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Abstract: Developing bone scaffolds can greatly improve the patient’s quality of life by accelerating
the rehabilitation process. In this paper, we studied the process of composite polycaprolactone
supercritical foaming for tissue engineering. The influence of graphene oxide and reduced graphene
oxide on the foaming parameters was studied. The structural and mechanical properties were studied.
The scaffolds demonstrated mechanical flexibility and endurance. The co-culturing and live/dead
tests demonstrated that the obtained scaffolds are biocompatible. Different composite scaffolds
induced various surface cell behaviors. The experimental data demonstrate that composite foams are
promising candidates for in vivo medical trials.

Keywords: scaffold; graphene oxide; polycaprolactone; supercritical foaming; flexible composite

1. Introduction

Large bone defects lead to a significant decrease in a patient’s quality of life. Such trauma requires
significant rehabilitation time. To reduce the rehabilitation period, different artificial scaffolds are being
developed [1]. Scaffolds for bone regeneration should meet certain requirements: biocompatibility,
biodegradability and mimicking the structural and mechanical properties of bone [2]. Additionally,
scaffolds need to induce osteoprogenitor cell migration, proliferation, and differentiation, start the
formation of new cell matrix and support vasculature growth and development through the body
of the scaffold [3]. Currently, synthetic (Poly(lactic-coglycolic acid) (PLGA), Polycaprolactone (PCL),
Phenylmagnesium chloride (pHMGCL), poly-lactic-co-glycolic acid—polyethylene oxide (PLGA-PEO),
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etc.) and natural (gelatin/chitooligosaccharide, collagen, chitosan, etc.) polymers and composites are
used for scaffold fabrication [4].

Graphene, graphene oxide (GO) and reduced graphene oxide (rGO) are potential candidates for
implementation in tissue engineering applications [5,6]. Some scientific results have demonstrated
that graphene incorporation improves mechanical properties, cell adhesion and proliferation [7-9].
Recently, additive technologies were applied to fabricate sophisticated shapes of graphene/polymer
materials. A number of studies have demonstrated on-demand scaffold printing of various shapes
from composite materials [10,11]. The main benefit of this approach is the complexity of the structures.
A composite graphene polymer scaffold was printed and used not only for bone injury but also for
nerve regeneration [12].

An alternative approach for the fabrication of composite GO/polymer materials is the preparation
of electrospun mats [13]. This technique is mostly studied for polymers such as PCL and PLGA [14].

One alternative 3D scaffold fabrication approach is supercritical foaming in a carbon dioxide
atmosphere [15,16]. This technique allows a certain level of control over the porosity and cell morphology
of the scaffold. Supercritical foaming can be implemented for polymer or polymer/graphene scaffold
fabrication [17,18]. In these papers, the fabrication of poly(lactic acid)/graphene and polystyrene/GO
composites of different structures and porosities were studied.

Although many scientific papers have focused on the biomedical activity of graphene derivatives,
none has led to clinical trials, and there is yet no distinct understanding of the effects of graphene
derivatives on humans [19]. The properties of graphene-based materials strongly depend on the
synthesis process because a wide variety of resulting material properties have been reported by different
groups using the same synthesis approach [19].

In this work, we studied the process of supercritical foaming of polycaprolactone and
polycaprolactone/graphene composite in a carbon dioxide atmosphere. We investigated the dependence
of foaming conditions on the mechanical and structural properties of polycaprolactone scaffolds and
composite polycaprolactone/graphene foam. For the first time such mechanical properties as mechanical
stability (fatigue tests) of PCL and PCL/rGO scaffolds were investigated. The biocompatibility of the
obtained porous structures was also studied.

2. Materials and Methods

2.1. Materials

Polycaprolactone (Sigma Aldrich, St. Louis, MO, USA) with a molar mass of M;, = 80 kDa was
used for sample fabrication. GO was prepared from Timrex KS 15 graphite powder (Timcal Ltd, Bodio,
Switzerland) as demonstrated in our earlier work [20,21]. Chimmed high purity acetone was used as a
mutual solvent for the polymer and GO.

