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1. Introduction

Synthesis and evaluation of poly(propylene
fumarate)-grafted graphene oxide as nanofiller
for porous scaffolds+

Andreea M. Pandele,?® Aida Selaru,© Sorina Dinescu,® Marieta Costache,®
Eugeniu Vasile,” Constanta Dascélu,® Matei D. Raicopol (2 *" and
Mircea Teodorescu®

In an effort to obtain porous scaffolds with improved mechanical properties and biocompatibility, the current
study discusses nanocomposite materials based on poly(propylene fumarate)/N-vinyl pyrrolidone(PPF/NVP)
networks reinforced with polymer-modified graphene oxide (GO@PPF). The GO@PPF nanofiller was
synthesized through a facile and convenient surface esterification reaction, and the successful functionalization
was demonstrated by complementary techniques such as FT-IR, XPS, TGA and TEM. The PPF/NVP/GO@PPF
porous scaffolds obtained using NaCl as a porogen were further characterized in terms of morphology,
mechanical properties, sol fraction, and in vitro degradability. SEM and nanoCT examinations of NaCl-leached
samples revealed networks of interconnected pores, fairly uniform in size and shape. We show that the
incorporation of GO@PPF in the polymer matrix leads to a significant enhancement in the mechanical
properties, which we attribute to the formation of denser and more homogenous networks, as suggested by a
decreased sol fraction for the scaffolds containing a higher amount of GO@PPF. Moreover, the surface of
mineralized PPF/NVP/GO@PPG scaffolds is uniformly covered in hydroxyapatite-like crystals having a
morphology and Ca/P ratio similar to bone tissue. Furthermore, the preliminary biocompatibility assessment
revealed a good interaction between PPF/PVP/GO@PPF scaffolds and murine pre-osteoblasts in terms of cell
viability and proliferation.

engineering and regenerative medicine. Therefore, a variety of
materials including hydrogels, porous nanocomposites and

Recent advances in nanotechnology and polymer chemistry
enabled the development of many advanced scaffolds for tissue
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nanofibers have been investigated as potential candidates for
bone repair." Several aspects should be considered when
designing scaffolds for tissue engineering applications, includ-
ing mechanical properties, biodegradation rate, and biocom-
patibility in order to allow cell adhesion, differentiation and
proliferation.” Moreover, a key morphological feature of tissue
engineering scaffolds is the network of interconnected pores,
necessary for cellular infiltration and transport of nutrients and
metabolic waste.>* To date, various approaches were considered
for obtaining porous scaffolds: 3D printing,””® magnetically-
guided assembly on 3D-printed poly(e-caprolactone) containing
bioresorbable Fe-doped hydroxyapatite,'® thermally induced
phase separation,” salt leaching' and gas foaming.*

One of the most promising polymers employed in biode-
gradable scaffolds for guided bone regeneration is poly
(propylene fumarate) (PPF),'*'® an amorphous, unsaturated
linear polyester which contains double bonds along its back-
bone that allow covalent crosslinking. PPF is generally consid-
ered biocompatible and biodegradable to nontoxic products
following non-enzymatic hydrolysis."*
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Unfortunately, the poor mechanical properties of neat PPF
make it unsuitable for load-bearing orthopedic applications. To
address the requirements of bone tissue engineering, various
nanofillers can be incorporated into the PPF matrix. For
example, graphene oxide (GO) was employed in numerous
studies.'® Because a homogeneous dispersion of the nanofiller
combined with improved compatibility and adhesion with the
polymer matrix are prerequisites for obtaining high perfor-
mance composites, polymer-grafted GO obtained via both
covalent and non-covalent approaches can provide a suitable
solution as it allows fine-tuning the properties of the biomater-
ials. To date, various approaches were used for the covalent
functionalization of GO with polymer chains:'® reversible addi-
tion-fragmentation chain transfer,'”” atom transfer radical
polymerization,® nitroxide-mediated polymerization,'® radical
polymerization,?® and ring-opening polymerization.>! However,
grafting from methods are unsuitable for surface functionaliza-
tion with condensation polymers such as PPF.

