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ABSTRACT: Graphene foams (GFs) are versatile nanoplat-
forms for biomedical applications because of their excellent
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brittleness and inflexibility of pristine GF (pGF) are some of
the important factors restricting their widespread application.
Here, a chemical-vapor-deposition-assisted method was used
to synthesize 3D GFs, which were subsequently spin-coated
with polymer to produce polymer-enriched 3D GFs with high
conductivity and flexibility. Compared to pGF, both poly-
(vinylidene fluoride)-enriched GF (PVDF/GF) and poly-
caprolactone-enriched GF (PCL/GF) scaffolds showed improved flexibility and handleability. Despite the presence of the
polymers, the polymer-enriched 3D GF scaffolds retained high levels of electrical conductivity because of the presence of
microcracks that allowed for the flow of electrons through the material. In addition, polymer enrichment of GF led to an
enhancement in the formation of calcium phosphate (Ca—P) compounds when the scaffolds were exposed to simulated body
fluid. Between the two polymers tested, PCL enrichment of GF resulted in a higher in vitro mineralization nucleation rate
because the oxygen-containing functional group of PCL had a higher affinity for Ca—P deposition and formation compared to
the polar carbon—fluorine (C—F) bond in PVDF. Taken together, our current findings are a stepping stone toward future
applications of polymer-enriched 3D GFs in the treatment of bone defects as well as other biomedical applications.
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1. INTRODUCTION

An estimated 2.2 million bone replacement procedures are
performed annually worldwide, making bone the second most
transplanted human tissue after blood.'™ The current gold
standard for bone transplant material is the use of autologous
bone tissue isolated from the patient’s own body. Because the
drawbacks associated with bone autograft procedures include
invasive surgical procedures, limited bone supply, and donor
site morbidity,** alternative synthetic bone substitute materials
have been investigated. However, because these bone substitute
materials typically lack bioactive sites to promote bone
formation, further surface modification processes, such as
coating the surfaces of biomaterials with bonelike minerals of
tricalcium phosphate (TCP) or hydroxyapatite (HA) to
improve bioactivity and osteocompatibility, are required.®®
As such, in vitro techniques that simulate the in vivo
biomineralization process for forming the desired osteocon-
ductive layer of complex minerals on the scaffold surfaces have
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been developed.*” This biomimetic coating layer is commonly
achieved by immersing the biomaterials in simulated body fluid
(SBF), which has ionic concentrations similar to those of
human blood plasma.® In such an environment, a natural self-
assembly process will take place on the biomaterial surface. The
efficacy of the biomaterial surface for supporting biomineraliza-
tion, which is an indication of the bioactivity of the substrate,'°
can be investigated by observing the nucleation, growth, and
phase transition of the resultant calcium phosphate (Ca—P)
compounds. However, the rate of formation of Ca—P is highly
dependent on the biomaterial’s surface functional groups in
affecting the absorption of calcium or phosphate ions.''
Therefore, the surface functional groups on the biomaterial
surface are crucial for substrate-controlled biomineralization.
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It has previously been demonstrated that electrical
stimulation also promotes bone formation because studies
have shown increased osteoblast proliferation, overexpression
of osteoblast markers in mesenchymal stem cells, and increased
mineralization with the use of electrical stimulation.">"® In
order to exploit the use of electrical stimuli for bone tissue
engineering, implanted materials have to possess both electrical
conductivity and biocompatibility. Hence, carbon-based
materials such as 3D graphene foams (GFs) could be good
candidates for biomedical applications. At present, most
research on GFs is focused on the application of 3D structures
in electronics and energy storage systems such as high-
performance electromagnetic interference (EMI) and electrode
materials because of their light weight and high electrical
conductivity."*'> For energy storage applications, 3D hybrid
GF structures have been used for asymmetric supercapacitors
because their large 3D surface area allowed for the loading of
electroactive materials.'® However, limited research has been
carried out on the development of 3D GFs for biomedical
applications, despite the fact that recent studies on 3D GFs
showed not only that are they biocompatible but also that the
availability of large pores allowed for nutrient and waste
exchange and tissue in-growth.'”'® Their large internal 3D
network can also potentially be used to increase the drug
loading capacity,' while their excellent electrical and thermal
properties make them a promising new class of smart
scaffolding material for biomedical applications.*’