2.2. Composite Material Production

The level of reduction for graphene oxide is determined by the amount of oxygen-containing
groups present on the surface of graphene sheets. At the same time, visual color of the material is
different, GO is brown while rGO is black. Materials used in this study were both prepared of the same
suspension and were reduced due to presence of heat treatment during fabrication process. However
one of these material faced less treatment, and remained “brown” and is called GO, there other one
was more exposed to heat treatment, thus leaving less oxygen percentage on the surface and is called
rGO. The color of this sample turned black.

GO was produced with a standard Hummers method [22]. Two different approaches were used to
fabricate the composite graphene/polymer. In the first approach, we used an aqueous solution of GO,
which was further subjected to a centrifugal process to divide water from GO and repeatedly substitute
it with acetone to remove all the water traces. Then, polycaprolactone was added to the acetone/GO
solution and thoroughly mixed, and then a temperature of 80 °C was applied to dry out the acetone.
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During the drying stage, GO was reduced due to the heat treatment [23]. A composite material with a
uniform distribution of reduced GO was obtained as a result of this procedure. This material will be
called PCL/GO.

The second method is based on the hydrothermal reduction of GO, which leads to the formation
of graphene foam [24]. After fabrication of the porous graphene structure, water was replaced by
acetone 10 times repeatedly. Then, the graphene foam was fractured and dispersed in acetone using an
ultrasonication tip (Unicorn system MEPH93.1 MELPHYS, Moscow, Russia) for 15 min. The suspension
was mixed with polycaprolactone and dried at 80 °C. This material will be called PCL/rGO.

As a final step, all obtained materials were dried in a vacuum at 120 °C for 8 h to remove all of the
residual acetone.

2.3. Scaffold Fabrication

We used supercritical foaming in a carbon dioxide atmosphere for scaffold fabrication.
Experimental set up of CO, pump, chamber with a pressure reduction vessel, thermocouple-sensing
and pressure-sensing elements was used. A detailed description is listed in [16]. This set up allows
pressures up to 300 atm and temperatures up to 80 °C to be reached. The morphology of the structures
was controlled by changing the decompression rate.

All experimental conditions were fixed except for the decompression rate. The chamber pressure
and foaming time were 180 atm and 60 min, respectively.

2.4. Chemical Structure and Morphology Analysis

Morphological analysis of the obtained materials was performed with a Axio Scope A1l microscope
(Carl Zeiss, Oberkochen, Germany) and a Carl Zeiss Supra 40 SEM (Carl Zeiss, Oberkochen, Germany).
For analysis of chemical structure, we used Bruker 70v FTIR (Bruker, Billerica, MA, USA) and
DXR Raman microscope spectrometers (Thermo Scientific, Waltham, MA, USA). For mass and
freezing/melting point analysis, the DSC 60 Plus (Shimadzu, Kyoto, Japan) and DTG 60 (Shimadzu,
Kyoto, Japan) systems were used. The mechanical properties were studied with an ElectroPuls
E3000 (Instron, Norwood, MA, USA) and Digital Image Correlation (DIC) VIC-3D System (Correlated
Solutions, Irmo, SC, USA). A PB1000 (Nanovea, Irvine, CA, USA) mechanical tester was used for
hardness analysis.

2.5. Biocompatibility

Biocompatibility tests were performed via co-culturing the scaffolds with rabbit marrow stromal
cells. The stromal cells were obtained by mechanical fragmentation of an iliac crest piece with
subsequent disaggregation in a 0.2% solution of type I collagenase (PanEco, Moscow, Russia) over a 4-h
period. The obtained solution was filtered with a 40 um cell bolster. Collagenase was removed from
the effluents by centrifugation (200 g, 10 min). The medium was renewed every 3 days. The culture
was passaged with a 0.25% trypsin and versene solution (PanEco).