Our group recently developed a series of PPF-based hybrid
materials containing GO covalently modified with 2-hydro-
xyethyl methacrylate (HEMA), which showed significantly
improved mechanical properties compared to neat PPF.
Furthermore, the hybrid materials induced mineralization
and enhanced the metabolic activity and proliferation rate of
pre-osteoblasts without displaying cytotoxicity.?” In the current
study we extend our previous results towards the synthesis of
porous composite scaffolds whose structure is more appropri-
ate for bone tissue engineering. In contrast with our previous
paper, a polymer-grafted graphene oxide nanofiller is employed
here, in order to improve its dispersability and increase the
number of surface double bonds available for crosslinking with
the matrix. Furthermore, a new crosslinking agent, i.e. N-vinyl
pyrrolidone, was employed instead of poly(ethylene glycol)
dimethacrylate, in an attempt to overcome recent concerns
regarding the immunogenicity of poly(ethylene glycol).>***

2. Materials and methods

Carboxylated graphene oxide (GO-COOH) with 0.7 mmol -COOH
equivalents per g was purchased from NanoInnova. Acetone, tetra-
hydrofuran (THF), anhydrous N,N-dimethylformamide (DMF),
1,1’-carbonyldiimidazole (CDI), 1,8-diazabicyclo[5.4.0]-undec-7-
ene (DBU), 1-vinyl-2-pyrrolidone (NVP), benzoyl peroxide (BP),
N,N-dimethyl-p-toluidine (DMT) and bromine were purchased
from Sigma-Aldrich and used without further purification.
Tris(hydroxymethyl)Jaminomethane (Tris), NaCl, KCl, MgCl,,
NaHCOj3, CaCl,, KH,PO,4, Na,HPO, and 37% HCI were purchased
from Sigma-Aldrich or Merck and used as received.

Poly(propylene fumarate) with M, = 1400 gmol ' and
PDI = 1.85 was synthesized following a literature protocol,>
as described in detail in our previous publication.??

2.1. Synthesis of GO@PPF

In a 500 mL two-neck round-bottom flask containing 250 mg of
GO-COOH were added 250 mL of anhydrous DMF. The flask
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was flushed with argon and then sonicated in an ultrasonic
bathf or 4 hours at 20-25 °C. Next, 1 g of CDI was added and the
resulting mixture was sonicated again for 4 hours at 20-25 °C.
The suspension was transferred under argon to a stirred
pressure filtration cell (Millipore XFUF04701) fitted with a
0.2 pm Teflon membrane. The precipitate was further washed
with anhydrous DMF (3 x 25 mL), resuspended in 250 mL of
anhydrous DMF and transferred under argon back into the
round-bottom flask. The suspension was sonicated at 20-25 °C
for 4 hours. Then 3 g of PPF and 1.9 mL of DBU catalyst were
added, a magnetic follower was placed in the flask and the
reaction mixture was stirred at room temperature. After
24 hours, the suspension was transferred again into the pres-
sure filtration cell and the functionalized graphene was filtered
through a 0.2 pm Teflon membrane. The precipitate was
washed with 2 x 25 mL DMF followed by 2 x 25 mL acetone
and finally dried at room temperature under vacuum
(5 mmHg, 24 h).

2.2. Fabrication of hybrid porous scaffolds

To 1 g of PPF/NVP monomers in 2.5:1 (w:w) ratio was added
the required amount of GO@PPF nanofiller in order to obtain
the desired concentration (0, 0.25, 0.5, 1 wt%), followed by
2.5 uL DMT accelerator, and the resulting mixtures were ultra-
sonicated for 30 min. Then, 4 g of NaCl porogen (200-500 um
crystal size) were added and mixed thoroughly for 10 min,
followed by 1 wt% BP radical initiator. The samples were stirred
rapidly for 10 s, poured into cylindrical polyethylene vials, and
then cured under vacuum (10 mmHg) at 60 °C for 20 hours.
After curing, the samples were leached for 3 days in distilled
water, which was changed daily. Finally, the scaffolds were
dried under vacuum (5 mmHg) for 24 h.