In addition, earlier research has shown that the geometry of
GF networks could promote osteogenic differentiation of
human bone-marrow-derived mesenchymal stem cells as well as
the growth and differentiation of neural stem cells (NSCs) into
neurons."®*" In fact, excellent electrical coupling was observed
between the 3D GFs and differentiated neurons as a result of
the conductivity of the 3D GFs themselves.'®*> However, the
eventual clinical usage of 3D GFs is hampered by the fact that
free-standing pristine 3D GF structures are very brittle,
inflexible, and unsuitable for the manual handling necessary
in a clinical setting. Therefore, in order for 3D GFs to be used
for bone regeneration, both their ability to form an
osteoconductive coating layer and their handleability would
have to be improved without compromising their electrical
properties.

3D GFs have previously been fabricated through chemical
vapor deposition (CVD) on nickel (Ni) or copper foam
templates, followed by the application of poly(methyl
methacrylate) (PMMA) for support, and subsequent etching
of the metal and removal of the polymer.”*** However, after
metal etching and polymer removal, the remaining graphene
layers, held in a 3D architecture, were very brittle, inflexible,
and unsuitable for any manual handling necessary in biomedical
applications. Therefore, in addition to optimizing their ability to
form an osteoconductive coating layer, one needs to improve
the handleability of these 3D GFs without compromising their
electrical properties in order for these scaffolds to be effectively
used for bone tissue engineering applications.

In the current study, two osteo-compatible polymers were
introduced to the 3D graphene matrix after the CVD process,
and the effects of polymer enrichment on the material
properties and bone-binding ability of the formation of Ca—P
deposition were investigated. Both poly(vinylidene fluoride)
(PVDF) and polycaprolactone (PCL) have been used in a wide
range of biomedical and bone tissue engineering applications
because of their biocompatibility, favorable mechanical proper-
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ties, and slow degradation rate in vivo.2 ™% Following the
etching of the initial metal foam template, the resultant
polymer-enriched 3D GFs were then exposed to 1X SBF to
observe the biomineralization efficacy of these polymer-
enriched 3D GFs.

2. MATERIALS AND METHODS

2.1. Materials. Nickel foams (5—120 pores/in.) were
purchased from Latech Scientific Supply Pte. Ltd. (Singapore).
Iron(IlI) chloride (FeCly; anhydrous, 98%) was purchased
from Alfa Aesar (USA). Poly(vinylidene fluoride) (PVDF;
average M,, 534000), polycaprolactone (PCL; average M,
80000), N,N-dimethylformamide (DMF; anhydrous, 99.8%),
calcium chloride dehydrate (>99%), potassium phosphate
dibasic trihydrate (K,HPO,3H,0; >99%), sodium chloride
(>99.5%), sodium bicarbonate (>99.7%), potassium chloride
(99.0—100.5%), sodium sulfate (>99.5%), and tris-
(hydroxymethyl)aminomethane [(CH,OH);CNH,; >99.8%]
were obtained from Sigma-Aldrich Chemical Co. (USA) and
used without further purification. Chloroform (analytical
reagent grade) was purchased from Fisher Scientific Co.
(USA). Magnesium chloride hexahydrate was purchased from
MP Biomedicals Australasia Pty Ltd. (Australia). Fuming 37%
hydrochloric acid (HCI) was obtained from Merck KGaA
(Germany). Epo-Tek H20E was obtained from Epoxy
Technology Inc. (USA).