During the second passage, stage cell co-culturing with a fragmented scaffold material with
10° cells per square centimeter was performed. The co-culturing duration was 2 weeks. After
that period, the cells were dyed for the LIVE/DEAD test (Thermo Scientific, Waltham, MA, USA)
as per the manufacturer’s recommended procedure. The dyed samples were studied with a laser
confocal scanning microscope (Ti-E, Nikon, Minato, Tokyo, Japan) followed by image processing using
NIS-Elements software (Nikon Instruments Inc., Melville, NY, USA).

The cytotoxicity of scaffolds was assessed via Lactate DeHydrogenase (LDH) (Thermo Scientific,
Waltham, MA, USA) and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromidefor (MTT)
(Sigma Aldrich St., Louis, MO, USA) assays using MSC culture in accordance with the manufacturer’s
instructions. Extracts from scaffolds were prepared at a concentration of 1.2 mg/mL (DMEM/F12 with
5% FBS and 1% penicillin-streptomycin) as described in international measurement standard 1SO
10993-12:2012 and [25]. We seeded 5000 cells per well and added extracts in 24 h. In MTT assay, the
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five extract dilutions were used (six concentrations in total). In LDH assay, cell lysate was used as a
positive control for the maximum LDH release, and the cell culture treated with water — as a negative
control for the minimum (spontaneous) LDH release. In MTT assay, sodium dodecyl sulphate dilutions
were applied as a positive control. The absorbance spectra were measured at 492 nm (LDH assay)
and 570 nm (MTT assay) using a microplate reader Victor Nivo (PerkinElmer, Waltham, MA, USA);
680 nm and 650 nm, respectively, were used as reference wavelength. The results validity was ensured
by the analysis of triplicate experiments; each data point represents the mean standard deviation.
The analysis was carried out using ANOVA (Statistics Solutions, Clearwater, FL, USA); results with
p-value <0.05 were considered as statistically significant.

3. Result and Discussion

Similar to the results of other polymer-foaming processes, an increase in decompression rate for
PCL, PCL/GO and PCL/rGO led to an increase in the general size of the foam, thus leading to an
increase in the pore size (Figure 1 a,b).

a 1 atm/s b 100 atm/s

PCL. PCL/rGO PCL/GO PCL PCL/rGO PCL/GO

50 60 70 80 90 100 110 120 MM

C PCL/ GO

100 atm/s
0 wt. % 0.125 wt. % 0.25 wt. % 0.5 wt. % 1 wt. % 1.5 wt. % 2 wt. %

Figure 1. PCL, PCL/GO, PCL/rGO scaffolds produced at decompression rates of (a) 1 atm/s and (b) 100
atm/s and (c) PCL/rGO scaffolds filled with different rGO concentrations.

Figure 1a,b demonstrate scaffolds of the same materials prepared at two different pressure regimes.
Figure 1c demonstrates scaffolds synthesized under the same conditions but with different rGO
concentrations. When the rGO content increases, the PCL/rGO mixture stops being uniform, and
the scaffold size decreases. The concentration limit at which the scaffold mixture remains uniform is
1.5 wt. %, and a further increase in the GO/rGO content causes the scaffold structure to be uneven, thus
leading to the presence of regions with distinct properties, which tend to foam in a different fashion.
Because plastification and nucleation occur faster in raw PCL, the PCL/graphene composites with rGO
contents greater than 2 wt. % tend to have white regions of PCL, due to that fact, this concentration
will be the maximum concentration considered.

The increase in temperature to 80 °C and the foaming time increase to 4 h had no significant
impact on the scaffold structure and did not lead to a uniform distribution of rGO.

The median value of 1 wt. % concentration was chosen for SEM investigation, since 0 wt. %
was already studied in other scientific works and 2 wt. % possesses no interest due to absence of
uniform distribution.
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Figure 2 demonstrates optical images of PCL/rGO scaffold porous structure. As it can be observed,
increase in rGO content leads to formation of pores of higher average volume. The SEM images are
presented in Figure 3.