2.3. Gas-phase chemical derivatization for XPS

Samples of ~2.5 mg GO-COOH and GO@PPF placed in small
glass vials were inserted in larger glass tubes fitted with Teflon
stoppers. Bromine (~0.1 mL) was carefully added in the outer
tubes. After 24 h at room temperature, the inner vials were
taken out and placed under vacuum (5 mmHg) for 24 h.*®

2.4. Characterization

ATR-FTIR spectra were recorded on a VERTEX 70 spectrometer
(Bruker) in the 4000-600 cm™ ' range, at a resolution of 4 cm ™.
Thermogravimetric analysis (TGA) was performed with a Q500
thermogravimetric analyzer (TA Instruments), by heating the
samples under a nitrogen atmosphere from room temperature
to 900 °C, at a rate of 10 °Cmin . Scanning electron micro-
scopy (SEM) investigations were carried out using a Quanta
Inspect F (FEI) field emission scanning electron microscope
equipped with an energy dispersive X-ray spectroscopy (EDAX)
system. Transmission electron micrsocopy (TEM) images were
recorded on a Tecnai G2 F30 S-Twin (FEI) high resolution
electron microscope. Small pieces of the synthesized materials
were embedded in epoxy resin and, after complete curing, thin
sections were cut with an ultramicrotome and transferred to
copper grids covered with holey carbon films. Nano computed

This journal is © The Royal Society of Chemistry 2023
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tomography (nanoCT) was performed with a SkyScan 2727
system (Bruker), on cylindrical specimens (~6 mm diameter
and ~7 mm length). Image acquisition was performed at a
resolution (pixel size) of 100 nm, a rotation step of 0.2°, and
7 average frames per capture. The Nrecon 1.7.1.6 software
package (Bruker) was used to reconstruct the raw images. The
total porosity and structure thickness were quantified using the
CTAn analysis software (Bruker). For that, the 3D reconstructed
images were subjected to a sequence of steps including the
selection of a region of interest, image binarization after
thresholding and morphometric 3D analysis. After threshold-
ing, the binarized images lack intermediary grey tones: the
scaffold material appears white, and the pores (empty space)
appear black. The width of the pore walls is defined by the
structure thickness, ie. the product between the number of
white pixels and the scanning resolution (pixel size). X-ray
photoelectron spectra were acquired on a K-Alpha XPS spectro-
meter (Thermo Scientific), fitted with a monochromatic Al Ko
source (1486.6 eV). Surface charging was compensated by a
flood gun and binding energies were referenced to the C1s peak
which was set at 284.6 eV. The pass energy for the survey
spectra and high-resolution spectra were 200 eV and 20 eV,
respectively. The deconvolution of core-level spectra was per-
formed with mixed Gaussian-Lorentzian functions after sub-
tracting a Shirley background. Compressive mechanical testing
was performed in accordance to European Standard EN ISO
604:2003, using a Model 3382 universal testing machine
(Instron), at an ambient relative humidity of 45-50%. Cylind-
rical specimens (~6 mm diameter and 12 mm length) were
compressed along their long axis until failure, at a crosshead
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speed of 1 mmmin~". Young’s Modulus was calculated from
the initial slope of the stress-strain curve and the compressive
strength was calculated as the intersection of the stress-strain
curve with a line drawn parallel to the initial slope, which
begins at 1% strain. Five specimens were tested for each
scaffold formulation, and results are reported as average =+
standard deviation.

The sol fraction (SF) in toluene was determined gravimetri-
cally, as described in detail in ref. 22 The following equation
was used to calculate the sol fraction:

Wy — Wy

SF(%) = % 100

wWo

where wy is the final weight of the dried sample after immersion
in toluene, and w, is the initial weight of the sample before
immersion.