2.2. Fabrication of 3D GFs. 3D GFs were synthesized
using CVD on Ni foam substrates following a previously
established method.”® The Ni foams were cut into 60 X 60 mm
and placed in a quartz tube with an outer diameter of 100 mm
and an inner diameter of 94 mm. They were heated to 1000 °C
in a horizontal tube furnace under hydrogen with a 100 sccm
gas flow and annealed for S min to clean their surfaces and to
remove surface oxides. A small amount of methane gas (CH,;
30 sccm) was then introduced into the reaction tube at 200
mTorr. The typical growth time was about 30 min, and the
samples were rapidly cooled to room temperature under
hydrogen gas (H,; 200 sccm). Once the GF had been
deposited onto the Ni, this Ni/GF substrate was then
immersed in a 0.25 M FeCl;) solution for 24 h to completely
dissolve out the Ni foam to obtain a free-standing pristine GF
(pGF) structure.

2.3. Fabrication of Polymer-Enriched 3D GFs. Polymer
enrichment of GFs was carried out by modifying a previously
published method of spin-coating PMMA onto Ni/GF for the
conventional synthesis of free-standing GFs.”’ As shown
schematically in Figure 1, the PVDF-enriched GF (PVDF/
GF) scaffolds were fabricated by spin-coating Ni/GF at 600
rpm with a 5 wt % PVDF solution dissolved in DMF and then
cured at 135 °C for 2 h in order to obtain the crystal
ferroelectric structure. Similarly, the PCL-enriched GF (PCL/
GF) scaffolds were fabricated by spin-coating Ni/GF at 600
rpm with a 9 wt % PCL solution dissolved in chloroform,
followed by degassing in a DZF-6050 vacuum-drying oven
(Shanghai Laboratory Instrument Work Co., Ltd., China) for 2
h, and thermally cured at 55 °C for 8 min. Finally, free-standing
3D PVDF/GF and PCL/GF structures were obtained by
etching away the Ni in a 0.25 M FeCl; solution, followed by
cleaning in distilled water and vacuum drying for further usage.
Pristine PVDF (pPVDF) and pristine PCL (pPCL) scaffolds
were used as control groups where the PVDF and PCL
solutions were directly spin-coated onto a clean Ni foam at 600
rpm followed by thermal curing as described previously before
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Figure 1. Schematic diagram of the processes involved in the synthesis
of pristine 3D GF and subsequent polymer enrichment of the 3D GF
structure.

etching out the Ni using 0.25 M FeCl;. The pristine polymer
scaffolds were then washed with distilled water and air-dried.

2.4. Pretreatment of 3D Pristine and Polymer-
Enriched GFs. Graphene samples were cut into 10-mm-
diameter circular shapes and pretreated by subjecting the
samples to an alternating soak treatment process using a
calcium- and phosphate-rich ion solution to form calcium and
phosphate precursors prior to nucleation of Ca—P deposits in
1X SBE.%® The samples were soaked in a 200 mM CaCl,
solution for 10 min, followed by washing in distilled water for §
min and then air drying for 15 min. The same set of samples
was subsequently soaked in a 200 mM K,HPO,-3H,0 solution
for 10 min, followed by washing in distilled water for 5 min and
air drying for 1S min. For each sample, the alternating soak
treatment was performed three times at room temperature.

2.5. Biomineralization of 3D Pristine and Polymer-
Enriched GFs. The surface-modified samples were subse-
quently soaked in S mL of a 1X SBF solution at 37 °C and
placed on an orbital shaker (Bibby Sterilin Ltd., UK.) at SO
rpm for 2 weeks, where a fresh 1X SBF solution was replaced
on a daily basis. The 1X SBF solution was prepared by
dissolving reagent-grade Na* (142.0 mM), K* (5.0 mM), Mg**
(1.5 mM), Ca®* (2.5 mM), CI” (148.8 mM), HCO, (4.2
mM), HPO,*>~ (1.0 mM), and SO,* (0.5 mM) in distilled
water.>***" The solution was buffered at pH 7.40 with
(CH,0H),CNH, and 1.0 M HCL The samples were removed
on days 1, 7, and 14, gently washed with two changes of
distilled water, and then air-dried at room temperature for 24 h
prior to further analyses.