Data on pore size was collected from several SEM images for estimation of average pore size.
An estimated pore size of 100-200 pm was obtained from the SEM images; however, some pores of
several microns can be observed in the enhanced images. A surface with this morphology is suitable
for cell proliferation [26].

Raman analysis provided the presence of standard D and G carbon bands in the spectra of
all samples with GO and rGO content (see Figure 4a) [27,28]. FTIR analysis did not provide any
significant results.

Figure 2. Optical images of PCL/rGO scaffolds. (a-d) demonstrate different rGO concentrations.
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Figure 3. SEM images of PCL/rGO produced at 180 atm. (a-d) demonstrate different magnifications of
scaffold structure. The time in the supercritical medium is 60 min, the decompression rate is 100 atm/s,
and the rGO concentration is 1 wt. %.
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Figure 4. (a) Raman spectra of samples and (b) absorption spectra of GO solutions after different
thermal treatment times (tmax = 8 h, 80 °C).

Absorption spectra (Figure 4b) shows data for GO samples exposed to various times of heat

treatment in order to obtain samples of various levels of reduction. GO absorption spectrum
demonstrates characteristic bands at ~235 nm and ~300 nm, which tend to shift towards red part of the
spectrum upon increase of reduction level. Heat treatment induces decrease in band intensity and
slight redshift typical for process of rGO reduction indicating removal of some oxygen groups [29].
Removal of some amount of oxygen groups leads to transformation of sp? into sp’ bonding, thus
increasing optical absorption of the material [30].
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To investigate temperature influence on the suspension of GO, additional tests were conducted.
The suspension of GO was placed in an oven at 80 °C for 8 h. The absorption spectrum undergoes
considerable changes, which indicates reduction occurring in GO [23]. During the drying process, the
samples are placed in a vacuum dryer at 120 °C; thus, reduction occurs faster at higher temperatures.

The DSC and TGA spectra are presented in Figure 5. Figure 5a shows that melting occurs at the
same point for all composite materials; however, samples with GO demonstrate higher crystallization
temperatures, which can be explained by the uniform mixture of polymer and GO. PCL/rGO also
demonstrates an increased crystallization temperature, yet lower than that of PCL/GO. The temperature
shift is more than 10 °C: 25 °C for PCL, 32 °C for PCL/rGO, and 37 °C for PCL/GO.

a __""llll'l"'_'iJC'L}G'()'l__ b:_" T T T T T
— PCL/rGO | -
[ — PCL gL rGO
& ] —r —PCL
£y ] & — PCLrGO
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S - L— S
] o <
=t 1 Ef
- - =]
1 “r
0 50 100 150 200 0 100 200 300 400 500
Temperature, °C Temperature, °C

Figure 5. (a) DSC and (b) TGA spectra of the samples.

The same tendency was observed in the TGA results of the samples. The PCL/GO samples
demonstrate the highest decomposition temperature, which can also be explained by the uniform
mixture of polymer and GO.

Mechanical characteristics were studied for the obtained samples. Graphene addition leads to an
increase in sample hardness and a significant decrease in elongation. The hardness values of solid
PCL, 1% PCL/rGO and PCL/GO composites are 4.8, 7.6 and 7.9 HV, respectively. The Young’s modulus
values are 365 MPa, 700 MPa and 1500 MPa, respectively.

The produced scaffolds will be used for tissue engineering applications, such as osteo- and
chondro-scaffolding, which require repetitive mechanical loading. The fatigue tests are presented in
Figure 6. The PCL (Figure 6a—c) and PCL/rGO samples were tested with loads of 20-50 N. The PCL/GO
samples demonstrated brittle behavior even at preparatory phase of fatigue tests, due to the fact that
no loading could have been applied without destroying the sample.