The non-enzymatic degradation of the scaffolds was con-
ducted by keeping the samples for 30 weeks in PBS solution, at
37 °C. Dry samples (~0.1 g) were weighed and placed into
stoppered vials containing 20 mL of PBS (pH 7.4), which was
changed daily during the first week and weekly afterwards.
After 30 weeks, the samples were taken out and dried in a
vacuum oven until constant weight (37 °C, 10 mmHg). The
weight loss (WL) was calculated using the equation:

wo — wr

WL (%) = x 100

wWo

where wy is the final weight of the dried sample after immersion
in PBS, and w, is the initial weight of the sample.
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(a) Synthesis of GO@PPF: CDI — N,N’-carbonyldiimidazole; DMF — N,N-dimethylformamide; PPF — poly(propylene fumarate); DBU - 1,

8-diazabicyclo[5.4.0]undec-7-ene. (b) Preparation of PPF/PVP/GO@PPF porous scaffolds.
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Scaffold mineralization was accomplished using the proto-
col developed by Taguchi et al.>’ Briefly, scaffolds were cut in
pieces of about 0.5 g and were soaked alternately for 24 h in
200 mM CaCly/tris (pH adjusted to 7.4 with 0.5 N HCI) and
120 mM Na,HPO, solutions maintained at 37 °C. The soaking
cycle was repeated twice, and after two days the scaffolds were
gently washed with distilled water to remove soluble salts and
dried in an oven at 37 °C for 48 h. The mineralized scaffolds
were further examined by SEM.

The cell-scaffold systems were obtained by seeding murine
pre-osteoblasts from the MC 3T3-E1 cell line (ATCC, CRL-2593),
at a density of 2 x 10> cells per cm?, on the surface of scaffolds
sterilized in advance by exposure to UV light. This system was
maintained for 7 days in Dulbecco’s modified Eagle medium
(DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine
serum (FBS, Life Technologies) and 1% antibiotic (Sigma-
Aldrich), under standard cell culture conditions (37 °C, 5%
CO, and 95% relative humidity). The MTT assay was performed
using a commercial kit (MTT, Sigma-Aldrich), by incubating the
cell-scaffold systems for 4 h with 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) solution in the dark,
dissolving the formazan crystals in isopropanol and measuring
the absorbance of the resulting solution at 550 nm. The
cytotoxicity was evaluated using a commercial kit (TOX7,
Sigma-Aldrich), the release of lactate dehydrogenase (LDH)
being quantified by measuring absorbance at 490 nm. A live/
dead kit (Invitrogen, Life Technologies) was employed in order
to qualitatively evaluate cell viability. Scaffolds were incubated
for 1 hour in the dark and at room temperature, in 500 pL of
staining solution prepared according to the manufacturer’s
instructions. Subsequent microscopic examination was per-
formed using a laser-scanning confocal microscope (A1R,
Nikon). All biocompatibility experiments were performed in
triplicate (n = 3); results expressed as average + standard
deviation (SD) were assessed using the one-way ANOVA method
and Bonferroni post-test, using GraphPad Prism Software 3.0
(GraphPad Software Inc.).

3. Results

3.1. Synthesis and characterization of the polymer-grafted
nanofiller (GO@PPF)

For the synthesis of polymer-grafted graphene oxide nanofiller,
a facile and convenient surface esterification reaction was
employed. Briefly, the -COOH groups on the surface of com-
mercial carboxylated graphene oxide were converted to highly
reactive N-acylimidazole groups by treatment with N,N’-
carbonyldiimidazole in anhydrous DMF>* (Scheme 1a). In the
next step, GO@PPF was synthesized by reacting, under basic
catalysis, the activated intermediate with the hydroxyl end
groups of PPF. In order to prevent side reactions such as
crosslinking between graphene sheets, this step was performed
using high dilution conditions and a large excess of polymer.
Finally, as-synthesized GO@PPF was thoroughly washed with
DMF and acetone in order to remove the excess of PPF.
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Fig. 2 XPS survey spectra of GO—COOH and GO@PPF recorded before
(a) and after gas-phase derivatization with bromine (b).
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Fig. 3 TGA curves of carboxylated GO before and after grafting with PPF.