2.6. Characterization of 3D Pristine and Polymer-
Enriched 3D GFs. The morphology and microstructure of the
scaffolds were characterized by scanning electron microscopy
(SEM; JSM-6360F, JEOL Corp., Japan). The samples were
coated with a thin layer of gold using a SPI Module sputter
coater (SPI Supplies, USA) and imaged with an accelerating
potential of 20 kV. The graphene structure was measured by a
WITec CRM200 confocal Raman microscopy system (WITec
Instruments Corp., Germany) performed at 488 nm, where the
silicon peak was used as a reference for wavenumber calibration
located at 521 cm™". The electrical conductivity of the scaffolds
was determined by measuring their resistances using custom-
ized gold electrodes and a DMM 34450A digital multimeter
(Agilent Technologies, USA). As shown in the representative
setup in Figure 2, the scaffolds were cut into cylindrical shapes
using a 7 mm leather belt hole puncher and a gold electrode
was fashioned by sputtering gold for 2 min onto an aluminum
disk (22 mm diameter) using a Emitech K575 sputtering coater
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Figure 2. Electrical conductivity determined by sandwiching the
scaffold between customized gold electrodes.

(Emitech, UK). A silver wire was fused to the gold electrode by
application of biocompatible silver epoxy paste (Epo-Tek
H20E), followed by 15 min of curing at 120 °C. The scaffold’s
resistivity, p (Q-cm), was calculated from its measured
resistance, R (Q), using p = RA/L, where A is the cross-
sectional area (cm?) of the cylindrical scaffold and L (cm) is the
height of the scaffold. The conductivity (S/cm) was then taken
as the reciprocal of the resistivity.

For the postbiomineralization samples, SEM was used to
observe the morphology and distribution of Ca—P deposits
using the same conditions as those previously described. The
functional groups of the polymers, the formation of Ca—P
deposits, and its subsequent interaction with GF-based samples
were further confirmed by Fourier transform infrared (FTIR;
PerkinElmer instrument, USA) equipped with a Universal
attenuated total reflection (ATR) at a resolution of 4 cm™ in
the range of 4000—650 cm™" over 32 scans to identify the
presence of PVDF and PCL on the polymer-enriched 3D GFs
as well as the Ca—P-associated functional groups after
biomineralization. The composition of the mineral phase was
further determined by energy-dispersive X-ray (EDX) spec-
troscopy performed under the same condition as those of SEM
analyses to obtain the calcium-to-phosphate (Ca/P) ratio (n =
10).

2.7. Statistical Analysis. All quantitative results are
expressed as mean =+ standard deviation. All experiments
were carried out in triplicate unless otherwise specified, and
statistical significance for conductivity measurements was
determined using Kruskal-Wallis nonparametric one-way
analysis of variance. A p value of less than 0.05 is considered
to be statistically significant.

3. RESULTS AND DISCUSSION

3.1. Effect of Polymer Enrichment on the GF
Morphology and Material Properties. Even though
graphene is well-known for its intrinsic strength at the atomic
level because of the strength of its covalent carbon bonds,** to
our knowledge, the useful mechanical and handling properties
of 3D GFs for biomedical application has never been
demonstrated. If any substrate is to be used in a clinical
setting, manual handling of the substrate directly or with a pair
of tweezers should not result in unintentional compressive
damage. As seen from Figure 3, a simple handling test with a
pair of tweezers showed that the pGF substrate underwent
visible compressive failure when held with a pair of tweezers
(Figure 3a). However, the incorporation of polymers into the
GF microarchitecture improved the scaffold handling ability, as
observed in Figures 3d,e for the PVDF/GF and PCL/GF
scaffolds, respectively. The spin-coated continuous polymer
layers helped to enhance the handling ability of 3D GFs by
improving the overall ductility of the 3D GFs, as observed from
the good handling properties of the pPVDF (Figure 3b) and
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(e)

