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Introduction

Enhanced proliferation and osteogenic
differentiation of MC3T3-E1 pre-osteoblasts on
graphene oxide-impregnated PLGA-gelatin
nanocomposite fibrous membranes

Chuan Fu,? Haotian Bai,¥* Qi Hu,* Tianlin Gaot® and Yunshen Bai{*?

Currently, combining biodegradable polymeric scaffolds with living cells for bone repair has received
significant attention. Ideal bone tissue engineering scaffolds should be biocompatible, biodegradable,
and mechanically robust and have the ability to regulate cell function. The aim of this study was to
fabricate graphene oxide-impregnated poly(lactic-co-glycolic acid)-gelatin (GO-PLGA-Gel) nanofibrous
matrices that stimulate osteoblast proliferation and differentiation for bone regeneration. The GO-
PLGA-Gel nanofibrous matrices were comprised of interconnected continuous fibres with three-
dimensional porous structure that were successfully fabricated via an electrospinning process. The
morphology, surface properties, mechanical properties and chemical composition of nanofibrous
matrices were characterized by SEM, ATR-FITR, XRD, a materials testing machine and water contact
angle measurements. Subsequently, fluorescence staining and an MTT assay were utilized to observe the
influence of the Gel and GO on the MC3T3-E1 cell proliferation and attachment in vitro. In addition,
osteogenic differentiation was determined from the alkaline phosphatase activity (ALP), expression of
osteogenic marker genes and alizarin red staining. The results demonstrated that the MC3T3-E1 cells
attachment and proliferation on GO-PLGA-Gel nanofibrous matrices were much higher than on the
pure PLGA nanofibrous matrices. More importantly, GO-PLGA-Gel nanofibrous matrices significantly
increased the alkaline phosphatase activity (ALP), expression of osteogenesis-related genes and calcium
deposition of MC3T3-E1 cells. Our data indicated that blending GO with Gel retained the osteogenesis
nature of GO without negatively influencing the proliferation cell effect of the Gel. Therefore, it is
concluded that the GO-PLGA-Gel nanofibrous matrices are versatile biocompatible scaffolds for bone
tissue engineering.

technique used to produce three dimensional fibrous meshes
with diameters ranging from nanometres to micrometres,
mimicking ECM structures such as collagen fibrils.” Many

Tissue engineering is an interdisciplinary field for the restora-
tion or regeneration of damaged tissues by the biomimetic
fabrication of scaffolds with appropriate microenvironments to
mimic the native extracellular matrix (ECM) and control cellular
behaviours.” In the last two decades, bone tissue engineering
scaffolds with various architectural configurations and geome-
tries have been developed for bone regeneration. To mimic the
native extracellular matrix (ECM), various techniques have been
employed, such as melt extrusion, emulsion templating, self-
assembly, phase separation and electrospinning.*®* Among
these techniques, electrospinning is a simple and effective
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studies have reported that various synthetic and natural poly-
mers, including polycaprolactone, PLGA, collagen and chitosan,
have been electrospun to fabricate potential bone scaffolds that
are utilized as cell-supporting matrices for bone repair.*™*°
PLGA is one of the most promising degradable materials and
attractive for tissue engineering applications due to its good
mechanical properties, adjustable degradation rate,
immunogenicity, and acquisition of FDA approval for human
therapy.'"> PLGA-based electrospun nanofibrous scaffolds have
been used for engineering a wide range of tissues such as
skeletal muscle, cartilage and bone tissues.*** However, the
poor bioactivity and hydrophobic properties of PLGA have
limited its biological applications. One strategy to solve this
problem is to blend PLGA with other biopolymers, such as silk
fibroin, hyaluronic acid and gelatin to improve the bioactivity of
PLGA.'*"® Gelatin is a natural biopolymer derived from high
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molecular weight collagen; it has been widely used in many
aspects of tissue engineering because of its many advantages,
including a biological origin, excellent biocompatibility and
biodegradability.’ Furthermore, since gelatin is a denatured
biopolymer, the selection of gelatin as a bone tissue engineering
scaffold materials can avoid the immunogenicity and pathogen
transmission problems related to collagen.”® Many studies have
demonstrated that gelatin could efficiently improve the surface
properties of electrospun nanofibrous scaffolds by enabling the
cells to adhere on composite scaffolds more easily and prolif-
erate to a sufficient number for tissue regeneration. Lee et al.
fabricated  poly(i-lactide-co-3-caprolactone)  (PLCL)/gelatin
composite electrospun nanofibrous scaffolds with different
weight ratios and found that inclusion of 10% gelatin could
significantly improve the cytocompatibility of PLCL/gelatin
composite scaffolds.”® A systemic study reported that gelatin
can enhance and improve the hydrophilicity, protein adsorp-
tion and bioactivity properties of electrospun scaffolds effec-
tively; however, the gelatin alone possesses limited
osteoinductive abilities that have restricted its regenerative
stimulation of large bone defects. Therefore, to improve the
osteogenic activity of gelatin-blended nanofibrous scaffolds, the
addition of some other components to the composite with good
osteoconductive properties might be needed.