The infrared spectrum of GO@COOH (Fig. 1) displays the
following characteristic bands: 1718 cm ' (C=O stretching),
1240 cm™ ' (C-O stretching) and 1041 cm™".*® The spectrum
of GO@PPF displays several new bands due to the grafted
polymer, which confirm the successful functionaliza-
tion: 2933 cm ' (aliphatic C-H stretching), 1725 cm ' (a,
B-unsaturated ester C=O stretching), 1646 cm ' (C=C stretch-
ing), 1322 cm ™" (ester C-O stretching), 984 cm ™' (alkene =C-H
bending).**

The surface composition of the polymer-grafted nanofiller
was further investigated using X-ray photoelectron spectro-
scopy. As expected, the survey spectrum of GO@PPF (Fig. 2a)
shows the C1s, O1s and N1s peaks, the presence of nitrogen
indicating the presence of unreacted acylimidazole groups.*

The C1s core-level spectrum of GO@PPF (Fig. S1, ESIT) was
deconvoluted into four components centered at 284.5 eV

View Article Online

Paper

(C=C), 285.2 eV (C-C), 286.5 eV (C-O) and 287.9 eV
(O-C=0). Similarly, two components were used for the decon-
voluting the O1s core-level spectrum, at 532.5 (C-O) and
530.7 (C—=0), respectively.

A highly sensitive XPS method for evidencing surface C—=C
bonds is the gas-phase derivatization with bromine.*” In our
case, the atomic C/Br ratio determined from the survey spec-
trum of GO@PPF is almost 7.5 times lower than for GO-COOH
(Fig. 2b), suggesting a significantly larger amount of bromine
reacted with C=C bonds from the unsaturated polyester back-
bone, confirming the presence of the surface-grafted polymer.

The surface functionalization was also assessed by thermal
analysis. According to Fig. 3, the TGA curves corresponding to
GO-COOH and GO@PPF display similar trends, with two main
degradation steps: one that starts around 200 °C, assigned to
the pyrolysis of labile oxygen-containing functional groups, and
the second one above 600 °C, attributed to the removal of stable
oxygen-containing functionalities.*® In the case of GO@PPF, a
decrease in the onset degradation temperature accompanied by
a significantly larger weight loss suggests the presence of
surface-grafted PPF chains.*

The morphology of GO@PPF was investigated by TEM, and
the corresponding micrograph (Fig. S2, ESIt) exhibits thin,
partially folded graphene flakes, suggesting that GO@PFF
remains highly exfoliated after functionalization. Also, there
is no evidence of crosslinking between GO@PPF sheets, a
potential side-reaction during the surface esterification
with PPF.

3.2. Fabrication and characterization of PPF/PVP/GO@PPF
porous scaffolds

Porous scaffolds were fabricated by incorporating the GO@PPF
nanofiller in a PPF matrix crosslinked with N-vinyl pyrrolidone
(Scheme 1b).

In order to achieve an optimal crosslinking density and
mechanical properties of the scaffolds, a PPF : NVP weight ratio

Fig. 4 SEM micrographs (a)—-(d) and reconstructed nano-CT images (e)—(h) corresponding to NaCl-leached PPF/PVP (a) and (e) and PPF/PVP/GO@PPF
containing 0.25 wt% (b) and (f), 0.5 wt% (c) and (g) and 1 wt% GO@PPF (d) and (h).

This journal is © The Royal Society of Chemistry 2023
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Table 1 Total porosity, structure thickness, sol fraction values and degradation weight loss for PPF/PVP/GO@PPF porous scaffolds

Sample Total porosity (%) Pore wall thickness (um) Sol fraction (%) Degradation weight loss (%)
PPF/PVP 722 £2.7 31.5 £ 1.3 3.4 +0.2 11.7 £ 0.5
PPF/PVP/GO@PPF 0.25 wt% 79.9 £ 0.5 14.1 + 0.6 3.5+04 11.1 £ 0.8
PPF/PVP/GO@PPF 0.5 wt% 80.3 £ 2.6 17.6 £ 0.8 0.9 £ 0.1 11.7 £ 0.2
PPF/PVP/GO@PPF 1 wt% 79.2 £ 1.5 16.7 £ 0.9 1.3 +£0.2 11.2 £ 0.4

of 2.5:1 was employed for all the scaffold formulations, in
accordance with results published in the literature.**** Based
on our previous findings, the highest nanofiller concentration
employed here was 1%.>> Moreover, all formulations contained
80 wt% NacCl as porogen, since it was demonstrated that lower
concentrations do not lead to fully interconnected pores, and
higher amounts have a detrimental effect on the mechanical
properties.’*

Since the microstructure is a key factor in tissue engineering
applications, cross-sections of NaCl-leached scaffolds were first
examined using SEM. The corresponding micrographs display
networks of interconnected pores, fairly uniform in size and
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shape (Fig. 4a-d). The pore morphology was also assessed using
nanoCT, and the 3D reconstruction models of the porous
scaffolds also reveal networks of interconnected cubic pores
(Fig. 4e-h).

