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Enhancing Cell Proliferation 
and Osteogenic Differentiation 
of MC3T3-E1 Pre-osteoblasts 
by BMP-2 Delivery in Graphene 
Oxide-Incorporated PLGA/HA 
Biodegradable Microcarriers
Chuan Fu1,3, Xiaoyu Yang3, Shulian Tan2 & Liangsong Song1

Lack of bioactivity has seriously restricted the development of biodegradable implants for bone tissue 
engineering. Therefore, surface modification of the composite is crucial to improve the osteointegration 
for bone regeneration. Bone morphogenetic protein-2 (BMP-2), a key factor in inducing osteogenesis 
and promoting bone regeneration, has been widely used in various clinical therapeutic trials. In this 
study, BMP-2 was successfully immobilized on graphene oxide-incorporated PLGA/HA (GO-PLGA/HA) 
biodegradable microcarriers. Our study demonstrated that the graphene oxide (GO) facilitated the 
simple and highly efficient immobilization of peptides on PLGA/HA microcarriers within 120 min. To 
further test in vitro, MC3T3-E1 cells were cultured on different microcarriers to observe various cellular 
activities. It was found that GO and HA significantly enhanced cell adhesion and proliferation. More 
importantly, the immobilization of BMP-2 onto the GO-PLGA/HA microcarriers resulted in significantly 
greater osteogenic differentiation of cells in vitro, as indicated by the alkaline phosphate activity 
test, quantitative real-time polymerase chain reaction analysis, immunofluorescence staining and 
mineralization on the deposited substrates. Findings from this study revealed that the method to use 
GO-PLGA/HA microcarriers for immobilizing BMP-2 has a great potential for the enhancement of the 
osseointegration of bone implants.

Large bone defects associated with trauma, tumuor, and infection frequently require surgical intervention. 
Bone grafts, including autografts, allografts, and xenografts, have been widely used to regenerate these defects1. 
However, traditional bone grafts have some drawbacks such as their limited supply, immune reaction and the 
transfer of pathogens, which have limited their development for bone defect repair2–4. Bone tissue engineering, 
which shows great potential in developing bone grafts to induce bone tissue regeneration, has thus attracted 
considerable attention. Cell microcarriers composed of biodegradable polymers, such as poly (lactide) (PLA), 
polycaprolactone (PCL) and poly (lactide-co-glycolide) (PLGA), are among the most effective candidates due 
to their unique properties for bone tissue regeneration5–7. Furthermore, the main advantage of biodegradable 
microcarriers is that they provide a large number of cells for the field of cell therapy and can be administered 
using 10 to 16-gauge needles at the bone defect site8,9. PLGA is an FDA-approved degradable materials with good 
mechanical properties, low immune-genicity and toxicity that frequently used to prepare cell microcarriers for 
bone repair10–12. However, the hydrophobicity of PLGA and the lack of cell recognition signals have restricted its 
application. To address these issues, a promising technique is bioactive minerals as fillers incorporated into PLGA 
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polymer matrix is a promising technique. Hydroxyapatite (Ca10(PO4)6(OH)2, HA) is an effective component for 
biomimetic materials, which has good biocompatibility and osteoconductivity. Many studies have reported that 
the composites of PLGA and HA can markedly improve the osteogenic differentiation and mineralization of cells 
and provide more versatile applications than pure PLGA13–15. Therefore, the combination of HA and PLGA can 
be expected to attain the optimum bone grafts for bone tissue engineering.