Graphene oxide (GO) is an oxidized derivative of graphene
and has many hydrophilic functional groups, such as hydroxyl
and carboxyl groups, that present high dispersibility in aqueous
solutions, better hydrophilicity and can server as anchor sites
for binding with metal ions or nanoparticles.?” Previous studies
have shown that GO can enhance both the mechanical prop-
erties of the substrates and the cellular behaviour.**** More-
over, it is worth mentioning that the GO can be efficiently
functionalized with chitosan, dopamine, and other biomate-
rials through m-m stacking, electrostatic, and hydrophobic
interactions.”**” Furthermore, GO substrates can promote
proliferation and differentiation of various cell lines, including
induced pluripotent stem cells (iPSCs), C2C12 myoblasts and
PC12 cells.>®>* Therefore, GO can act as an effective reinforce-
ment filler in scaffold materials to improve their biological
properties in areas such as cell adhesion, growth and differen-
tiation. For example, Dai et al. found that incorporation of GO
into PLGA nanofibers could facilitate the proliferation and
osteogenic differentiation of mouse mesenchymal stem cells.*
We hypothesized that the GO can be used as a bio-building
block for scaffold substrates to obtain an ideal scaffold with
improved mechanical and biological properties.

In this study, hybrid nanofibers, from blending GO, PLGA
and Gel, that are analogous to the natural ECM, were fabricated
by an electrospinning technique. Our aim was to investigate
whether these electrospun GO-PLGA-Gel nanofibrous matrices
could be used as an ideal candidate for bone tissue engineering.
For this purpose, we fully characterized the physicochemical and
mechanical properties of GO-PLGA-Gel nanofibrous matrices
using various techniques including scanning electron micros-
copy (SEM), attenuated total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR) spectroscopy, X-ray diffraction
(XRD), contact angle measurements, and a materials testing
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machine. Furthermore, the GO-PLGA-Gel nanofibrous matrices
were then subjected to cell culture (MC3T3-E1 cell) to evaluate
the effect of GO and Gel on cell behaviours, including adhesion,
proliferation, and differentiation.

Experiments

Materials

PLGA (molecular weight = 150 000, LA/GA = 75/25) was
synthesized by the Changchun Institute of Applied Chemistry,
Chinese Academy of Sciences (CIAC, China). GO was purchased
from Chengdu Organic Chemicals Co. Ltd, China (thickness:
0.55-1.2 nm diameter: 0.5-3 um). Bovine serum albumin (BSA)
was obtained from Beijing Solarbio Science & Technology Co.,
Ltd. 1,1,1,3,3,3-Hexafluoroisopropanol (HFIP), gelatin, 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT), and the BCA protein assay kit were purchased from
Sigma-Aldrich (USA). The reagents for cell experiments were
purchased from Gibco (USA).

Fabrication of GO-PLGA-Gel fibrous matrices

GO-PLGA-Gel nanofibrous matrices were fabricated by elec-
trospinning. Briefly, PLGA (20 wt%) was dissolved in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP). Gelatin was then dissolved in
PLGA solution to prepare the composite solution of PLGA/Gel
(PLGA : gelatin = 9:1). The composite solution was then
doped with 2 wt% graphene oxide, and homogenized for 12 h by
ultrasonication to form a uniform suspension. After that, the
mixture solution of PLGA, Gel and GO was directly electrospun
onto the aluminium foil-covered collector (applied voltage: 20
kv, flow rate of the solution: 1 mL h™', air gap distance: 20 cm;
injection needle diameter: 0.61 mm). To remove the residual
solvent, the GO-PLGA-Gel nanofibrous matrices were
completely dried under vacuum at room temperature for 1 day.
Meanwhile, the nanofibrous matrices were washed three times
in absolute ethanol before vacuum drying in order to remove
the HFIP completely.

Physicochemical and mechanical characterizations of GO-
PLGA-Gel nanofibrous matrices

The surface morphology of the nanofibrous matrices was
examined by a scanning electron microscope (SEM, XL 30
ESEM-FEG, FEI). The average fibre diameter was statistically
analyzed with Image J software. The chemical properties and
crystalline structure of the matrices were analyzed with atten-
uated total reflectance (ATR)-FTIR spectroscopy (ATR-FTIR,
Perkin Elmer, ATR-FTIR-2000) and X-ray diffraction (XRD, D8
ADVANCE, Germany). To analyse the surface hydrophobicity,
water contact angles of the matrices were measured using
a contact angle measurement system (VAC2000, AST). The
mechanical properties of the matrices were tested by a universal
mechanical testing machine (Instron 1121, UK), using fibre
matrices with a width of 10 mm and initial length 30 mm.
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Protein adsorption capacity of GO-PLGA-Gel nanofibrous
matrices

Bovine serum albumin (BSA) is a common kind of model
protein that is used widely to determine the protein adsorp-
tion capacity of tissue engineered materials.**** In this study,
BSA was selected as a model protein to determine the
adsorption efficiencies of synthesized nanofibrous matrices.
The matrices were tailored into 15 mm discs, fitted into a tube,
and incubated with 10 mL of BSA solution (10 mL, 2 mg mL ™)
under stirring at 150 rpm for 24 h. The adsorbed BSA
concentration was determined through the concentration
reduction of BSA within the samples using a BCA protein assay
(wave length = 562 nm). Furthermore, rhodamine B labelled
BSA (Sigma) solution (1 mg mL ') was incubated in the
matrices for 2 h. Then the samples were rinsed in PBS three
times and mounted for visualization with a fluorescence
microscope (TE2000-U, Nikon).

