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Abstract

Background: Growing investigations demonstrate that graphene oxide (GO) has an undeniable impact on repairing
damaged bone tissue. Moreover, it has been stated in the literatures that poly(2-hydroxyethyl methacrylate) (PHEMA)
and gelatin could provide a biocompatible structure.

Methods: In this research, we fabricated a scaffold using freeze-drying method comprised of PHEMA and gelatin,
combined with GO. The validation of the successful fabrication of the scaffolds was performed utilizing Fourier-trans-
form infrared spectroscopy (FTIR) and X-ray diffraction assay (XRD). The microstructure of the scaffolds was observed
using scanning electron microscopy (SEM). The structural properties of the scaffolds including mechanical strength,
hydrophilicity, electrical conductivity, and degradation rate were also evaluated. Human bone marrow-derived
mesenchymal stem cells (hBM-MSCs) were used to evaluate the cytotoxicity of the prepared scaffolds. The osteogenic
potential of the GO-containing scaffolds was studied by measuring the alkaline phosphatase (ALP) activity after 7, 14,
and 21 days cell culturing.

Results: SEM assay showed a porous interconnected scaffold with approximate pore size of 50-300 um, appropriate
for bone regeneration. The increase in GO concentration from 0.25 to 0.75% w/v exhibited a significant improvement
in scaffolds compressive modulus from 9.03 +0.36 to 42.82 4 1.63 MPa. Conventional four-probe analysis confirmed
the electrical conductivity of the scaffolds in the semiconductor range. The degradation rate of the samples appeared
to be in compliance with bone healing process. The scaffolds exhibited no cytotoxicity using MTT assay against hBM-
MSCs. ALP analysis indicated that the PHEMA-Gel-GO scaffolds could efficiently cause the differentiation of hBM-
MSCs into osteoblasts after 21 days, even without the addition of the osteogenic differentiation medium.

Conclusion: Based on the results of this research, it can be stated that the PHEMA-Gel-GO composition is a promis-
ing platform for bone tissue engineering.
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Background

Bone defects are a major public health concern and the
leading cause of disability and morbidity in the elderly
patients [1]. Although the existing therapies have been
quite successful, they are correlated with consider-
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[2, 3]. Although allografting influences the osteocon-
ductivity as well as the capability of application in large
and differently shaped pieces of bone defects, it could be
accompanied by the risk of potential infection, nonunion
fatigue fracture, disease transmission, defective biome-
chanical and biochemical properties in comparison with
the native tissue and rejection [3—5]. Although metallic-
and ceramic- based artificial implants may be considered
as immediate solutions for supporting the damaged sites,
they are limited by issues like corrosion failure, low ten-
sile strength, brittleness, and the possibility of poor inte-
gration with the surrounding tissue [3]. Therefore, there
is an essential need to optimize the existing treatment
methods for bone-related disorders [6].

Bone tissue engineering, as an alternative treatment
strategy, has provided novel methods for substituting
the disordered or damaged bone leading to the tissue
regeneration by utilizing different osteogenic cells, tem-
porary scaffolds, and growth factors [7]. For the aim of
achieving the optimum results in healing, the scientists
in bone tissue engineering have attempted to design scaf-
folds with a bone-like structure and chemical composi-
tions [8, 9]. Natural or synthetic biocompatible materials
have been selected for fabricating the scaffolds to mimic
the extracellular matrix (ECM) of bone [10]. Specifi-
cally, in recent years, various synthetic polymers such as
polylactic acid (PLA) [11], polyglycolic acid (PGA) [12],
and polycaprolactone (PCL) [13] have been employed to
accomplish the aforementioned requirements based on
biomimetic strategies. Among these materials, PHEMA
has gained attentions due to its significant biocompat-
ibility and physicochemical properties, resembling those
of living tissues [14]. PHEMA is a flexible and stable syn-
thetic polymer composed of 2-hydroxyethyl methacrylate
monomer units, which does not require a complicated
fabrication process. Interestingly, many of physical char-
acteristics of this polymer such as rheology, hydrophilic-
ity, degradability, hardness, and swelling in case of water
inflow could be regulated by techniques such as cross-
linking or copolymerization. PHEMA has been broadly
used in the forms of hydrogels, cryogels, and implant
coatings for biomedical applications such as cardiac,
bone, and cartilage tissue engineering, reconstruction of
spinal cord injuries and replacement of lumbar disks, and
drug-delivery systems [15, 16]. In particular, research-
ers have obtained remarkable results using PHEMA in
combination with various types of materials for bone tis-
sue engineering in recent investigations [17-20]. Shah-
rousvand et al. fabricated a porous scaffold composed
of PHEMA, polyurethane, and cellulose nanowhiskers
seeded by hBM-MSC:s for bone tissue engineering. Based
on the obtained results, the authors considered the scaf-
fold as an appropriate composition for bone scaffold due
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to its efficient impact on cell proliferation, bone miner-
alization, and capability of osteogenic differentiation [21].

Despite noting advantages mentioned above, the sur-
face of PHEMA does not facilitate cell adhesion and
proliferation. This issue creates constraints in biological
circumstances when cell adhesion is required to progress
[22]. A wide range of natural and synthetic polymers
have been utilized for overcoming this problem [23-29].
Among natural polymers, gelatin (Gel) is a biodegrad-
able and biocompatible polymer derived from thermal
and chemical denaturation of collagen, comprised of
arginyl-glycyl-aspartic acid (RGD)-like sequence which
enhances cell adhesion, proliferation, and migration [27,
28]. Gel has led to desirable results in recent bone tissue
engineering investigations [27, 30, 31]. Cetin et al. exam-
ined the osteogenic activity of a super porous hydrogel
of PHEMA and Gel seeded by preosteoblastic MC3T3-
E1 cells. In the presence of Gel, mechanical strength and
elastic modulus were improved, as well as cell attach-
ment, proliferation, and differentiation. Therefore, the
authors considered PHEMA-Gel composition as a
potential scaffold for bone tissue engineering [23].

Due to the piezoelectric characteristic of some tis-
sues, notably bone tissue, electrically active materials
have recently received a great deal of interest in the
field of tissue engineering [32]. These materials with
their tailorable chemical, physical, and electrical prop-
erties are able to mimic the bone-like structure at cel-
lular and tissue levels. Electroactive materials have
remarkable effect on the ultimate fate of cells and tis-
sues via improving the adhesion of the biological mol-
ecules and facilitating intracellular pathways [8, 33-35].
Among electroactive moieties, carbon-based nanoma-
terials have been widely used as reinforcing agents for
biomedical engineering investigations [36—38]. GO, for
example, is fabricated by oxidation of graphite, and has
demonstrated a significant potential to be applied as a
modifier in the composition of scaffolds. Reorganiza-
tion of the cell cytoskeleton has a substantial influence
on increasing cellular processes such as cell adhesion,
proliferation, and differentiation [39]. Compared with
other carbon-based nanomaterials, high mechanical
stiffness as well as its bioactivity, make GO an excel-
lent candidate for bone tissue engineering [40, 41]. In
a study by Hermenean et al., enhanced cell attachment,
proliferation, and differentiation as well as biomimetic
mineralization and promoted bone regeneration in
mouse calvarial defects were observed in a scaffold
composed of chitosan functionalized with GO for bone
applications [42]. In another research, combination of
GO with alginate and Gel presented more compres-
sive strength and hydrophilicity, appropriate biodegra-
dation, and upregulation of cellular functions such as
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differentiation for bone regeneration compared to the
pure Gel-alginate scaffold [27].

Here, in this study, our goal was to fabricate a porous
scaffold composed of PHEMA, Gel, and GO via freeze-
drying method to benefit from the biocompatibility
of PHEMA and Gel and the electroactivity of GO. We
hypothesized that the incorporation of GO into the
structure of PHMEA and Gel could enhance the hBM-
MSCs functions by improving cell-cell interactions.
Also, the physicochemical characteristics of the scaffolds
were assessed by the appropriate evaluations. To the best
of our knowledge, the present research is the first investi-
gation on a bone scaffold comprised of PHEMA, Gel, and
GO.