1cm

Figure 3. Optical images of the handleability of (a) pGF (arrows
pointing to the fractured portions of the pGF), (b) pPVDF, (c) pPCL,
(d) PVDF/GF, and (e) PCL/GF scaffolds when placed in a pair of
tweezers.

pPCL (Figure 3c) scaffolds. Overall, the strengthening of the
GF structures with polymers will make it possible to fabricate
large-volume 3D conductive porous scaffolds that are nonbrittle
and will be of practical use in a clinical setting.

The microstructural morphology and composition of pGF
and polymer-enriched 3D GFs were analyzed using SEM and
Raman spectroscopy. As seen from Figure 4a, the pGF sample
had a wrinkled topography with flakelike structures observed.
This wrinkled topography could have formed as the result of a
difference in the thermal expansion coefficients between Ni and
graphene when subjected to cooling during the synthesis
process.”® As a result of this wrinkled topography, mechanical
interlocking of the polymer chains to the graphene surface will
be improved during the spin-coating process because there is an
increased surface area for interfacial adhesion and frictional
forces between the polymer and graphene.**> After the
polymers were coated onto the pGF scaffold, a different surface
morphology was observed compared that of to uncoated pGF.
This surface morphology was also different from that of pristine
polymer scaffolds of pPVDF (Figure 4b) and pPCL (Figure
4c). In the case of the PVDF/GF samples, flakelike structures
could be observed on the coating surface, which are probably

due to the formation of crystalline structures during the
annealing process. On the other hand, this phenomenon was
not observed for PCL/GF samples (Figure 4e) because only
ripples that result in a wrinkled coating topography were
observed because PCL is a semicrystalline polymer.

Raman spectroscopy was used to characterize the presence of
graphene in the samples by looking at the relative intensity of
the G and 2D bands. The resultant Raman spectrum (Figure S)

Intensity (a.u.)

PVDF/GF

PCL/GF

1500

2000 3000 3500

Raman shift (cm'l)

1000 2500

Figure S. Raman spectra for different scaffolds with characteristic
peaks corresponding to G and 2D bands for the scaffolds containing
graphene.

showed the presence of characteristic peaks of graphene near
1580 and 2720 cm ™}, corresponding to the G and 2D bands,
respectively. The small intensity of the D band at 1350 cm™" is
an indication of the high GF quality, while the high Raman
intensity of the G band compared to that of the 2D band is
characteristic of multilayered graphene. In the Raman spectrum

Figure 4. SEM images of the structure and morphology of the (a) pGF, (b) pPVDF, (c) pPCL, (d) PVDF/GF, and (e) PCL/GF scaffolds at 100X

and 1000X magnification (inset: scale bar = 70 ym).
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of the PVDF/GF sample, the presence of graphene can be
clearly identified by the presence of additional G and 2D peaks
compared to pPVDF-associated peaks. The same was observed
for the PCL/GF sample, where additional characteristic G and
2D peaks of graphene were also observed.

The electrical conductivities of the pGF and polymer-
enriched GFs were measured by sandwiching the scaffolds
between gold electrodes connected to a multimeter (Figure 2).
Graphene macroassemblies reported in the literature have bulk
electrical conductivities ranging from 1.0 S/cm for graphene
“aerogels” to 5.0 X 107 S/cm for physical-cross-linked
graphene sheets.® The electronic properties of few-layer
graphene (FLG) grown using CVD were reported to be
influenced by the stacking geometry between individual
layers.>” Localized stacking disorder may occur in multilayer
CVD graphene, resulting in poorer electronic coupling between
individual layers and, hence, compromised charge transport.*®
This was believed to be the case when using a challenging
geometry for growth such as the 3D Ni foam in this paper with
a calculated bulk conductivity of 0.36 = 0.11 S/cm for pGF.