Cell spreading, attachment, and proliferation assays

MC-3T3-E1 cells (obtained from the Cell Culture Centre of the
Institute of Basic Medical Sciences Chinese Academy of
Medical Sciences, China) were cultured in high-glucose DMEM
supplemented with 10% foetal bovine serum, 100 U mL™*
penicillin, and 100 mg mL ™" streptomycin. The culture
conditions were maintained at 37 °C in a humidified atmo-
sphere containing 5% CO, and the medium was renewed every
2 days. For cell seeding, PLGA, GO-PLGA, PLGA-Gel, and GO-
PLGA-Gel nanofibrous matrices were prepared to match the
inside diameter of a 24-well cell culture plate. The matrices
were sterilized by immersing in 70% alcohol for 30 min, and
seeded with MC3T3-E1 cells at 3.5 x 10* cells per mLper well in
a 24-well plate. The medium was changed every 2 days. For the
cell spreading and attachment examination, after the stipu-
lated time period (1, 3 and 7 days), cell/matrices samples were
rinsed twice with PBS and fixed with 4% paraformaldehyde for
30 min at room temperature. After washing three times with
PBS, the samples were incubated with 0.5% Triton-X 100 in PBS
for 5 min. Then, actin filaments were stained by incubating the
samples with rhodamine phalloidin (Invitrogen, Eugene, OR,
USA) and the cell nucleus was stained using 4’,6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich, USA). The cell/matrices
matrix samples were observed under a fluorescence micro-
scope (TE2000-U, Nikon).

Cell proliferation on the nanofibrous matrices was deter-
mined using the MTT assay. After 1, 3 and 7 days post seed-
ing, 100 uL of MTT solution (5 mg mL™" in PBS) was added to
each well and the cells were incubated for an additional 4 h.
Then, the medium was removed and the formed formazan
crystals were dissolved by 800 uL of acidified isopropanol (0.2
mL of 0.04 N hydrochloric acid (HCI) in 10 mL of iso-
propanol). After the incubation period, 200 mL of the solu-
tion in each well was pipetted out into another 96 well plate
for absorbance measurement at 540 nm on the multifunc-
tional microplate scanner (Infinite M200, TECAN). The mean
value of the four parallel samples for each material was used
as the final result.
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Alkaline phosphatase (ALP) activity

The ALP activity of MC3T3-E1 cells incubated for 7 and 14 days
was determined by quantitation of the enzyme activity. Briefly,
the medium of each well was carefully removed and cells were
washed three times with PBS. Then, the cells were lysed in RIPA
buffer before freezing at —80 °C for 30 min and thawing at
37 °C. ALP activity was measured by mixing 50 uL of pNPP
solution in each well at 37 °C for 30 min in the dark. Following
the incubation period, the reaction was terminated with 3 M
NaOH and the OD was measured at 405 nm using the multi-
function microplate scanner. The relative ALP activity was rep-
resented as the average OD values.

Gene expression by quantitative PCR (Q-PCR)

The MC3T3-E1 cells cultured on various nanofibrous matrices
for 7 days were also collected for evaluation of the osteogenesis-
related gene expression. The total RNA was extracted using
TRIzol Reagent (Invitrogen) according to the manufacturer's
protocol. The total RNA concentration and purity were detected
by a Nanodrop Assay (Tecan M200), and the first strand cDNA
was synthesized by reverse transcriptase as described by the M-
MLV manual (Promega). The expression of osteogenic markers
was quantified by qPCR SYBRGreen Mix Kit (Takara). The
specific primer sequences for the target gene used for qRT-PCR,
including the anti-runt-related transcription factor 2 (RUNX2),
osteopontin (OPN) and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) are listed in Table 1. The specificity of the
listed oligonucleotides was checked by a BLASTN® (Basic Local
Alignment Search Tool) against the mouse RefSeq RNA data-
base at NCBI. The gPCR amplification was conducted as
follows: initial denaturation at 95 °C for 10 min, followed by 40
cycles at 95 °C for 30 s, 58 °C for 1 min, and 72 °C for 1 min. The
comparative threshold cycle method was used to analyse the Q-
PCR results using iCycleriQ Detection System software with
GAPDH as the reference gene. All results were quantified using
the AACt relative quantification method.