Furthermore, the total porosity and pore wall thickness were
estimated from the nanoCT data, and the values are reported in
Table 1.

The total porosity increases slightly with increasing nano-
filler concentration, from ~ 72% for neat PPF/PVP to ~ 80% for
scaffolds containing the highest amount of GO@PPF, and
concomitently the average pore wall thickness decreases, from
~30 pm to ~17 pm for the scaffolds with the highest concen-
tration of GO@PPF. We tentatively attribute this to an increase
in crosslinking density of the nanocomposite scaffolds, as
discussed below.

The thermal stability of PPF/PVP scaffolds containing
GO@PPF was investigated using TGA. As expected, the incor-
poration of the nanofiller enhances the thermal stability,
reflected by an increase in both decomposition temperature
(Tdsy, — temperature at 5% mass loss) and residual mass
(Table S1, ESTt).

Next, the compressive mechanical properties of NaCl-
leached scaffolds were evaluated. Neat PPF/PVP scaffolds dis-
play a compressive modulus of 16 & 2 MPa and a compressive
strength of 0.26 £ 0.02 MPa (Fig. 5). The compressive modulus
and yield strength increase gradually with the GO@PPF concen-
tration, being almost three times higher at 1 wt% GO@PPF.
The mechanical properties of the porous scaffolds are deter-
mined by a complex interplay between the homogenous dis-
tribution and adhesion of the nanofiller, its strength and
stiffness, the matrix crosslinking density and scaffold porosity.
Since the porosity is similar for all the investigated samples, the
reinforcing effect of GO@PPF is probably due to the high
intrinsic modulus of GO®® and increased crosslinking density
of scaffolds containing higher amounts of polymer-grafted
nanofiller (see below). Therefore, the addition of GO@PPF
nanofiller at concentrations as low as 1 wt% allows an opti-
mal trade-off between mechanical properties and pore
interconnectivity.

Values for the network properties of PPF/PVP scaffolds are
also provided in Table 1.

A decrease in sol fraction for the scaffolds containing a
higher amount of GO@PPF suggests that relative crosslinking
densities increase with increasing nanofiller concentration.

A plausible explanation is that additional of grafted GO
within the polymer matrix leads to denser, more homogeneous
networks, as every GO@PPF sheet involved in the curing
process contains additional grafting points.*®

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 SEM micrographs (a)—(d) and EDX spectra (e)—(h) of mineralized
PPF/PVP (a) and (e) and PPF/PVP/GO@PPF scaffolds containing 0.25 wt%
(b) and (f), 0.5 wt% (c) and (g) and 1 wt% GO@PPF (d) and (h).

Various studies demonstrated that the degradation rate of
PPF-based scaffolds is slow, and depends on both crosslinking
density and molecular weight."”73° In our case however, the
presence of GO@PPF within the polymer matrix has no sig-
nificant influence on the in vitro degradation rate, since after
30 weeks in PBS at 37 °C, all the PPF/PVP/GO@PPF scaffolds
displayed a similar weight loss of about 11%.

The nucleation and growth of a biomimetic hydroxyapatite
(HA) mineral phase on the scaffold surface is crucial for bone
tissue engineering applications.

The in vitro mineralization of PPF/PVP/GO®@PPF scaffolds
was performed using an alternate soaking process,’® and the
corresponding SEM images show that all the mineralized
samples are uniformly covered with a continuous phase con-
sisting of spherulitic agglomerations of plate-like crystals
(Fig. 6).