Despite the fact that both the PVDF/GF and PCL/GF
scaffolds were enriched with nonconductive polymers, the bulk
electrical conductivity was retained at 0.07 + 0.02 and 0.14 +
0.06 S/cm, respectively (Figure 6). This preservation of the
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Figure 6. Average conductivity of the pGF and the hybrid scaffolds
(PVDF/GF and PCL/GF) after polymer enrichment (*p < 0.05).

electrical conductivity could be due to the presence of
“microcracks” in the polymer coatings, which could facilitate
the flow of external electrons from the electrodes to the intact
percolating network of the graphene microstructure. These
“microcracks” were probably generated during the thermal
curing process because heating and cooling of the polymer on
the graphene substrate would result in residual stress-induced
microfractures because the materials had different thermal
expansion coefficients.>

The significantly higher (p < 0.05) electrical conductivity of
PCL/GF compared to that of PVDF/GF could be due to
differences in the crystallinity of the polymers themselves.
While PCL is semicrystalline in nature, PVDF could be induced
to form a ferroelectric crystalline phase during the annealing
process at 135 °C for 2 h.** As a consequence of the annealing-
induced crystalline phase and structural rearrangement of the
PVDF coating, the fracture behavior of PVDF differs from that
of PCL. This subsequently leads to a PVDF coating with less
microcrack formation (Figure 4b) that resulted in PVDF/GF
having better insulative properties than PCL/GF.*
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Further characterization using FTIR analysis showed the
presence of distinct peaks of graphene and the functional
groups (Figure 7). Overall, pGF mainly consists of carbon

pGF

W

pPVDF
Sym CHy
y phase
-C-F _CH,/-CF
—~
& pPCL in B or yzphasze
5
3}
=
= Sym CHp
s Asym CH,
g X -
[‘_B PVDF/GF Cc=0 Sym COC
|
U
Sym CHy
v phase
PCL/GF CF cuycry

in f or

Sym CHp
Asym CHy

4000 3500 3000 2500 2000 1500 1000

-1
Wave number ¢m )

Figure 7. ATR-FTIR analysis of the pGF and hybrid scaffolds where
fluorine-containing functional groups of PVDF observed in both
pPVDF and PVDF/GEF are indicated by the dashed lines and carbonyl
functional groups of PCL present in both pPCL and PCL/GF are
indicated by the solid lines.

double bonds, and thus random peaks were observed with a
poor baseline. At the same time, graphene can easily adsorb and
desorb various atoms or molecules such as hydroxyl (OH")
groups, and thus a broad peak near 3300 cm ™" can be observed
from the spectra. For the pristine polymers and polymer-
enriched 3D GFs, the characteristic peaks of PVDF and PCL
were present, as indicated by the C—H rocking with C—F
stretching in PVDF (840 cm™") and the carbonyl stretching and
aliphatic groups (2947 and 2865 cm™) of PCL. The presence
of the peaks at 840 and 1276 cm™' in the PVDF spectrum
indicates that PVDF is mainly pB-phase with excellent
crystallinity after the annealing process.*' ~* However, the
presence of graphene in both types of polymer-enriched 3D
GFs is hardly detectable by FTIR because the aromatic
vibration of graphene is weak.

3.2. In Vitro Biomineralization Studies. In order to
assess the bioactivity and potential of these scaffolds for bone
application, in vitro biomineralization studies were conducted
using 1X SBF to mimic the biomineralization process in natural
bone. The bone-binding ability and rate of nucleation and
growth of Ca—P de6posits are indicators of a material’s
osteoconductivity.**™* In general, the formation of Ca—P
crystals begins with aggregation of the Ca—P prenucleation
clusters, followed by densification of these clusters into
amorphous Ca—P and, even later, their transformation into
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Figure 8. SEM images showing the formation and distribution of Ca—P on the 3D pGF and hybrid scaffolds at different time points. PT:

pretreatment. D 1: Day 1. D 7: Day 7. D 14: Day 14.
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Figure 9. ATR-FTIR analyses of the different scaffolds after (a) pretreatment and (b) 14 days of immersion in 1X SBF with characteristic peaks for

the mineral phases of the carbonate and phosphate functional groups (dotted lines) and the fluorine-containing functional groups (dashed lines) of
PVDF and the carbonyl functional groups of PCL (solid lines).