Mineralization

Calcium deposition was determined by alizarin red S (ARS)
staining of the MC3T3-E1 cells. All nanofibrous matrices were
seeded with MC3T3-E1 cells at a density of 2 x 10* cells per cm®
in 24-well plates to evaluate cell mineralization at two time
points (14 and 21 days). At every specific time point, the cells
were fixed in 4% paraformaldehyde in PBS for 15 min at room
temperature and then washed with acidic PBS (pH 4.2) three
times. The cell/matrix samples were stained with alizarin red s
solution (50 mM) for 20 min at 37 °C. After removal of alizarin
red s solution, the cell/matrix samples were washed three times
with deionized water and observed under a light microscope.
The calcium was quantified using a cetylpyridinium chloride
(CPC) treatment. The ARS-stained samples were treated with 1
mL of 10% CPC solution for 1 h to desorb calcium ions, and the
absorbance of the solution was read at 540 nm in a multifunc-
tion microplate scanner. Furthermore, after 21 days of culture,
cell/matrix samples were washed away with PBS and fixed with

This journal is © The Royal Society of Chemistry 2017
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Table 1 List of genes and primer nucleotide sequences
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Gene Forward primer sequence Reverse primer sequence

RUNX 2 5-GCCCTCATCCTTCACTCCAAG-3' 5-GGTCAGTCAGTGCCTTTCCTC-3’
OPN 5-TCAGGACAACAACGGAAAGGG-3' 5-GGAACTTGCTTGACTATCGATCAC-3'
GAPDH 5-CAACCTGGTCCTCAGTGTAGC-3' 5-CGTGCCGCCTGGAGAAACCTGCC-3’

4% paraformaldehyde for 3 h at room temperature. Samples
were then washed with PBS three times, dehydrated through
a graded series of ethanol (50%, 70%, 80%, 90%, 95%, and
100%) and dried under vacuum. Finally, the samples were
coated with gold and observed by SEM.

Statistical analysis

All quantitative data were analysed with OriginPro 8.0 (Origin
Lab Corporation, USA) and presented as the mean =+ standard
deviation. Statistical differences were performed by one-way
analysis of variance (ANOVA). A value of p < 0.05 was consid-
ered to be significant.

Results and discussion

Physicochemical characterizations of GO-PLGA-Gel
nanofibrous matrices

GO-PLGA-Gel nanofibrous matrices were formed by electro-
spinning the admixture of PLGA and Gel blended with GO.
ESEM, XRD and ATR-FTIR spectroscopy were used for detailed
characterizations of the samples. As shown in Fig. 1, a three-
dimensional network structure with a smooth surface was
fabricated by electrospinning. And the PLGA nanofibers keeps
a wide distribution range, with a mean diameter of 1269 +
376 nm. However, the average diameter of the nanofibres
dramatically decreased to 1051 + 318, 882 + 295 and 787 +
242 nm when GO, Gel or both were blended with PLGA,
respectively. The integration of a 3D framework composed of
nanofibres that are similar to the topological structure of natural
ECM could create a potential scaffold for promoting cell adhe-
sion and growth. Furthermore, GO nanosheets on the surface of
the smooth nanofibres could not be observed. This phenomenon
can be explained partly by the fact that the GO nanosheets
embedded in the nanofibres were overlapped and aligned along
the axial direction of the shape anisotropy of in the nanofibres.**

The surface chemical properties of the PLGA, GO-PLGA,
PLGA-Gel and GO-PLGA-Gel nanofibrous matrices were first
characterized by ATR-FTIR spectra analysis. As shown in Fig. 2A,
pure PLGA showed several characteristic peaks at 2990 and 2940
em ') 1753 em ™%, 1183 and 1083 cm ™ that were assigned to
-CHj3, C=0 and C-O, respectively. The FT-IR spectra of the
PLGA-Gel and GO-PLGA-Gel nanofibrous matrices showed
broad absorption bands at 3000-3600 cm ' that corresponded
to the symmetric stretching vibrations of -OH and -NH,.
Furthermore, another band at 1550-1660 cm™ ' was observed,
which represented -NH,, which was derived from the Gel, and
there were no -NH, groups in the molecules of PLGA and GO.
Compared with the PLGA nanofibrous matrices, the FTIR

This journal is © The Royal Society of Chemistry 2017

spectra of the GO-PLGA nanofibrous matrices showed no
visible alteration, indicating that the GO was dispersed into the
PLGA only by physical mixing instead of chemical reaction. XRD
patterns of the GO and nanofibrous matrices were obtained to
determine the mixture of GO in the PLGA nanofibrous matrices.
As shown in Fig. 2B, the GO pattern shows a characteristic peak
at 26 = 11°, corresponding to an interlayer spacing of 0.79 nm,
which is the typical separation of layered GO.*® The XRD
patterns of the GO-PLGA and GO-PLGA-Gel nanofibrous
matrices exhibited a similar diffraction peak at 26 = 11°. In
contrast, the PLGA and PLGA-Gel nanofibrous matrices did not
show any diffraction peaks due to their amorphous structure.
The results indicated the presence of GO and Gel in the
GO-PLGA-Gel nanofibrous matrices.