Methods

Polymer synthesis

PHEMA was fabricated using radical polymerization
according to the previous methods [43]. First, 10 mL of
toluene (Sigma) was poured in the flask as the solvent.
Then, 0.1 g (0.6 mmol) of AIBN (Sigma) as the radical
initiator and 5 mL (38.4 mmol) of the HEMA mono-
mer (Sigma) was added to the solvent. The mixture was
placed in the oil bath at 70 °C and stirred gently. Nitrogen
purging was employed for the first 10 min to displace any
undesirable atmosphere with an inert nitrogen atmos-
phere. The reaction mixture was maintained at the men-
tioned circumstances for 24 h. The final product was then
dried in freeze-dryer device (Alpha 2-4 LDplus, Martin
Christ) to remove any residual solvent.

Preparation of the scaffolds

Scaffolds were fabricated using freeze-drying method.
The homogeneous solution containing synthesized
PHEMA in dimethylformamide (DMF; Sigma) was
added to the aqueous solution of Gel (Sigma) followed
by dropwise addition of different GO (GrapheneX, Kimia
Pishtaz) concentrations in DMF solution. Total concen-
tration of both PHEMA and Gel was determined 4%
w/v. The obtained mixture was cast in Teflon molds and
froze at temperature of -20 °C for 8 h and then —80 °C
for 12 h. Samples were then lyophilized in freeze-dryer
device (Alpha 2-4 LDplus, Martin Christ) for 48 h at
—80 °C. After that, a 25 mM of 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (EDC; Merck) and 25 mM
of N-hydroxysuccinimide (NHS; Merck) solution was
used to cross link the scaffolds for 24 h. Samples were
then washed several times by deionized (DI) water before
being lyophilized again for 24 h.
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Scaffold characterizations

To investigate the chemical composition and bonds of the
samples, FTIR (PerkinElmer, Frontier) was utilized in a
range of 500-4000 cm™), with a resolution of 1 cm™), at a
scan speed of 32 scans/min, in KBr-diluted medium. The
crystalline phase of fabricated scaffolds was analyzed using
XRD (X’Pert MPD, Philips) with Cu anode at a fixed inci-
dent angle of 0.02 in a 20 range of 5-100°. The morphol-
ogy and microstructure of the scaffolds were also evaluated
by SEM (XL30, Philips) after gold coating. The image j
software was used for measuring the pore size according
to the previous literatures [44, 45]. To study the mechani-
cal properties of the scaffolds, compression strength test
was performed using a universal testing machine (H10KS;
Hounsfield) with a 25 kN load cell and a loading rate of
1 mm/min. Compressive modulus of the scaffolds was
reported based on the slope of the stress—strain curve in
the linear region. Surface wettability of the scaffolds was
investigated by the water contact angle assessment via an
optical video contact angle system (OCA-15-plus, Data-
physics) using the sessile drop method for at least three dif-
ferent spots of each scaffold. After 4 ul water droplets were
poured on the surface of the scaffolds, shape changes were
recorded and the surface contact angles were measured.
The electrical conductivity of the scaffolds was assessed by
the four-point probe method (196 system DMM, Keithley).
The electrical current was obtained after placing each sam-
ple on the apparatus and applying voltage. The scaffolds
electrical conductivity was reported using the following
formula:

o= (244 x 10/S) x (I/E) (1)

where o is the electrical conductivity in siemens per
meter (S/m), S is the side area of the sample in m?, I is the
electrical current through the outer probe in amp, and E
is the voltage drop across the inner probe in V. Also, 2.44
is referred to the systematic constant.

Bioactivity of the prepared scaffolds was studied by
being soaked in simulated body fluid (SBF) at 37 °C after
7 days Followed by washing with DI water and drying.
The morphology and the ratio of Ca/P crystals formed
on the surface of the scaffolds were examined by SEM
equipped with an energy-dispersive X-ray analyzer (EDX;
Rontec).

For investigating the scaffolds swelling behavior, the
samples with certain dry weights were immersed in
phosphate-buffered saline (PBS) (pH=7.4) solution at
37 °C for 0.5, 1, 3, 6, 24, 26, 48, and 50 h. At each time
point, the scaffolds were taken out, the surface water was
removed using a filter paper, and their wet weight was
recorded. The swelling ratio was calculated by the follow-
ing equation:
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Swelling ratio (%) = (wet weight — dry weight/dry weight) x 100 2)

For evaluating the hydrolytic degradation of the scaf-
folds, prior to immersing in PBS (pH=7.4) at 37 °C, the
weight of dried and sterilized samples was measured.
Then at certain time points, the scaffolds were removed,
washed with deionized water, and dried in a vacuum. The
percentage of weight loss was calculated by the following
formula:

Weight loss (%) = (W1 — W3)/ W1 x 100 (3)

where W, and W, are referred to the weights of the scaf-
fold before and after degradation, respectively. Also,
after removing the scaffolds at each time point, the pH
changes of the PBS solutions were recorded.

Cellular evaluations

Cytotoxicity and morphology investigations

In this study, hBM-MSCs (Royan Stem Cell Bank, Royan
Institute) were used to evaluate the cytotoxicity of the
prepared scaffolds. Cells were cultured in the Dulbecco’s
modified Eagle medium F12 (DMEMF12; Invitrogen)
medium supplemented with 10% (v/v) fetal bovine serum
(FBS, Gibco) and 1% antibiotic penicillin/streptomycin
(Sigma). Prior to the cell culture, scaffolds were steri-
lized by ethanol 70% v/v, rinsed in PBS and placed under
ultraviolet (UV) radiation for 15 min each side. Then,
8 x 10 cells were seeded over the scaffolds in 96-well cul-
ture plates, and incubated in 5% CO, at 37 °C. After 48,
cytocompatibility assessment was carried out by MTT
(Sigma) colorimetric assay. Briefly, the culture medium
was removed, and 100 uL. MTT solution (5 mg/mL in
PBS) was poured into each well followed by incubation
of the samples for 4 h. Then, the medium was removed
and the formazan crystals were dissolved using dime-
thyl sulfoxide (DMSO; Sigma). The optical absorbance
was evaluated with a microplate reader (ELISA reader;
ELX808, BioTek) at 540 nm. Cells cultured on tissue cul-
ture plate (TCP) were considered as the control group.
Also, the morphology of the cultured hBM-MSCs on the
fabricated scaffolds was assessed by SEM. after 48 h, cells
were fixed using 2.5% glutaraldehyde (GA; Sigma) for
one hour followed by washing in PBS for several times.
Samples were then dehydrated with graded ethanol series
(30%, 70%, 90%, and 100%), and coated with gold under
vacuum to be prepared for SEM evaluation.

Alkaline phosphatase activity

The osteogenic potential of the GO-contained scaffolds
was examined by measuring the alkaline phosphatase
activity of the hBM-MSCs being cultured on the scaffolds

after 7, 14, and 21 days. At first, cells were washed with
PBS (pH=7.4) and homogenized in 1 mL assay buffer
using sonication. Then, a mixture of 0.1 mL of the cell
lysate and 0.2 mL of p-nitrophenylphosphate (pNPP)
substrate solution (BioVision) was prepared, and incu-
bated for 30 min at 37 °C. After that, 2 M NaOH solution
was added for ending the reaction. The absorbance was
reported by a microplate reader (Stat Fax 3200; Aware-
ness Technology) at 405 nm. Also, the normalization of
the ALP quantity in the cultured cells was performed
against the total protein content. The negative and
positive control groups were considered cells cultured
on TCP with and without osteogenic differentiation
medium, respectively.

Statistical analysis

All results were reported as mean = standard deviation
(SDs). The data comparison was carried out by one-way
analysis of variance (ANOVA) employing SPSS 16.0 soft-
ware (SPSS) after ensuring of the normality as well as
the homoscedasticity of the results. At least three sam-
ples were examined for each experiment. Each experi-
ment was run at least 3 times and in case of obtaining the
similar results, it was statistically analyzed and reported
as the final result. The differences with p values of<0.05
were considered to be significant.