crystalline apatite.*” From the SEM images (Figure 8), it was
observed that, after the pretreatment (PT) process, there was
even nucleation of Ca—P deposits on all of the different groups

detachment or dissolution of the deposits from the graphene
surface. This suggests that the Ca—P deposits on pGF were not
stable prenucleation clusters because they could easily be

of samples after alternating soak treatments in calcium- and
phosphate-rich solutions. However, in the case of the pGF
sample (Figure 8a), a decreased amount of the Ca—P deposits
was observed compared to the other sample groups because of
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dissociated from the pGF surface.

However, in the case of the polymer-enriched 3D GFs
(Figure 8d,e), an increase in finely dispersed Ca—P deposits
was observed throughout the 3D scaffold network from days 1
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Table 1. Ca/P Ratios Obtained by SEM—EDX for the Different Groups of Scaffolds

pretreatment day 1 day 7 day 14
pGF 0.987 + 0.114 1.095 + 0.076 1.561 + 0.443 0.398 + 0.121
pPVDF 0.873 + 0.197 0.958 + 0.076 1.270 + 0.175 1.389 + 0.512
pPCL 1.165 + 0.626 1.260 + 0.207 1.592 + 0.823 1.544 + 0.846
PVDF/GF 0.947 + 0.041 1.275 + 0.235 1.197 + 0.089 1491 + 0.571
PCL/GF 0.861 + 0.092 1.608 + 0.612 1.210 + 0.148 1.460 + 0.504

to 14. Thus, the incorporation of both PVDF and PCL into the
GF had stabilized the formation of Ca—P deposits. This
phenomenon could be attributed to the polar carbon—fluorine
(C—F) bonds of PVDF and oxygen-containing functional
groups in PCL, which could anchor the deposition of Ca—P
prenucleation clusters during pretreatment, and subsequently
led to the growth and formation of stable Ca—P deposits.>**’
Compared to PVDF-enriched samples, the PCL/GF samples
had a denser Ca—P coverage even after just 1 day of exposure
to a 1X SBF solution, which could be due to stronger
interactions between the electronegative oxygen atoms and the
positively charged calcium ions (Ca**) on PCL compared to
the interactions between the ions and polar fluoride groups on
PVDE.!! Conversely, less Ca—P deposits were observed for the
pPVDF and pPCL samples (Figure 8b,c). This observation is
similar to those reported by others showing that pristine,
unmodified polymers have a slower growth rate of Ca—P.”'"*!
The differences in the distribution of Ca—P deposits could
also be due to the different surface topographies of the samples
because a higher surface roughness could facilitate the
aggregation of Ca—P prenucleation clusters, as well as promote
the growth and mechanical attachment of Ca—P deposits.*>*’
In the case of the chemically inert pGF, the Ca—P deposits
were probably physically held in place by the wrinkled rough
surface. However, because they were not chemically bonded to
the surface, they eventually detached over time. For the
formation of Ca—P deposits on pPVDF and pPCL, chemical
interactions between the functional groups of the polymers and
Ca—P prenucleation clusters would still take place despite their
relatively smooth surfaces (Figure 4b,c). Hence, the polymer-
enriched substrates (PVDF/GF and PCL/GF) could have
benefited from the combinatory effect of both chemically and
mechanically driven Ca—P growth, which is the result of the
presence of functional groups on the polymers, as well as the
rough surface coating from the wrinkled GF substrate. This
ultimately led to a denser distribution of Ca—P deposits on the
polymer-enriched substrates compared to all other substrates.
3.3. Characterization of Ca—P Compounds. The
formation of Ca—P deposits on the 3D scaffolds was further
verified by FTIR, and the Ca/P ratios of the mineral deposits
were analyzed by SEM—EDX. The resultant FTIR spectra of
pretreated samples (Figure 9a) and the samples after 14 days of
immersion in 1X SBF (Figure 9b) showed the presence of
characteristic peaks of Ca—P deposits around 840, 874, 1028,
1418, and 1470 cm™, which correspond to the carbonate and
phosphate groups. The presence of peaks near 874 cm™" and
the region of 1418—1470 cm™ could be attributed to the
carbonate groups (CO;>7), while the phosphate peaks (PO,*”)
were observed near 840 and 1028 cm™'>°7% In fact, after the
initial alternating soak pretreatment process, all of the different
groups of scaffolds already contained phosphate peaks (Figure
9a). This is in agreement with the pretreated SEM images
(Figure 8, PT) showing fine mineral deposits on all of the
pretreated scaffolds. However, in the case of the pGF substrate,
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the height of the phosphate peaks decreased with increasing
immersion time in 1X SBF over 14 days (Figure 9b), suggesting
that there was a loss of crystallinity due to Ca—P dissolution
over time. On the other hand, strong phosphate peaks were still
observed even after 14 days for the pristine polymer scaffolds
and the polymer-enriched 3D GFs, which could be an
indication of stably nucleated Ca—P deposits on those scaffolds
when exposed to 1X SBF. However, over 14 days of
mineralization, only the PCL/GF scaffolds exhibited a —OH™
peak near 3286 cm™', which typically belongs to the —OH~
group in the ¢ column of the HA lattice. This suggests that the
PCL/GF scaffold could potentially be able to promote the
formation of HA specifically.