The hydrophilicity of the materials played an important role
in their interactions with the cells. We measured the water
contact angles of these nanofibrous matrices surfaces to eval-
uate whether the hydrophilicity of the PLGA nanofibrous
matrices was improved by the addition of GO and Gel. As shown
in Fig. 3, the water contact angle was 99.8 & 6.6° for the PLGA
nanofibrous matrices, 89.5 + 4.6° for the GO-PLGA nanofibrous
matrices, 73.7 £+ 3.5° for the PLGA-Gel nanofibrous matrices,
and 59.4 + 6.2° for the GO-PLGA-Gel nanofibrous matrices.
The hydrophilicity of the PLGA nanofibrous matrices slightly
increased by mixing with GO because of the presence of
hydrophilic OH, C-O-C and COOH groups on the GO surface.*
The hydrophilic surface on the GO-PLGA nanofibrous matrices
tends to be wetted easily by the water droplet. This is because
the GO-PLGA nanofibrous matrices possesses expanded layers,
consisting of hydrophilic GO sheets, bearing oxygen functional
groups on their basal planes and edges. Furthermore, after
blending with Gel, the contact angle of nanofibrous matrices
was significantly decreased (p < 0.05) because gelatin is a more
hydrophilic molecule than PLGA. Among the nanofibrous
matrices, the lowest contact angle was obtained for the GO-
PLGA-Gel nanofibrous matrices, indicating that the hydro-
phobic PLGA nanofibrous matrices are transformed into
hydrophilic ones by blending with GO and Gel. The improve-
ment in the hydrophilicity of the scaffold surface enhances the
cellular behaviours, including the initial attachment, prolifer-
ation and differentiation.*® Therefore, GO-PLGA-Gel nano-
fibrous matrices can provide a suitable microenvironment for
the attachment and proliferation of cells because they have
a more hydrophilic surface than the other matrices.

Mechanical properties

Scaffolds for tissue engineering should be mechanically robust.
Fig. 4 shows the stress-strain behaviour and tensile properties

RSC Adv., 2017, 7, 8886-8897 | 8889
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of the PLGA, PLGA-Gel, GO-PLGA and GO-PLGA-Gel nano-
fibrous matrices. As shown in Fig. 4, the tensile strengths of the
PLGA, PLGA-Gel, GO-PLGA and GO-PLGA-Gel nanofibrous
matrices were approximately 3.18, 2.16, 6.82, and 9.32 MPa,
respectively. Blending of the PLGA with gelatin caused a reduc-
tion in the mechanical strength. This decrease may be due to
the weak physical properties of gelatin. In contrast, the tensile
strength of the GO-impregnated nanofibrous matrices was
significantly higher, by almost 2.9-fold and 3.1-fold, respec-
tively, than those of the of the PLGA and PLGA-Gel nanofibrous
matrices. Previous studies reported that the mechanical prop-
erties of the substrates were improved by the addition of GO
because of the strong interfacial interactions between GO and
the polymer matrix caused by enhanced chemical interactions
due to hydrogen bonding between the GO nanosheets and PLGA
polymer chains and by the high specific surface area of the
nanosheets.’”*® Therefore, this result suggests that blending
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these nanofibrous matrices with GO improves the mechanical
properties of the nanofibrous matrices, thereby making them
more suitable for tissue engineering applications.

Protein adsorptivity

The adsorption of proteins onto the surface of materials is
highly related to cell growth and colonization.*” Therefore, the
adsorptions of bovine serum albumin (BSA) on the nanofibrous
matrices was examined. As shown in Fig. 54, it is apparent that
the protein adsorption amounts on the PLGA nanofibrous were
obviously lower than those of the GO or Gel incorporated ones.
Conversely, the PLGA-Gel nanofibrous matrices exhibited
higher protein adsorption capacities, nearly 2 times the
adsorption rates than PLGA nanofibrous matrices (p < 0.05),
consistent with the enhanced hydrophilicity of the surface.
Moreover, it was found that GO-PLGA and PLGA-Gel
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Fig.1 SEM micrographs and diameter distributions of nanofibrous matrices, (A) pure PLGA, (B) PLGA-Gel, (C) GO-PLGA and (D) GO-PLGA-Gel.
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Gel, GO-PLGA and GO-PLGA-Gel nanofibrous matrices.

nanofibrous matrices have similar protein adsorption capac-
ities. Indeed, it has been reported that GO has a strong capa-
bility to adsorb various proteins, including cytochrome c,
bovine serum albumin, ribonuclease A, and protein kinase
A" In addition, the hydrophilic nature of the GO-
incorporated nanofibrous matrices probably improved its
affinity for proteins. Among the nanofibrous matrices, the
highest protein adsorption was obtained for the GO-PLGA-Gel
nanofibrous matrices, nearly 1.25 and 1.4 times of adsorption
rates than those of PLGA-Gel and GO-PLGA nanofibrous
matrices (p < 0.05), respectively. To directly observe the adsor-
bed proteins on different nanofibrous matrices, rhodamine B
labelled BSA in PBS solution was incubated with the samples for
2 h. As shown in Fig. 5B, BSA adsorption on the nanofibrous
matrices was clearly detected by fluorescence staining.
However, there was weak fluorescence staining in the PLGA,
indicating that there was a weak interaction between hydro-
phobic PLGA and protein molecules. On the other hand, the
fluorescence intensity of the nanofibrous matrices was signifi-
cantly enhanced by blending with Gel or GO (GO/Gel), indi-
cating that the protein adsorption capacity of the PLGA
nanofibrous matrices was significantly increased by blending
with Gel and GO. The enrichment of proteins on the GO-PLGA-
Gel nanofibrous matrices facilitated the cells adhesion and
proliferation.