Results and discussion

An ideal bone scaffold should meet several criteria to
be introduced as an appropriate alternative of the other
therapeutic approaches. Based on the previous inves-
tigations, although PHEMA-Gel scaffold presented
significant biological responses, it does not have ade-
quate mechanical strength which is an essential factor
for a load-bearing tissue such as bone [23]. It has been
proved that the presence of GO could enhance the scaf-
fold structural strength [27]. Also, it is important for a
scaffold to have a degradation rate in compliance with
the healing process of the tissue. It is demonstrated that
GO could improve the degradation rate of the scaffold
to an acceptable extent [27]. On the other hand, GO as a
carbon-based nanomaterial can mimic the electrophysi-
ologic environment of bone tissue by its electroactive
characteristic [46]. Therefore, the aim for selecting these
components was to benefit from each one of the materi-
als advantages such as the stability of PHEMA, the cellu-
lar interaction of Gel, and the electrical conductivity, the
mechanical strength, and the osteogenic activity of GO.
All together could result in fabricating a scaffold with
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Table 1 Scaffold preparations and groups

Abbreviations Scaffolds

PHEMA-Gel-0 PHEMA + Gel

PHEMA-Gel-1 PHEMA + Gel +0.25% w/v GO
PHEMA-Gel-2 PHEMA + Gel 4 0.5% w/v GO
PHEMA-Gel-3 PHEMA + Gel +0.75% w/v GO

optimum structural and cellular properties for bone tis-
sue engineering.

Scaffold characterizations

The prepared scaffolds were appointed as shown in
Table 1. Also, the obtained GO solutions in DMF with
different concentrations and the microscopic images of
the prepared scaffolds by freeze-drying method are dis-
played in Fig. 1.

Figure 2 shows the results of the FTIR spectra of
the synthesized samples as well as GO powder. In
the spectrum of PHEMA (Fig. 2-a) the O-H broad
peak in the range of 3220-3390 cm™!, C-H stretch-
ing at 2940 cm™!, C=0 stretching at 1710 cm™!, C-H
bending at 1450 cm™!, C-O stretching at 1380 cm ™,
and C-O-C stretching at 1150 cm™' could be attrib-
uted to this polymer [47-49]. The detected peaks in
the spectrum of Gel (Fig. 2b) are associated with O-H
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band at 3430 cm™!, amide B at 2930 cm™), amide I at
1650 cm™}, and amide II at 1540 cm ™! [34]. In the spec-
trum of PHEMA-Gel (Fig. 2¢), the characteristic peaks
of PHEMA are O-H peak at 3420 cm™!, C-H stretch-
ing at 2880 cm™!, C=0 stretching at 1630 cm™!, C-H
bending at 1440 cm™Y, C-0 stretching at 1390 cm™,
and C—O-C stretching at 1150 cm ™' [47-49]. The men-
tioned O-H peak at 3420 cm™}, could also be related to
Gel as well as, amide B peak at 2930~ and amide II peak
at 1530 cm™. It should be stated that in this spectrum,
the intense peak at 1630 cm™! can be attributed to both
carbonyl groups of PHEMA and amide I of Gel [34].
The characteristic peaks in spectrum of GO (Fig. 2-d)
are O—H band at 3420 cm™!, C=0 at 1720 cm™!, C=C
aromatic at 1630 cm™!, C-O-H at 1390 cm™}, C-O
stretching at 1150 cm ™, and C-O-C at 1060 cm™" [50].
For PHEMA-Gel-GO (Fig. 2-e), the PHEMA-related
peaks are O—H peak at 3420 cm™!, C—H stretching at
2940 cm™!, C=0 stretching at 1720 c¢cm™!, C-H bend-
ing at 1450 cm™', C-O stretching at 1400 cm™’, and
C-O-C stretching at 1160 cm ™' [47-49]. Moreover, the
visible peaks of Gel in the spectrum are O—H band at
3420 cm™!, amide B at 2940 cm™!, amide I at 1660 cm ™},
and amide II at 1480 cm™! [34]. Also, the absorption of
GO functional groups corresponds to the intense peak
of O-H at 3420 cm™!, C=0 at 1720 cm™!, C=C aro-
matic at 1660 cm™!, C-O-H at 1390 cm™!, C-O at
1160 cm™}, and C-O-C at 1070 cm™! [50]. Based on

Fig. 1 a GO solutions in DMF. b Microscopic images of the scaffold with different concentrations of GO
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the data obtained from FTIR spectra, the synthesis of
PHEMA via radical polymerization was successfully
accomplished and the fabricating of the scaffolds com-
posed of PHEMA-Gel as well as, PHEMA-Gel-GO was
approved.

Figure 3 presents the XRD patterns of the prepared
scaffolds in the angle range of 5°<26<80°. In the pattern
of pure PHEMA (Fig. 3-a), a relatively broad peak can be
observed at 19.5°. Also, two quite broad peaks are shown
at 30° and 41.3° which reveal the amorphous nature of
PHEMA [51]. Figure 3-b indicates the amorphous struc-
ture of pure Gel with a wide peak at 21°, as well [52]. For
PHEMA-Gel scaffolds (Fig. 3-c), a wider peak in the area
of 19° with less intensity compared to pure PHEMA and
pure Gel as well as a minor peak at 40° are visible. The
results suggest that the structure of PHEMA-Gel com-
posite has even less crystallinity than its individual com-
ponents [51, 52]. A peak at 10.9° is associated with the
lattice d-spacing of 0.82 nm of GO in Fig. 3-d [53]. In
the XRD pattern of PHEMA-Gel-GO scaffold (Fig. 3-
e), the presence of GO improved the crystallinity of the
composite scaffold based on the observation of a sharper
peak at 18.5° and the broad peaks at 30° and 40° related
to PHEMA [46, 51, 52]. The absence of regular GO dif-
fraction can be related to the homogenous dispersion of
GO in the matrix of PHEMA and Gel which causes in the
foundation of an exfoliated structure [54].

The SEM images of the prepared scaffolds are shown
in Fig. 4. Accordingly, it can be stated that the obtained
structures were porous and interconnected with random
orientations. One of the most essential criteria in deter-
mining an ideal scaffold in tissue engineering is the inter-
connectivity of the pores [4]. The pore size ranges were
estimated to be 100+10 to 300+10 pym for PHEMA-
Gel-0 and PHEMA—-Gel-1 as well as, 50£ 5 to 200 £ 8 pm
for PHEMA-Gel-2 and PHEMA-Gel-3. Based on the
previous investigations, it could be stated that the men-
tioned ranges are appropriate for growth and regenera-
tion of bone tissue [55]. Moreover, according to the SEM
images, it seems that an increase in GO concentration
led to a decrease in the average pore sizes which has also
been confirmed in the earlier researches. In an assess-
ment of the bone scaffolds containing PCL and GO by
Mohammadi et al., it was observed that a 0.5% increase
in GO clearly reduces the size of the pores [13].

Mechanical characteristics of the scaffolds present a
key role for providing structural support and load-bear-
ing ability to the bone tissue [56]. Furthermore, mechani-
cal properties have an undeniable impact on regulating
subcellular, cellular, and tissue responses [13]. Figure 5
displays the compressive modulus (linear region slopes
of the stress—strain curves) of the scaffolds bearing the
25 kN load cell with a loading rate of 1 mm/min. As can
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be seen, the compressive modulus increased with GO
concentration from 9.034+0.36 MPa for PHEMA-Gel-0
to 42.82+1.63 MPa for PHEMA-Gel-3 and significant
enhancement could be observed between all the samples
(p value <0.0001). The obtained results were higher than
that was reported by Babic et al; a scaffold composed
of PHEMA, Gel, alginate and GO being fabricated by
freeze-drying method [57].