The Ca/P ratios determined from EDX for neat PPF/PVP and
the composite with 0.25 wt% GO@PPF are 1.32 and 1.28,
respectively, indicating that HA is Ca deficient. However, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) 3T3-El viability and proliferation profile in contact with

PFF/PVP/GO@PPF materials during one week of culture as revealed by
MTT assay (*p < 0.05, ##p < 0.01, ***p < 0.001); (b) PFF/PVP/GO@PPF
cytotoxicity evaluation by LDH assay during one week of in vitro cell
culture.

Ca/P ratio increases at higher nanofiller concentrations, reach-
ing 1.70 at 1 wt% GO@PPF, a value which is very close to
stoichiometric HA. Because the mineral phase has a composi-
tion and morphology similar to bone tissue, PPF/PVP/GO@PPF
scaffolds might interact favorably with bone-forming cells.

Next, the cytotoxicity of the scaffolds was evaluated using the
3T3-E1 pre-osteoblast cell line. An MTT assay revealed that,
after 3 days of culture, the cells-maintained viability in contact
with PFF/PVP/GO@PPF hybrid porous materials, with no sig-
nificant differences between samples (Fig. 7).

Interestingly, at 3 and 7 days of culture, both cell viability
and proliferation rate were higher (p < 0.01 and p < 0.001) on
PFF/PVP scaffolds containing 0.5 and 1 wt% GO®@PPF
as compared to 0.25 wt% GO@PPF, where a lower rate
(p < 0.05) was registered. Overall, it was concluded that
scaffolds containing GO®@PPF supported murine pre-
osteoblasts’ viability and proliferation during 7 days of culture.

Furthermore, an LDH release assay indicated that during
one week of culture these materials had no cytotoxic effects
upon the 3T3-E1 pre-osteoblast cell line. Low levels of LDH were
found at 3 days post-seeding, indicating that the addition of
GO®@PPF up to 1 wt% does not induce cell death. Moreover,
since only a minor increase in LDH levels was registered at
7 days of culture, GO@PPF doesn’t exhibit toxicity even on a
longer period.

The results of MTT and LDH assays were further confirmed
by a cytotoxicity assay based on fluorescent dye staining. The
micrographs registered at 3 days post-seeding show small
groups cells emitting green fluorescence (Fig. 8), suggesting
that PFF/PVP/GO@PPF scaffolds offer optimal conditions for
cell growth. After 7 days of culture, a substantial number of
viable cells was found on all tested scaffolds, indicating that
cells proliferated significantly from 3 to 7 days of in vitro cell
culture. Moreover, on scaffolds with 0.5 wt% and 1 wt%
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GO@PPF, the amount of live cells is significantly higher
compared to 0.25 wt% GO®@PPF. Therefore, all these experi-
ments show that PPF/PVP/GO@PPF scaffolds offer a biocom-
patible microenvironment for murine pre-osteoblasts.

4. Conclusions

In the current study we report the synthesis and characteriza-
tion of PPF/PVP-based nanocomposite porous scaffolds
employing PPF-grafted GO as reinforcing agent. The GO@PPF
nanofiller was obtained through a facile and convenient surface
esterification reaction, and the successfull functionalization
was demonstrated by complementary techniques such as
FT-IR, XPS, TGA and TEM.

We show that the incorporation of GO@PPF in a PPF/PVP
polymer matrix leads to a significant improvement in mechan-
ical properties, which we attribute to the high intrinsic mod-
ulus of GO and increased crosslinking density. Presumably,
additional double bonds on the surface of GO@PPF are

8248 | J Mater. Chem. B, 2023, 11, 8241-8250
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involved in the curing process, as suggested by a decreased
sol fraction for the scaffolds containing a higher amount of
nanofiller.

The surface of in vitro mineralized PPF/PVP/GO®@PPF nano-
composites caffolds is uniformly covered in hydroxyapatite-like
crystals having a morphology and Ca/P ratio similar to bone
tissue. Moreover, the preliminary biocompatibility assessment
revealed a good interaction between PPF/PVP/GO@PPF scaf-
folds and murine pre-osteoblasts, as both cell viability and
proliferation rate increased, and nocytotoxic effects were evi-
denced. Therefore, these results suggest that PPF/PVP/GO@PPF
scaffolds are promising candidates for bone tissue engineering
applications.
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