Cell adhesion and proliferation

MC3T3-E1 cell adhesion and proliferation was investigated to
evaluate whether the GO-PLGA-Gel nanofibrous matrices
satisfied the basic requirements for bone tissue engineering.
MC3T3-E1 cell proliferation on the nanofibrous matrices was
investigated by an MTT assay. As shown in Fig. 6, the metabolic
activity (OD value) of the MC3T3-E1 cells of all three groups
increased gradually with the prolonged culture time. On the
other hand, the proliferation of cells on the PLGA-Gel nano-
fibrous matrices with or without GO was significantly (p < 0.05)
better than that on the other groups, indicating that the gelatin
significantly stimulates cell proliferation. Moreover, it is note-
worthy that the observed OD values of MC3T3-E1 cells on GO-
incorporated nanofibrous matrices were higher than those of

This journal is © The Royal Society of Chemistry 2017
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the pure PLGA (p < 0.05), which may be due to the improved
hydrophilicity and protein adsorption capacity of nanofibrous
matrices. The improvement in the hydrophilicity and protein
adsorption capacity of the nanofibrous matrices surface can
enhances the cellular behaviours, including the initial attach-
ment, proliferation and differentiation.***® It was interesting
that the GO-PLGA-Gel nanofibrous matrices presented a higher
cellular activity than the GO-PLGA and PLGA-Gel nanofibrous
matrices, indicating that the combination of GO and Gel had
a synergistic effect in terms of cell proliferation.

To visually investigate the effect of the GO and Gel for cell
adhesion, the morphology of the MC3T3-E1 cells cultured on
nanofibrous matrices at 1 and 4 days was observed using actin
microfilaments (red) and nuclei (blue) fluorescent staining. As
shown in Fig. 7, after 1 day post-seed, the results of the cyto-
skeleton and nuclear staining showed that there was no
significant difference in cell the number of MC3T3-E1 cells
cultured on the different nanofibrous matrices. However, cells
on the nanofibrous matrices with Gel exhibited a greater spread
with a better cytoskeleton than on nanofibrous matrices
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Fig. 3 Water droplets (A) and contact angles (B) on the surface of
nanofibrous matrices. (a) PLGA, (b) GO-PLGA, (c) PLGA-Gel, (d) GO-
PLGA-Gel (p < 0.05, n = 5).
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without Gel. This result indicated that the cell adhesion
increased after blending with Gel. For PLGA-Gel nanofibrous
matrices, gelatin functionalization was expected to be the major
reason for the enhancement of cell adhesion because gelatin is
a well-known cell adhesion mediator and its ability to increase
cell attachment and proliferation has been previously
described.** After 4 days post-seed, compared to the pure PLGA
groups (Fig. 6B), more adhered MC3T3-E1 cells were observed
on the GO-PLGA, PLGA-Gel, and GO-PLGA-Gel matrices. The
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Fig. 5 Protein adsorption on different nanofibrous matrices. (A) The
adsorption of protein onto the PLGA, GO-PLGA, PLGA-Gel and GO-
PLGA-Gel nanofibrous matrices, (p < 0.05, n = 4); (B) fluorescence
images of the rhodamine B—BSA adsorption on PLGA, GO-PLGA,
PLGA-Gel and GO-PLGA-Gel nanofibrous matrices.
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cell density ranking was as follows: GO-PLGA-Gel > PLGA-Gel >
GO-PLGA > PLGA. This result is in accordance with the cell
proliferation profiles. Moreover, the cells were fully extended on
the GO-PLGA, PLGA-Gel, and GO-PLGA-Gel matrices, but
more extended cells were observed on the matrices with Gel.
Taken together, the data clearly indicate that the electrospun
nanofibrous matrices containing a small amount of GO and Gel
were beneficial for cell growth and cell-cell communication.

Alkaline phosphatase activity

ALP enzyme activity, which is regarded as an early marker of
osteoblast differentiation, was chosen to investigate the
osteoinductive activity of the different nanofibrous matrices.
Fig. 8A showed the ALP enzyme activities of MC3T3-E1 cells on
different nanofibrous matrices at 7 and 14 days. A significantly
higher ALP activity was detected in cells cultured on the GO-
PLGA and GO-PLGA-Gel nanofibrous matrices than those on
the PLGA and PLGA-Gel nanofibrous matrices (p < 0.05) that
suggested the presence of GO stimulated an early stage of

2.4
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Fig. 6 Proliferation of MC3T3-E1 cells cultured on the nanofibrous
matrices for 1 to 7 days in vitro. (p < 0.05, n = 4).
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osteoblastic differentiation. Recent studies have demonstrated
that GO could significantly increase the ALP expression of
a variety of cells, such as MC3T3-E1 cells, human mesenchymal
stem cells and human periodontal ligament stem cells.>***
Zhao et al. found that GO coated quartz substrata could increase
the ALP activity of MC3T3-E1 cells and promote osteogenic
differentiation.”® In our case, GO-incorporated nanofibrous
matrices apparently stimulated ALP expression of the MC3T3-
E1 cells, which is in accordance with Zhao's work. Moreover,
the OD values of ALP activity on the PLGA-Gel and GO-PLGA-
Gel nanofibrous matrices did not exhibit significant difference
with PLGA and GO-PLGA respectively, suggesting that Gel
played little role in the early osteoblast differentiation of the
MC3T3-E1 cells.