Moreover, considering the enhancement of the com-
pressive strength (as the slope of the stress—strain curve)
by GO increase, it can be deduced that increasing the
GO concentration enhanced the toughness (ability to
absorb energy before failure) of the scaffolds extracted
from the area below the stress—strain curve [58]. These
improvements could be correlated to the state that GO
might act as a crack resistor for preventing the propaga-
tion of the cracks [59]. It is well known that the bone tis-
sue should bear different amounts of stress in life time
which causes many microcracks; thus, crack resisting is
a significant property for a bone scaffold [60]. Due to the
ability of GO to establish a relatively strong interaction
with the polymer matrices, this interaction could create
the bridges between the microcracks which leads to stop-
ping the propagation of the microcracks and preventing
the formation of the larger cracks [61]. Therefore, as the
concentration of GO increases, the greater distribution
of the GO particles occurs and this will establish stronger
interactions, make the scaffolds stiffer, and augment the
scaffolds compressive strength [62]. The mechanical eval-
uation results agreed with the previous investigations;
Purohit et al. revealed that the compressive strength of a
scaffold composed of Gel and alginate could be tailored
by varying the GO concentration. The results indicated
that the compressive modulus of the scaffold has an
improvement of 83% by addition of GO and increasing its
concentration to 0.3% w/v [27]. Also, in another research,
the compressive strength assessment of a structure com-
prised of collagen, chitosan, alginate, and GO approved
the reinforcing influence of GO on the polymer matrix
leading to the enhancement of the scaffold stiffness and
compressive modulus [63]. Furthermore, a compressive
modulus in the range of 1.5-45 is equivalent to the can-
cellous bone. This means that compressive strength of
the prepared scaffolds is appropriate for applying in can-
cellous bone [64].

An important feature that impacts on the interac-
tion between the cells and the surface of the scaffolds
is hydrophilicity which was evaluated by water contact
angle assessment. As expected, the contact angle of
the scaffolds (Fig. 6) was decreased by increasing the
concentration of GO from 78.7°+£5.3° for PHEMA-
Gel-0 to 72.5°+1.4° for PHEMA-Gel-2 which could
be associated with a large number of the hydrophilic
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Fig. 4 SEM images of the scaffolds with different magnitudes, a, b PHEMA-Gel-0, ¢, d PHEMA-Gel-1, e, f PHEMA-Gel-2, and g, h PHEMA-Gel-3
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functional groups such as COOH, C=0, O-H, and
C-0O-C in the structure of GO [8, 27]. The improve-
ment of hydrophilicity via increasing GO concentra-
tion has been confirmed in previous researches. It was
demonstrated in a study by Zhou et al. that a GO con-
centration increases from 0 to 1 percent w/v within
polyhydroxybutyrate matrix causing a 54° reduction
of water contact angle [9]. Aidun et al. reported the
enhancement of surface hydrophilicity by increas-
ing the rate of GO in an electrospun composition of
PCL, chitosan, and collagen even with the reduction of
mean pore size [65]. However, surprisingly, there was

an increase in the contact angle of PHEMA-Gel-3 to
85.8°1+0.14°. The reason might be the existing carbonyl
(C=0) and methyl (CH;) groups in PHEMA and GO
which could lead to the hydrophobicity of the scaffolds
[66]. Therefore, with an excessive increase in GO con-
tent, the mentioned hydrophobic functional groups
may overcome the hydrophilicity of the structure which
results in water contact angle increase. Based on the
previous researches, it was suggested that the suitable
range of water contact angle for the scaffolds to interact
with different types of cells is in the range of 40°-80°
[67]. Hence, it could be concluded that except for the
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Table 2 Electrical conductivity of the prepared scaffolds

Scaffolds PHEMA-Gel-0 PHEMA-Gel-1 PHEMA-Gel-2 PHEMA-Gel-3
Electrical conductivity (S/m) 4484016 (*107) 3514005 (* 107 1104004 (* 1073) 155 (*1079)

PHEMA-Gel-3, the synthesized scaffolds have appro-
priate hydrophilicity for cell interactions.

The electrical activity of the scaffold could affect stimu-
lating bone cells. The results of the electrical conductivity
assay are shown in Table 2. The conductivity of the scaf-
folds is enhanced by the increase in GO concentrations
and reached the range of 107 S/ m for PHEMA-Gel-2
and PHEMA-Gel-3. The results of this test are in accord-
ance with previous researches [46]. Also, an electroactive
scaffold composed of GO and chitosan which was fabri-
cated by Jiang et al. demonstrated the optimized electri-
cal conductivity of 1.6 * 107 S/m [68].

For the aim of evaluating the bioactivity potential of
the prepared scaffolds in vivo, samples were immersed
in SBF for 7 days and the apatite formation on their
surface was investigated. Based on the SEM images, no
calcium phosphate (CP) formation was observed on the
surface of the PHEMA-Gel-0 (Fig. 7a, b). In PHEMA-
Gel-1 (Fig. 7-c and 7-d), the formation of CP crystallites
is visible. On the surface of PHEMA-Gel-2 (Fig. 7-e and
7-f), a high amount of scattered fine CP crystals can be
remarkably observed with an approximate size of 2 pm
[69]. The SEM pictures of PHEMA-Gel-3 (Fig. 7f, g),
display the crystallites and the primitive steps of fine
CP crystal formation on their surface. According to the
SEM results, it could be concluded that the presence of
GO in the structure of the scaffolds improves the calcium
phosphate formation which could enhance the bone for-
mation potential in vivo. Among the scaffolds studied in
this research, PHEMA-Gel-2 and PHEMA-Gel-3 seem
to provide an optimized environment appropriate for the
bioactivity of the scaffold.

The atomic ratio of Ca/P of PHEMA-Gel-1 was dem-
onstrated by EDX analysis (Fig. 8-a). This ratio was about
1.30 which indicated the stoichiometric ratio of another
type of CP called octacalcium phosphate (OCP) [70].
Also, the images of the OCP crystallite formed on the
scaffold surface could be detected in the SEM of this scaf-
fold (Fig. 8-b).

As was mentioned above, the CP on the surface of the
scaffolds is OCP. OCP is considered to be a precursor of
apatite formation, since previous researches suggest that
OCP requires lower activation energy for nucleation than
hydroxyapatite (HA) [71, 72]. The presence of OCP in
the mineralization process of bone has also been proven
[73-75]. On the other hand, the degradability evaluation
of this research showed that the immersed scaffolds in

PBS led to a decrease in pH compared to the neutral state
in the first week and the pH increased again with the pas-
sage of weeks. Since higher pHs lead to more direct HA
formations, this issue might be one of the explanations
for OCP formation after 7 days soaking in SBF [73, 76].

For the aim of investigating the biomineralization of an
electrospun scaffold composed of PCL and OCP, Heydari
et al. soaked the samples in SBF for 9 days. The results
demonstrated that the addition of OCP significantly
enhanced the potential of apatite formation on the scaf-
fold surface [77]. Recently in a research, the bioactivity
of a novel scaffold comprised of B-tricalcium phosphate
(B-TCP) and OCP have been evaluated by immersing the
scaffolds in SBF for 28 days. The authors indicated that
OCP had stronger biological activity in comparison with
B-TCP since the compactness and uniformity of HA dep-
osition on the scaffolds surface could be improved with
the increase in OCP [78].

OCP has appeared beyond expectations in bone regen-
eration studies. Kamakua et al. examined the potential
of bone regeneration for a scaffold composed of collagen
and OCP. After 8 weeks of implantation in rat crania,
radiographic and histological investigations exhibited
significant bone nucleation in the critical-sized bone
defects as well as improvement in the percentage of new
bone formation compared to the collagen scaffold [79].
In another study, the same authors, evaluated the bone
regeneration of collagen/OCP in a clinical trial with two
patients who had radicular cysts. After 3 and 6 months
of implantation, radiographic results showed efficient
healing with a meaningful increase in computed topogra-
phy. Interestingly, no infection or allergic reactions were
observed in the entire period [80]. Bone regeneration
capability of OCP has also been proved by histological
evaluations of OCP 3-dimensional (3D) printed scaffolds
which were implanted in rabbit’s cranial. The scaffolds
reduced the diameter of the bone defect 2.5 times in a
region where natural bone regeneration was too ineffi-
cient [81].

