical devices. Surprisingly,
rGO-PCL compounds showed bacteriostatic properties to Gram-positive bacteria in rGO-
dependent manner. The percentage of rGO also regulated the adhesion, morphology and
differentiation of the stem cells. The 5% rGO-PCL surface supported the growth of cells
and implemented the expression of the ECM components necessary to anchor the cells to
itself. Furthermore, it promoted the osteogenic differentiation by ensuring the activity of
alkaline phosphatase, the deposition of the mineral matrix, and the expression of proteins
crucial for the differentiation in osteoblasts. These results suggest that 5% rGO-PCL has
useful properties for bone tissue engineering purposes.
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