Mineralization

The bioactivity of the bone implants was evaluated by exam-
ining the in vitro mineralization of the osteoblasts cultured in
the bone implants. The capacity of minerals deposition is a late
stage marker of osteogenic differentiation that can be used to
conform that MC3T3-E1 cells entered into the mineralization

View Article Online
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phase to deposit mineralize ECM. After 14 and 21 days of
culturing, the cells were stained with the alizarin red s that was
utilized to determine calcium mineralization on the nano-
fibrous matrices quantitatively and qualitatively. Fig. 9 shows
the optical images of the ARS staining for the PLGA, PLGA-Gel,
GO-PLGA and GO-PLGA-Gel nanofibrous matrices. At day 14,
the alizarin red s staining showed slight reddish dots on both
GO-incorporated nanofibrous matrices but almost no positive
stains were found over PLGA and PLGA-Gel nanofibrous
matrices. Slightly enhanced staining was observed at day 21 for
all nanofibrous matrices but the GO-incorporated nanofibrous
matrices showed more intense ARS staining compared to the
PLGA and PLGA-Gel matrices, indicated that GO can facilitates
the calcium mineralization of MC3T3-E1 cells. A recent study
reported that the GO-functionalized nanocomposites were able
to elevate not only the ALP activity but also calcium deposition
in MC3T3-E1 preosteoblasts.”” Quantitative cell mineralization
was conducted after extracting the ARS with 10% CPC to eval-
uate the calcium-rich mineral deposits by MC3T3-E1 cells. As
shown in Fig. 8B, the total calcium content was found to
increase with time. At days 14 through 21, the total calcium

PLGA GO-PLGA

PLGA-Gel GO-PLGA-Gel

PLGA GO-PLGA

GO-PLGA-Gel

PLGA-Gel

Fig.7 Fluorescent staining observation of the MC3T3-E1 cells cultured on different nanofibrous matrices for (A) 1 and (B) 4 days: MC3T3-E1 cells
were cultured on nanofibrous matrices with actin microfilaments (phalloidin tetramethylrhodamine B isothiocyanate, red) and nucleus (DAPI,

blue) staining. All scale bar lengths are 200 pm.
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content in the deposited minerals on the GO-incorporated
nanofibrous matrices was significantly higher than that of the
PLGA and PLGA-Gel matrices. Furthermore, after culturing for
21 days, the calcium mineral deposition in the PLGA-Gel
nanofibrous matrices was greater than that in the PLGA
matrices. We speculated that the negatively charged carboxylate
groups on the surface of the gelatin could facilitate the binding
of cells and calcium, which improved the nucleation of the HA.
Therefore, it was concluded that the GO-PLGA-Gel nanofibrous
matrices can promote the osteogenic differentiation of MC37T3-
E1 cells.

To better observe the effect of the different nanofibrous
matrices on cell mineralization in cultured MC3T3-E1 cells,
SEM images of the four kinds of nanofibrous matrices after 21
days incubation were acquired. The SEM images (Fig. 10)
showed that the MC3T3-E1 cells were well coated on all nano-
fibrous matrices but cells growing on nanofibrous matrices with
GO were more densely mineralized than those on matrices

14D

PLGA-Gel

without GO. Compared to the PLGA matrices, the cells grown on
the surface of the PLGA-Gel matrices had increased mineral-
ized nodule formation. The SEM results also depicted the same
trends observed from ARS staining (Fig. 8), demonstrating that
the GO-PLGA-Gel nanofibrous matrices facilitate the calcium
mineralization of MC3T3-E1 cells.

Quantitative real-time polymerase chain reaction

The expression of the osteogenesis-related genes during
differentiation had characteristic changes that may be key
markers in osteoblast differentiation. RUNX2 is an early
differentiation marker observed at the early stage of differenti-
ation, OPN expression is observed at the middle/late stage of
differentiation.” The expression of osteogenesis-related genes
(RUNX2 and OPN) of the MC3T3-E1 cells after 7 days of culture
on these nanofibrous matrices was quantitatively analysed
using qRT-PCR and shown in Fig. 11. Among the genes, the
expression levels of RUNX2 and OPN were higher in the GO-

GO-PLGA-Gel

Fig. 9 Alizarin red staining of MC3T3-E1 cells cultured on PLGA, PLGA-Gel, GO-PLGA and GO-PLGA-Gel nanofibrous matrices at 14 and 21

days.
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Fig. 10 SEM images of MC3T3-E1 cells on (A) PLGA, (B) PLGA-Gel, (C)
GO-PLGA and (D) GO-PLGA-Gel nanofibrous matrices after 21 days
of mineralization.