The swelling ratio of a scaffold plays a key role in inter-
acting with cells. On the other hand, it has a significant
impact on the rate of scaffold degradation [82]. Figure 9
demonstrates the swelling ratio of the scaffolds after
placing in PBS (pH 7.4). As could be observed, in the first
0.5 h, the scaffolds began to absorb water rapidly and the
water absorption decreased by increasing the concentra-
tion of GO in the structure; given that the water uptake
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Fig. 7 SEM images of the scaffolds immersed in SBF for 7 days with different magnitudes, a, b PHEMA-Gel-0, ¢, d PHEMA-Gel-1, e, f PHEMA-Gel-2,
and g, h PHEMA-Gel-3
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of PHEMA-Gel-0, PHEMA-Gel-1, PHEMA-Gel-2, and
PHEMA-Gel-3 were 332, 251, 224 and 198%, respec-
tively. Gradually, at specific time points of 1, 3, 6, 24,
and 26 h, the water absorption of the scaffolds increased
with maintaining the mentioned trend and reached the
equilibrium at 48 h. The PHEMA-Gel-3 reached the
equilibrium earlier than the other scaffolds at 24 h (with

a final swelling ratio of 254%). The final water uptake of
PHEMA-Gel-0, PHEMA-Gel-1, and PHEMA-Gel-2
were 522, 438, and 373%, respectively.

Although it was expected to obtain the reverse trend
of swelling ratio compared to the water contact angle
as a result of GO addition based on the previous litera-
tures (the less water contact angle resulted in the more
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swelling ratio), similar pattern was observed for these
parameters (except for PHEMA-Gel-3) [83]. The reason
could be the effect of the presence of GO on reducing the
pore size and hardening of the scaffold. Obviously, as the
structure becomes harder and the porosity decreases,
water hardly enters the structure. Based on the results,
it could be claimed that the stability and maintaining the
integrity of the scaffold in the fluid environment inside
the body could be improved by increasing the concentra-
tion of GO [84-86].

The degradation rate has an undeniable effect on
the final fate of the scaffold in the body and the repair
of damaged tissue [87]. The weight loss percentage of
the scaffolds after 8 weeks immersing in PBS (pH 7.4)
at 1-week time points is shown in Fig. 10. As can be
observed, PHEMA-Gel-0 was rapidly degraded in the
first 4 weeks, lost almost 60% of its weight at the end of
the fourth week, and completely lost its structure after
6 weeks. PHEMA-Gel-1 had a more relative stability;
49% of its initial weight was lost after 4 weeks and by
the end of the 8 week, about 18% of the initial weight
remained. However, PHEMA—Gel-2 and PHEMA-Gel-3
maintained their stability and after 8 weeks, they lost
only 39% and 35% of their weight, respectively. Since
according to the revealed data, the bone repair process
will take about 6-8 weeks, the degradation rate of the
PHEMA-Gel-2 and PHEMA-Gel-3 scaffolds appears
to be commensurate with the mentioned time, because
a weight loss of about 40% in 8 weeks maintains the
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integrity and the essential strength of the structure prop-
erly. Besides, it provides the space needed for bone repair
and facilitates the process of new bone formation [88].
Therefore, it can be inferred that increasing of GO con-
centration reduces the degradation rate and supports the
integrity of the scaffold structure. This is also in line with
the results obtained for the swelling ratio; obviously, the
higher water absorption, accelerates the hydrolysis degra-
dation process. The output of the degradation assay is in
compliance with the previous researches [84].

For the aim of evaluating the pH of the scaffolds by-
products, during the degradation assay and after the
scaffolds were removed, the pH of the PBS solutions
was measured (Fig. 11). Based on the diagram, it could
be stated that the pH decreased compared to the neu-
tral state in the first week and the more GO concentra-
tion led to more pH decrease. These pH values increased
and became more alkaline by the time passage regarding
the noted GO concentration-based trend. The reason
behind the decrease in the PH in the first week was prob-
ably the release of the particles comprises acidic func-
tional groups such as carboxyl, carbonyl, and hydroxyl
[89]. According to the FTIR results, PHEMA contains
carbonyl groups and GO contains carbonyl and carboxyl
groups. Moreover, the hydroxyl group could be attributed
to PHEMA, Gel, and GO. Consequently, the release of
the other non-acidic functional groups led to the increase
in the PH in the next 7 weeks [90]. Furthermore, more
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Fig. 10 Degradation rate of the prepared scaffold in PBS (pH=7.4)
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Fig. 12 MTT assay results for evaluating the viability of the
hBM-MSCs cultured on the scaffolds after 48 h, c and d: significant
difference compared to a, b, and e (p value < 0.05)

GO concentration resulted in more acidic PH due to the
GO acidic functional groups.

Cellular evaluations

The MTT evaluation was performed to assess hBM-
MSC:s viability, 48 h after the culture (Fig. 12). Accord-
ing to this chart, cells viability on TCP (control sample)
was not significantly different from PHEMA-Gel-0 and

PHEMA-Gel-1. PHEMA-Gel-2 and PHEMA-Gel-3
scaffolds presented relatively less viability than TCP,
PHEMA-Gel-0, and PHEMA-Gel-1 (p value <0.05). The
results of MTT assay indicated the cytocompatibility and
non-toxicity of the PHEMA-Gel-GO scaffolds which is
in compliance with the recent investigations [23, 57].

Figure 13 shows the SEM images of the seeded hBM-
MSCs on the scaffolds after 48 h. The adhesion of cells
on PHEMA-Gel-0 (Fig. 13a, b) is rarely observed in a
scattered manner. However, with the addition of GO,
not only the number of cells located on the surface of the
scaffolds increased, but also the scaffolds containing GO
seemed to have a much better interaction with the cells
and that is due to the fact that the cells have expanded
their appendages and become elongated, which have
been amplified by the increase in GO concentration. This
result indicates that the presence of GO can facilitate
and support the cell adhesion and growth by providing a
favorable substrate [8].

Figure 14 shows the ALP expression of the prepared
scaffolds after 7, 14, and 21 days. It should be noted that
the PHEMA-Gel-2 was selected as the representative
sample for this analysis. This sample was selected due
to its desirable structural and cellular characterizations
results obtained on previous characterizations. As can be
observed, at day 7, PHEM A—Gel-2 scaffold demonstrated
a significant higher expression than the negative control
(without osteogenic differentiation medium). At day 14,
remarkable increase could be seen for PHEMA-Gel-0
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Fig. 13 SEM images of the hBM-MSCs cultured on the scaffolds after 48 h with different magnitudes, a, b PHEMA-Gel-0, ¢, d PHEMA-Gel-1, e, f
PHEMA-Gel-2, and g, h PHEMA-Gel-3
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and PHEMA-Gel-2 scaffold compared to the negative
control. Moreover, the PHEMA—-Gel-2 scaffold had a
greater osteogenic differentiation than the PHEMA-
Gel-0 scaffold. The same trend was also maintained at
day 21 and the ultimate ALP expression for PHEMA—
Gel-2 scaffold reached approximately 70% of the positive
group (with osteogenic differentiation medium).

The reason behind the improvement of the ALP
activity by GO addition could be attributed to the
stiff augmentation of GO as aforementioned. Accord-
ing to the earlier researches, the structural stiffness
caused by the presence of GO could alter the cellular
morphology through creating mechanical stimulation
and impacting on the cytoskeleton tension [91]. This
occurrence would increase the possibility of differen-
tiation to bone cell lines since the prepared synthetic
structure can better mimic the ECM of natural bone
tissue [92, 93]. Moreover, this biophysical factor as a
mechanotransduction cascade initiator, performs a
key role on controlling the intracellular pathways and
accelerating the osteogenic differentiation of the stem
cells by transforming the intra-mechanical forces into
biochemical differentiative cues [94-96]. As stated in
the previous literatures, GO could regulate the bone

morphogenic protein (BMP) and mitogen-activated
protein kinase (MAPK) signaling pathways which are
effective for osteogenic differentiation [91, 97, 98]. On
the other hand, it has been reported that the hydroxyl
functional group of GO can enhance the hydrogen
bonding between the scaffold surface and the existing
protein which eventually causes more cellular affin-
ity to the surface. It was revealed in a study that GO
could affect the induction of prostaglandin E2 (PGE2)
secretion and upregulation of transforming growth
factor beta 1 (TGF-p1). PGE2 and TGF-P1 are both
important factors for osteoblastic differentiation by
the increase in ALP activity [99]. Thus, it could be
claimed that the prepared PHEMA—-Gel-2 scaffold has
an acceptable capability for osteogenic differentiation.