According to the results of fatigue tests (Figure 6d) we concluded that the PCL and PCL/rGO
samples are flexible and can undergo repetitive loadings for more than 100,000 loading cycles. Moreover,
for the same size of scaffolds, the same loads lead to different deformations. The deformation of
PCL/rGO at the same loading is less than that of raw PCL (Figure 6 inset).

PCL, PCL/GO and PCL/rGO scaffolds were tested for cytotoxicity using LIVE/DEAD staining and
LDH and MTT-assays (Figure 7).

The PCL, PCL/GO, PCL/rGO samples with 1% of GO content were chosen for the biocompatibility
studies. The biocompatibility estimation of cells co-cultured with the PCL, PCL/GO and PCL/rGO
scaffolds demonstrated that cells remained viable. When fragmented material was placed into a flask
with a cell monolayer, the cells did not detach and were able to proliferate.
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Figure 6. Mechanical studies of PCL samples with loads from 20 to 50 N. (a) Sample without loading;
(b) stress field, obtained with use of DIC (Digital Image Correlation) during the mechanical tests;
(c) DIC system loading after the mechanical measurements; (d) fatigue tests (inset shows the close up
of the cycling compression test curve).

When the cells were applied to the substrate surface, the cells attached to it and spread across,
keeping the capacity to proliferate up to 14 days (Figure 7a—c). Most cells remained fusiform or
triangular fibroblastic in shape, an intrinsic property for cells in monolayer culture. Interestingly, cells
on the surface of the PCL/GO sample tended to form short sharp branches, forming a branched shape.

Cell adhesion to the scaffold material and subsequent cell spreading show potential for cell
migration on the substrate surface. The adhesion of the cell to the substrate varies. On the surfaces of
PCL and PCL/rGO, the cells were spherical, demonstrating poor adhesion compared to that of cells
on PCL/GO (Figure 7a,c). The branch appearance on the PCL/GO sample can be explained by the
interaction between the scaffold surface features and cells (Figure 7b).

The absence of cells inside the scaffold structure indicates the inability of the cells to penetrate the
foam due to the non-interconnected morphology of the pores in all three types of materials. The hollow
structures inside the scaffolds are encapsulated. On the one hand, these pores do not promote smooth
cell migration across the scaffold structure or free development of vasculature through the scaffold
volume. However, on the other hand, these pores can be filled with antibiotics, which can be released
during the biodegradation of the scaffold [11].

The results of the quantitative cytotoxicity assessment showed that the analyzed scaffolds did
not possess significant toxicity: LDH release in samples coincided with the spontaneous release, and
the cell viability for all sample dilutions was higher than 70% (Figure 7d,e). However, the lowest cell
viability was revealed for PCL/GO scaffolds 76.8 + 6.4.

This study demonstrated that PCL, PCL/GO and PCL/rGO scaffolds are biocompatible; thus,
these structures can potentially be tested for in vivo biodegradation.
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4. Conclusions

In this work, we demonstrate a simple method of scaffold production from PCL, PCL/GO and
PCL/rGO. The scaffolds were produced using supercritical foaming in a carbon dioxide atmosphere.
The composition and structural properties of the obtained materials were studied with SEM, DSC,
TGA, Raman and FTIR analysis. We estimated the maximum concentration of GO and rGO to be
~2 wt. %. Further increases in the GO and rGO contents led to the formation of non-homogenous
scaffolds. A digital image correlation system and fatigue test were used to study the mechanical
properties. The PCL and PCL/rGO foams demonstrated good flexibility and capability to undergo
10° loading cycles. The machine for mechanical measurements was set for 10> number of cycles and
we believe that tested samples possess potential to undergo even a larger amount of loading cycles.
However, the PCL/GO composites did not show flexibility and were destroyed under external loading.
All materials demonstrated biocompatibility properties. Cell adhesion to the PCL/rGO scaffold was
better than that to the PCL and PCL/GO scaffolds. The developed material possesses the potential for
bone implant applications.

Author Contributions: Conceptualization, S.E., P.D., .A.; sample preparation, S.E., P.D. and M.K,; sample
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