Further analysis by SEM—EDX was carried out to compare
the Ca/P ratios of the different scaffold groups. As seen from
Table 1, all of the Ca—P deposits had low Ca/P ratios of close
to 1.00 after the pretreatment process. After the samples were
immersed in the 1X SBF solution, subsequent nucleation and
growth processes led to an increase in the Ca/P ratios with
increasing soak time. The high Ca/P ratio observed on day 1
for PCL/GF, which could be explained by the initial strong
interaction of Ca®" ions with the carbonyl functional groups in
the PCL, led to the formation of unstable clusters, which were
stabilized over 14 days in 1X SBF. At day 14, all of the scaffolds,
except for pGF, where the Ca—P deposition was not stable, had
Ca/P ratios in a range of 1.4—1.5, which suggests the formation
of TCP or calcium-deficient HA. This is in accordance with
findings by other groups that the Ca—P formed in SBF is that
of calcium-deficient carbonated HA.”*® In general, polymer
enrichment of 3D GFs helped to increase the nucleation and
growth rate of the Ca—P deposits and provided the necessary
functional groups for retaining the Ca—P deposits. Also, the
presence of the oxygen-containing functional group of PCL
resulted in a higher nucleation rate of the Ca—P deposits
compared to PVDF. Thus, PCL enrichment of GF could lead
to better osteoconductivity.

4. CONCLUSION

Overall, it was found that polymer enrichment of GFs led to an
improvement in the handling ability and flexibility compared to
that of pGF. In addition, polymer incorporation resulted in
stabilization of Ca—P nucleation and allowed for the growth of
Ca—P compounds. In contrast, pPVDF and pPCL scaffolds
showed minimal Ca—P nucleation and growth. Moreover,
growth of the Ca—P deposits occurred throughout the scaffold
microarchitecture, which suggests that GF plays an important
role as a template for the nucleation and oriented growth of
Ca—P deposits. Overall, the 3D PCL/GF is a promising
scaffold for bone-related applications because it demonstrated
the fastest biomineralization rate (i.e., within 1 day) and the
presence of a hydroxyl group in the Ca—P deposits. In addition,
retention of the electrical properties would allow for the
development of an electroactive scaffold that is able to further
contribute to bone formation and healing.
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