Conclusion

According to the findings, the inclusion of GO rendered
the scaffolds suitable for use as a load-bearing tissue in
bone. The electroactivity and bioactivity of the scaffolds
caused by GO were also considerable characteristics as
they led to the optimum mimicking of the bone electro-
physiologic environment. The increase in GO concentra-
tion approximated the degradation rate of the scaffolds
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to the bone repairing process. The osteogenic capability
of the scaffolds was further enhanced by the addition of
GO, which was approved by ALP expression. Consider-
ing the obtained desirable structural properties and the
proper cellular interactions, it is suggested to assess the
efficiency of the prepared composition in vivo. More
experiments are also required to investigate the potential
of the fabricated structure for possible clinical applica-
tion. Also, computer-aided design (CAD) methods could
be utilized to optimize the concentrations of the individ-
ual components as well as the structural indicators such
as dimensions and pore size and shape.

Abbreviations

GO: Graphene oxide; PHEMA: Poly(2-hydroxyethyl methacrylate); FTIR: Fourier-
transform infrared spectroscopy; XRD: X-ray diffraction assay; SEM: Scanning
electron microscopy; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetra-
zolium bromide; hBM-MSCs: Human bone marrow-derived mesenchymal
stem cells; ALP: Alkaline phosphatase; PLA: Polylactic acid; PGA: Polyglycolic
acid; PCL: Polycaprolactone; Gel: Gelatin; RGD: Arg-Gly—-Asp; DMF: Dimeth-
ylformamide; EDC: 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide; NHS:
N-Hydroxysuccinimide; DI: Deionized; SBF: Simulated body fluid; EDX: Energy-
dispersive X-ray analyzer; PBS: Phosphate-buffered saline; DMEMF12: Dul-
becco’s modified Eagle medium F12; FBS: Fetal bovine serum; UV: Ultraviolet;
DMSQO: Dimethyl sulfoxide; GA: Glutaraldehyde; pNPP: Nitrophenylphosphate;
SDs: =+ Standard deviation; CP: Calcium phosphate; OCP: Octacalcium phos-
phate; HA: Hydroxyapatite; 3-TCP: B-Tricalcium phosphate; 3D: 3-Dimensional;
ECM: Extracellular matrix; BMP: Bone morphogenic protein; MAPK: Mitogen-
activated protein kinase; PGE2: Prostaglandin E2; TGF-31: Transforming growth
factor beta 1.

Acknowledgements
Not applicable.

Author contributions

The experimental phase, the data analysis, and the manuscript writing were
performed by ST. MS did a part of biological data analysis. The main idea was
brought up by NB as the supervisor of the project. Also, the final revision

of the manuscript was done by NB. All authors read and approved the final
manuscript.

Funding
This research was financially supported by Iran National Science Foundation
(INSF) under Grant Number 99011987.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article (and its supplementary information files).

Declarations

Ethics approval and consent to participate

All cell investigations were performed according to the protocol approved
by the Ethics Committee of Tarbiat Modares University, Iran (IRTMU.
REC.1399.053).

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Bio-Computing, Faculty of Interdisciplinary Science

and Technology, Tarbiat Modares University, Tehran, Iran. “Tissue Engineering
and Applied Cell Sciences Division, Department of Anatomical Sciences, Fac-
ulty of Medical Sciences, Tarbiat Modares University, Tehran, Iran. 3Depar‘[men‘[

(2022) 17:216

Page 17 of 19

of Anatomical Sciences, School of Medical Sciences, Tarbiat Modares Univer-
sity, Tehran, Iran.

Received: 26 January 2022 Accepted: 31 March 2022
Published online: 09 April 2022

References

1. Wang P et al. Bone tissue engineering via nanostructured calcium phos-
phate biomaterials and stem cells. Bone Res. 2014,2:14017.

2. Tebyanian H, et al. Effects of collagen/B-tricalcium phosphate bone
graft to regenerate bone in critically sized rabbit calvarial defects. J Appl
Biomater Funct Mater. 2019;17(1):2280800018820490.

3. Baheiraei N, et al. Development of a bioactive porous collagen/p-
tricalcium phosphate bone graft assisting rapid vascularization for
bone tissue engineering applications. J Biomed Mater Res Part A.
2018;106(1):73-85.

4. Meskinfam M, et al. Polyurethane foam/nano hydroxyapatite compos-
ite as a suitable scaffold for bone tissue regeneration. Mater Sci Eng C.
2018;82:130-40.

5. Cipollaro L, et al. Biomechanical issues of tissue-engineered constructs for
articular cartilage regeneration: in vitro and in vivo approaches. Br Med
Bull. 2019;132:53-80.

6. SozenT, Ozisik L, Basaran NC. An overview and management of osteopo-
rosis. Eur J Rheumatol. 2017;4(1):46.

7. Della Porta G, Ciardulli MC, Maffulli N. Microcapsule technology for
controlled growth factor release in musculoskeletal tissue engineering.
Sports Med Arthrosc Rev. 2018;26(2):e2-9.

8. Norahan MH, et al. Reduced graphene oxide: osteogenic potential for
bone tissue engineering. IET Nanobiotechnol. 2019;13(7):720-5.

9. ZhouT, et al. Electrospun poly (3-hydroxybutyrate-co-4-hydroxy-
butyrate)/graphene oxide scaffold: enhanced properties and
promoted in vivo bone repair in rats. ACS Appl Mater Interfaces.
2017;9(49):42589-600.

10. Lamparelli EP, et al. Chondrogenic commitment of human bone marrow
mesenchymal stem cells in a perfused collagen hydrogel functionalized
with hTGF-31-releasing PLGA microcarrier. Pharmaceutics. 2021;13(3):399.

11. Gregor A, et al. Designing of PLA scaffolds for bone tissue replacement
fabricated by ordinary commercial 3D printer. J Biol Eng. 2017;11(1):31.

12. Cao H, Kuboyama N. A biodegradable porous composite scaffold of
PGA/B-TCP for bone tissue engineering. Bone. 2010;46(2):386-95.

13. Mohammadi S, et al. Graphene oxide-enriched poly (e-caprolactone)
electrospun nanocomposite scaffold for bone tissue engineering applica-
tions. J Bioact Compat Polym. 2017;32(3):325-42.

14. Tanasa E, et al. Impact of the magnetic field on 3T3-E1 preosteoblasts
inside SMART silk fibroin-based scaffolds decorated with magnetic nano-
particles. Mater Sci Eng C. 2020;110:110714.

15. Samavedi S, et al. Synthetic biomaterials for regenerative medicine appli-
cations. In: Regenerative medicine applications in organ transplantation.
Elsevier; 2014. p. 81-99.

16. Lombello C, Malmonge S, Wada M. PolyHEMA and polyHEMA-poly
(MMA-co-AA) as substrates for culturing Vero cells. J Mater Sci Mater Med.
2000;11(9):541-6.

17. De Giglio E, et al. Development and characterization of rhVEGF-loaded
poly (HEMA-MOEP) coatings electrosynthesized on titanium to enhance
bone mineralization and angiogenesis. Acta Biomater. 2010;6(1):282-90.

18. Fathi A, et al. Elastin based cell-laden injectable hydrogels with tunable
gelation, mechanical and biodegradation properties. Biomaterials.
2014,35(21):5425-35.

19. Liu G et al. Poly(y-glutamic acid) induced homogeneous mineraliza-
tion of the poly(ethylene glycol)-co-2-hydroxyethyl methacrylate
cryogel for potential application in bone tissue engineering. RSC Adv.
2015;5(26):20227-33.

20. Bayramoglu G, et al. Poly(hydroxyethyl methacrylate-glycidyl meth-
acrylate) films modified with different functional groups: In vitro interac-
tions with platelets and rat stem cells. Mater Sci Eng C. 2013;33(2):801-10.

21. Shahrousvand M, et al. Osteogenic differentiation of hMSCs on semi-
interpenetrating polymer networks of polyurethane/poly(2-hydroxyethyl
methacrylate)/cellulose nanowhisker scaffolds. Int J Biol Macromol.
2019;138:262-71.



Tabatabaee et al. Journal of Orthopaedic Surgery and Research

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33

34

35.