PLGA and GO-PLGA-Gel matrices, which is indicated that the
GO alone or combined with Gel could enhanced the osteogenic
differentiation of the MC3T3-E1 cells. It has been reported that
GO could promote the osteogenic differentiation of MC3T3-E1
cells by increasing COL-I, BSP, Runx2 and OCN expression.*”*"
It was interesting that the expression levels of OPN were higher
in the GO-PLGA-Gel nanofibrous matrices than those in the
GO-PLGA matrices, however, there was no significant differ-
ence in RUNX2 expression between the GO-PLGA-Gel and GO-
PLGA nanofibrous matrices. We speculated that Gel improved
the nucleation of HA that could better induce the osteogenic
differentiation of MC3T3-E1 cells during the middle/late stages
of differentiation.

The biodegradable polymeric implants for bone reconstruc-
tion have received significant attention because of their many
advantages, including low immunogenicity, non-toxicity and
absorption in the human body.** Ideal bone tissue engineering
scaffolds should mimic the extracellular matrix (ECM) and
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regulate cell function. Recently, many studies have demon-
strated the application of electrospinning as a platform tech-
nology to generate artificial scaffolds composed of
biocompatible polymers and various biomaterials for bone
tissues repair. The primary advantage of the biodegradable
electrospun scaffold in present study is that the electrospun
scaffolds are highly porous, and have a high specific surface
area and ECM-like nanotopography.®»** The superior biode-
gradability of the PLGA and gelatin composite in the forms of
a scaffold has been reported in many studies. Previous studies
have demonstrated that the electrospun PLGA/gelatin nano-
fibrous scaffolds possessed higher cell adhesion and prolifera-
tion than the pure PLGA nanofibrous scaffolds.’*** Therefore,
the gelatin was utilized in this study to improve the biocom-
patibility of the PLGA electrospun scaffold. The results of this
study showed that the protein adsorption and hydrophilicity of
the nanofibrous matrices were increased by incorporation of
gelatin due to its hydrophilic properties. The attachment and
proliferation of MC3T3-E1 cells were increased significantly due
to incorporation of gelatin. This might be due to the improved
hydrophilicity of the nanofibrous matrices and higher protein
adsorption. Furthermore, gelatin, a partially hydrolysed
collagen, possesses the RGD sequences of collagen, making it
highly effective for cell adhesion.** However, our results
revealed that the gelatin can efficiently improve the surface
properties of PLGA nanofibrous matrices and promote the
attachment and proliferation of cell, but the limited osteoin-
ductive ability and poor mechanical properties of Gel-
containing nanofibrous matrices should be considered when
they were applied in bone tissue engineering.

To order to improve the mechanical properties, biocompat-
ibility, and osteoinductive ability of the PLGA-Gel nanofibrous
matrices, GO was employed in this study for modification of the
nanofibrous matrices. Graphene and its derivatives that possess
a higher availability and lower cell cytotoxicity than nanotubes,
can promote the growth and osteogenesis differentiation of
cells.>”*>55° Furthermore, GO-gelatin composites can mimic
the proteins present in the extracellular matrix that can induce
and assemble bone like apatite that is close to natural bone. The
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Fig. 11 Quantitative real-time PCR analysis of osteogenesis-related gene expression of RUNX2 (A) and OPN (B) after MC3T3-E1 cells were

cultured for 7 days. (p < 0.05, n = 3).
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results of this study showed that the levels of ALP activity,
calcium deposition and osteogenic gene expression of the
MC3T3-E1 cells were increased significantly by incorporation of
GO. More importantly, GO have greatly improved the mechan-
ical properties of the PLGA-Gel nanofibrous matrices for clin-
ical use. In addition, we found that the combination of Gel and
GO had a synergistic effect in terms of hydrophilicity, protein
adsorption and osteogenic induction. Thus, we can speculate
that the GO-PLGA-Gel nanofibrous matrices may be successful
bioactive polymeric scaffold for bone defect reparation. In our
future study, a systematical investigation on bone tissue
regeneration with polymeric scaffold containing Gel and GO
will be undertaken in vivo.

Conclusions

This study was designed to develop a biomimetic scaffold with
a three-dimensional porous structure similar to that of the
natural ECM by electrospinning a blend of PLGA, 10 wt%
gelatin, and 2 wt% grapheme oxide. Our results demonstrated
that doping of GO and Gel into nanofibrous matrices caused
slight increase in the hydrophilicity, and protein adsorption
capacity, and significant improvement in mechanical proper-
ties. Moreover, the results suggest that Gel and GO are excellent
candidates for proliferation and osteogenic differentiation of
MC3T3-E1 cells, respectively. In particular, the GO and Gel
showed the additive effect of promoting proliferation and
osteogenic differentiation of MC3T3-E1 cells. Above all, GO-
PLGA-Gel nanofibrous matrices have excellent biocompati-
bility, as well as suitable physicochemical and mechanical
properties, and are promising biocomposite scaffolds for bone
tissue engineering.
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