36.
37.
38.
39.

40.

41.

42.

43.

44,

45.

46.

Dragusin D-M, et al. Novel gelatin-PHEMA porous scaffolds for tissue
engineering applications. Soft Matter. 2012;8(37):9589-602.

Getin D, Kahraman AS, Giimusderelioglu M. Novel scaffolds based on
poly(2-hydroxyethyl methacrylate) superporous hydrogels for bone tis-
sue engineering. J Biomater Sci Polym Ed. 2011;22(9):1157-78.

Brynda E, et al. Surface modification of hydrogels based on poly(2-
hydroxyethyl methacrylate) with extracellular matrix proteins. J Mater Sci
Mater Med. 2009;20(4):909-15.

Kubinova S, Horék D, Sykova E. Cholesterol-modified superporous poly(2-
hydroxyethyl methacrylate) scaffolds for tissue engineering. Biomaterials.
2009;30(27):4601-9.

Bolgen N, et al. Stem cell suspension injected HEMA-lactate-dextran cry-
ogels for regeneration of critical sized bone defects. Artif Cells Nanomed
Biotechnol. 2014:42(1):70-7.

Purohit SD, et al. Development of a nanocomposite scaffold of gelatin—
alginate—graphene oxide for bone tissue engineering. Int J Biol Macro-
mol. 2019;133:592-602.

Sarvari R, et al. 3D scaffold designing based on conductive/degrada-

ble tetrapolymeric nanofibers of PHEMA-co-PNIPAAm-co-PCL/PANI

for bone tissue engineering. J Ultrafine Grained Nanostruct Mater.
2018,51(2):101-14.

Kuang L, et al. Self-assembled injectable nanocomposite hydrogels coor-
dinated by in situ generated CaP nanoparticles for bone regeneration.
ACS Appl Mater Interfaces. 2019;11(19):17234-46.

Echave MC, et al. Enzymatic crosslinked gelatin 3D scaffolds for bone
tissue engineering. Int J Pharm. 2019;562:151-61.

Mahdavi R, et al. Bone tissue engineering gelatin—hydroxyapatite/gra-
phene oxide scaffolds with the ability to release vitamin D: fabrication,
characterization, and in vitro study. J Mater Sci Mater Med. 2020;31(11):97.
Jacob J, et al. Piezoelectric smart biomaterials for bone and cartilage tis-
sue engineering. Inflamm Regener. 2018;38(1):2.

Ning C, et al. Electroactive polymers for tissue regeneration: develop-
ments and perspectives. Prog Polym Sci. 2018;81:144-62.

Jalise SZ, Baheiraei N, Bagheri F. The effects of strontium incorporation on
a novel gelatin/bioactive glass bone graft: in vitro and in vivo characteri-
zation. Ceram Int. 2018;44(12):14217-27.

Shuai C, et al. Graphene oxide assists polyvinylidene fluoride scaffold

to reconstruct electrical microenvironment of bone tissue. Mater Des.
2020;190:108564.

Cha G, et al. Carbon-based nanomaterials: multifunctional materials for
biomedical engineering. ACS Nano. 2013;7(4):2891-7.

Karimi M, et al. Carbon-based nanomaterials. In: Advances in nanomateri-
als for drug delivery: polymeric, nanocarbon, and bio-inspired. 2018.

Ku SH, Lee M, Park CB. Carbon-based nanomaterials for tissue engineer-
ing. Adv Healthcare Mater. 2013;2(2):244-60.

Goenka S, SantV, Sant S. Graphene-based nanomaterials for drug delivery
and tissue engineering. J Control Release. 2014;173:75-88.

Nie W, et al. Three-dimensional porous scaffold by self-assembly of
reduced graphene oxide and nano-hydroxyapatite composites for bone
tissue engineering. Carbon. 2017;116:325-37.

Yu P, et al. Self-assembled high-strength hydroxyapatite/graphene oxide/
chitosan composite hydrogel for bone tissue engineering. Carbohyd
Polym. 2017;155:507-15.

Hermenean A, et al. Chitosan-graphene oxide 3D scaffolds as promising
tools for bone regeneration in critical-size mouse calvarial defects. Sci
Rep.2017;7(1):1-12.

Hajji P, et al. Synthesis, structure, and morphology of polymer-silica
hybrid nanocomposites based on hydroxyethyl methacrylate. J Polym Sci
Part B Polym Phys. 1999;37(22):3172-87.

Chahal S, et al. Fabrication, characterization and in vitro biocompatibility
of electrospun hydroxyethyl cellulose/poly(vinyl) alcohol nanofibrous
composite biomaterial for bone tissue engineering. Chem Eng Sci.
2016;144:17-29.

Wang S, et al. Effects of scaffold pore morphologies on glucose
transport limitations in hollow fibre membrane bioreactor for bone
tissue engineering: experiments and numerical modelling. Membranes.
2021;11(4):257.

Norahan MH, et al. Electroactive graphene oxide-incorporated collagen
assisting vascularization for cardiac tissue engineering. J Biomed Mater
Res Part A. 2019;107(1):204-19.

(2022) 17:216

47.

48.

49.

50.

51

52.
53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.
65.

66.

67.

69.

70.

71

Page 18 of 19

Passos MF, et al. PHEMA-PLLA semi-interpenetrating polymer networks:

a study of their swelling kinetics, mechanical properties and cellular
behavior. Eur Polym J. 2016;85:150-63.

Ghamkhari A, Massoumi B, Jaymand M. Novel ‘schizophrenic’diblock
copolymer synthesized via RAFT polymerization: poly(2-succinyloxyethyl
methacrylate)-b-poly [(N-4-vinylbenzyl), N,N-diethylamine]. Des Mono-
mers Polym. 2017;20(1):190-200.

Varguin E, Usanmaz A. Degradation of poly(2-hydroxyethyl methacrylate)
obtained by radiation in aqueous solution. J Macromol Sci Part A Pure
Appl Chem. 2010;47(9):882-91.

Valencia C, et al. Synthesis and application of scaffolds of chitosan-
graphene oxide by the freeze-drying method for tissue regeneration.
Molecules. 2018;23(10):2651.

Siddiqui MN, et al. Synthesis and characterization of poly(2-hydroxyethy!
methacrylate)/silver hydrogel nanocomposites prepared via in situ radi-
cal polymerization. Thermochim Acta. 2016;643:53-64.

Radev L, et al. Organic/Inorganic bioactive materials Part Ill: in vitro bioac-
tivity of gelatin/silicocarnotite hybrids. Cent Eur J Chem. 2009;7(4):721.
Im H, Kim J. Thermal conductivity of a graphene oxide—carbon nanotube
hybrid/epoxy composite. Carbon. 2012;50(15):5429-40.

Chaudhuri B, et al. Myoblast differentiation of human mesenchymal
stem cells on graphene oxide and electrospun graphene oxide—polymer
composite fibrous meshes: importance of graphene oxide conductiv-

ity and dielectric constant on their biocompatibility. Biofabrication.
2015;7(1):015009.

Sharifi E, et al. Preparation of a biomimetic composite scaffold from gela-
tin/collagen and bioactive glass fibers for bone tissue engineering. Mater
Sci Eng C. 2016;59:533-41.

Wang L, et al. Mapping porous microstructures to yield desired mechani-
cal properties for application in 3D printed bone scaffolds and orthopae-
dic implants. Mater Des. 2017;133:62-8.

Babi¢ Radi¢ MM, et al. Degradable 2-hydroxyethyl methacrylate/gelatin/
alginate hydrogels infused by nanocolloidal graphene oxide as promising
drug delivery and scaffolding biomaterials. Gels. 2021;8(1):22.

Fu Q et al. Strength, toughness, and reliability of a porous glass/
biopolymer composite scaffold. J Biomed Mater Res B Appl Biomater.
2018;106(3):1209-17.

Zhang S, et al. Structure, compression and thermally insulating properties
of cellulose diacetate-based aerogels. Mater Des. 2020;189:108502.
Shang L, et al. Graphene and graphene oxide for tissue engineering and
regeneration. In: Theranostic bionanomaterials. Elsevier; 2019. p. 165-85.
Gao C, et al. Enhancement mechanisms of graphene in nano-58S bioac-
tive glass scaffold: mechanical and biological performance. Sci Rep.
2014/4(1):1-10.

Kanayama |, et al. Comparative study of bioactivity of collagen scaf-

folds coated with graphene oxide and reduced graphene oxide. Int J
Nanomed. 2014;9:3363.

Kolanthai E, et al. Graphene oxide—a tool for the preparation of chemi-
cally crosslinking free alginate—chitosan-collagen scaffolds for bone
tissue engineering. ACS Appl Mater Interfaces. 2018;10(15):12441-52.
Planell JA. Bone repair biomaterials. Cham: Elsevier; 2009.

Aidun A, et al. Graphene oxide incorporated polycaprolactone/chitosan/
collagen electrospun scaffold: enhanced osteogenic properties for bone
tissue engineering. Artif Organs. 2019;43(10):E264-81.

Hardinger S. lllustrated glossary of organic chemistry. Retrieved July,
2015.19:p. 2017.

Rivers TJ, Hudson TW, Schmidt CE. Synthesis of a novel, biodegradable
electrically conducting polymer for biomedical applications. Adv Funct
Mater. 2002;12(1):33-7.

. Jiang L, et al. Preparation of an electrically conductive graphene oxide/

chitosan scaffold for cardiac tissue engineering. Appl Biochem Biotech-
nol. 2019;188(4):952-64.

Onuma K, lijima M. Nanoparticles in 3-tricalcium phosphate substrate
enhance modulation of structure and composition of an octacalcium
phosphate grown layer. CrysttngComm. 2017;19(44):6660-72.

Rokidi S, Mavrilas D, Koutsoukos PG. Chapter 16— Calcification of bio-
materials. In: Amjad Z, Demadis KD, editors. Mineral scales and deposits.
Amsterdam: Elsevier; 2015. p. 417-41.

Sriranganathan D, et al. Strontium substituted bioactive glasses for tissue
engineered scaffolds: the importance of octacalcium phosphate. J Mater
Sci Mater Med. 2016;27(2):39.



Tabatabaee et al. Journal of Orthopaedic Surgery and Research

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

o1

92.

93.

94,

95.
96.

97.

Wang L, Nancollas GH. Calcium orthophosphates: crystallization and dis-
solution. Chem Rev. 2008;108(11):4628-69.

Brown W, Eidelman N, Tomazic B. Octacalcium phosphate as a precursor
in biomineral formation. Adv Dent Res. 1987;1(2):306-13.

Hiromoto S, et al. In vitro and in vivo biocompatibility and corrosion
behaviour of a bioabsorbable magnesium alloy coated with octacalcium
phosphate and hydroxyapatite. Acta Biomater. 2015;11:520-30.

Crane NJ, et al. Raman spectroscopic evidence for octacalcium phos-
phate and other transient mineral species deposited during intramem-
branous mineralization. Bone. 2006;39(3):434-42.

Haider A, et al. Strontium-and zinc-containing bioactive glass and algi-
nates scaffolds. Bioengineering. 2020;7(1):10.

Heydari Z, Mohebbi-Kalhori D, Afarani MS. Engineered electrospun poly-
caprolactone (PCL)/octacalcium phosphate (OCP) scaffold for bone tissue
engineering. Mater Sci Eng C. 2017;81:127-32.

Ding X, et al. -tricalcium phosphate and octacalcium phosphate com-
posite bioceramic material for bone tissue engineering. J Biomater Appl.
2020;34(9):1294-9.

Kamakura S, et al. Octacalcium phosphate combined with collagen
orthotopically enhances bone regeneration. J Biomed Mater Res B Appl
Biomater. 2006;79B(2):210-7.

Kawai T, Anada T, Honda Y, Kamakura S, Matsui K, Matsui A, Sasaki K, Mori-
moto S, Echigo S, Suzuki O. Synthetic octacalcium phosphate augments
bone regeneration correlated with its content in collagen scaffold. Tissue
Eng Part A. 2009;15(1):23-32.

Komlev VS, et al. 3D Printing of Octacalcium Phosphate Bone Substitutes.
Front Bioeng Biotechnol. 2015. https://doi.org/10.3389/fbioe.2015.00081.
Sarikaya B, Aydin HM. Collagen/beta-tricalcium phosphate based
synthetic bone grafts via dehydrothermal processing. BioMed Res Int.
2015;2015:1-9.

Pervez M, Stylios GK. Investigating the synthesis and characterization of
a novel ‘green”H202-assisted, water-soluble chitosan/polyvinyl alcohol
nanofiber for environmental end uses. Nanomaterials. 2018;8(6):395.
Unnithan AR, et al. A unique scaffold for bone tissue engineering: an
osteogenic combination of graphene oxide-hyaluronic acid-chitosan
with simvastatin. J Ind Eng Chem. 2017;46:182-91.

Subramani R, et al. The influence of swelling on elastic properties of poly-
acrylamide hydrogels. Front Mater. 2020. https://doi.org/10.3389/fmats.
2020.00212.

Zhong X, et al. Chitosan/poly(e-caprolactone) composite hydrogel for
tissue engineering applications. In: 26th Southern Biomedical Engineer-
ing Conference SBEC 2010, April 30-May 2, 2010, College Park, MD, USA.
Springer; 2010.

Valachové K, et al. Influence of tiopronin, captopril and levamisole thera-
peutics on the oxidative degradation of hyaluronan. Carbohyd Polym.
2015;134:516-23.

Surgeons, CE.CotACo.FaA, Bone healing. 2010.

Yang J, et al. 8— Sorbents for trace elements in coal-derived flue gas. In:
ZhaoY, et al,, editors. Emission and control of trace elements from coal-
derived gas streams. Woodhead Publishing; 2019. p. 287-373.

Speight JG. Chapter 1—Chemistry and chemical technology. In: Speight
JG, editor. Handbook of industrial hydrocarbon processes. Boston: Gulf
Professional Publishing; 2011. p. 1-41.

Wu M, et al. Osteoinductive and antimicrobial mechanisms of graphene-
based materials for enhancing bone tissue engineering. J Tissue Eng
Regen Med. 2021;15(11):915-35.

Kang S, et al. Covalent conjugation of mechanically stiff graphene oxide
flakes to three-dimensional collagen scaffolds for osteogenic differentia-
tion of human mesenchymal stem cells. Carbon. 2015;83:162-72.

Engler AJ, et al. Matrix elasticity directs stem cell lineage specification.
Cell. 2006;126(4):677-89.

Keung AJ, et al. Biophysics and dynamics of natural and engineered
stem cell microenvironments. Wiley Interdiscip Rev Syst Biol Med.
2010;2(1):49-64.

Ingber DE. Cellular mechanotransduction: putting all the pieces together
again. FASEB J. 2006;20(7):811-27.

Chen CS. Mechanotransduction—a field pulling together? J Cell Sci.
2008;121(20):3285-92.

Rodriguez-Carballo E, Gdmez B, Ventura F. p38 MAPK signaling in osteo-
blast differentiation. Front Cell Dev Biol. 2016;4:40-40.

(2022) 17:216

Page 19 of 19

98. Chen G, et al. BMP signaling in the development and regeneration of
cranium bones and maintenance of calvarial stem cells. Front Cell Dev
Biol. 2020. https://doi.org/10.3389/fcell.2020.00135.

99. Dziak R, et al. Prostaglandin E2 binding and cyclic AMP production in
isolated bone cells. Calcif Tissue Int. 1983;35(1):243-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.3389/fbioe.2015.00081
https://doi.org/10.3389/fmats.2020.00212
https://doi.org/10.3389/fmats.2020.00212
https://doi.org/10.3389/fcell.2020.00135

	Fabrication and characterization of PHEMA–gelatin scaffold enriched with graphene oxide for bone tissue engineering
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Polymer synthesis
	Preparation of the scaffolds
	Scaffold characterizations
	Cellular evaluations
	Cytotoxicity and morphology investigations
	Alkaline phosphatase activity

	Statistical analysis

	Results and discussion
	Scaffold characterizations
	Cellular evaluations

	Conclusion
	Acknowledgements
	References