In addition, the combination of growth factors into microcarriers can have the ability to improve the biologi-
cal properties of microcarriers. Among growth factors, bone morphogenetic protein-2 (BMP-2) is a key factor in 
inducing osteogenesis and has been widely used in tissue engineering approaches for the repair of bone injuries 
and bone defects. Many studies have reported that polymer materials incorporated with BMP-2 can significantly 
induce cell osteogenic differentiation as well as enhance bone formation16–18. Furthermore, BMP-2 was approved 
by the US Food and Drug Administration (FDA) for clinical use to induce bone formation via the enhancement of 
osteoblast progenitor cell recruitment and angiogenesis19. The conventional method of the combination of BMP-2 
into polymer materials is that growth factors are incorporated directly into the polymer materials during the 
polymer materials fabrication. However, because the fabrication of polymer materials must use organic solvents, 
the bioactivity of the growth factor will be damaged or reduced. Compared to these conventional methods, the 
immobilization method has attracted much attention as a new delivery method. More recently, a large number of 
methods for the uniformly immobilization of growth factors has been evaluated. These methods include plasma 
treatment, photoreactive gelatine, poly (dopamine) coating, and heparin-conjugated PLGA20–23. More impor-
tantly, the immobilized growth factors can be localized and retained in the designated location to maintain the 
stimulation effect for a long period. Graphene oxide (GO) nanosheets, derived from the oxidation of graphene, 
are single-layer, two-dimensional networks of sp2-and sp3-hybridized carbon atoms, which have attracted much 
attention because of their unique physicochemical characteristics, including extraordinary mechanical proper-
ties, excellent biocompatibility, hydrophilic functional groups, low toxicity and large loading capacity24–26. More 
importantly, GO is composed of hydrophobic π domains in the core region and ionized groups along the edges. 
These features enhance its binding affinity with BMP-2 via hydrophobic and electrostatic interactions27,28. The 
present study investigated the efficiency with which GO can carry and deliver BMP-2 for bone formation. La et al.  
successfully coated GO on the surface of titanium and the immobilized BMP-2 is retained in the designated 
location to maintain the stimulation effect for a long period28. Furthermore, La et al. also found that the BMP-2 
immobilized GO/fibrin gel composites showed higher structural stability and bioactivity than BMP-2 immobi-
lized fibrin gel27. Therefore, GO may be an effective carrier for BMP-2 delivery, which can not only reduce the 
usage of BMP-2, but also make the composites perform long-term osteoconductivity. Furthermore, previous 
studies demonstrated that the GO and HA showed the additive effect on enhancing osteogenesis, which can be 
effectively utilized as bone grafts for bone defect repair29–31.

Thus, in this study, we report graphene oxide-incorporated PLGA/HA microcarriers with BMP-2 immobili-
zation to enhance the cell adhesion and osteogenic differentiation of MC3T3-E1 cells. The oxide-incorporated 
PLGA/HA microcarriers were fabricated by an emulsion–solvent evaporation method, and the BMP-2 was 
immobilized on the surface of the microcarriers by immersing the microcarriers in solutions of BMP-2. The 
improvement of hydrophilicity and MC3T3-E1 cells proliferation were investigated to evaluate the effect of GO 
on the PLGA/HA microcarriers. Then, alkaline phosphatase (ALP) activity, mineral deposition, and bone-related 
protein expression were performed to explore the osteoinductive effect of BMP-2 immobilized microcarriers. 
Our study may thus not only provide a potential biomaterial for bone tissues engineering but also contribute to a 
better understanding of the biological applications of engineered graphene-based nanomaterials.

Materials and Methods
Materials. PLGA (molecular weight = 80000, LA/GA = 75/25) was purchased from SinoBiomaterials Co., 
Ltd. BMP-2 was purchased from UB Biotech. HA powder was obtained from Nanjing Emperor Nano Material 
Co., Ltd. GO was purchased from Chengdu Organic Chemicals Co. Ltd, China (thickness: 0.55–1.2 nm diameter: 
0.5–3 μm). Bovine serum albumin (BSA) was obtained from Beijing Solarbio Science & Technology Co., Ltd. 
Dichloromethane (DCM) was obtained from Beijing Chemical Works. 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), 
3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2- H-tetrazolium bromide (MTT) and BCA protein assay kit were 
purchased from Sigma-Aldrich (USA). Cetylpyridinium chloride (CPC) was purchased from Aladdin Chemistry 
Co. Ltd. The reagents for cell experiments were purchased from Gibco (USA).

Preparation of Graphene Oxide-Incorporated PLGA/HA Microcarriers. Graphene oxide-incorporated  
PLGA/HA (GO-PLGA/HA) microcarriers were prepared via an emulsion–solvent evaporation method as pre-
viously described32. Briefly, 50 mg HA and 450 mg PLGA were dissolved in 9 mL DCM to prepare the PLGA/
HA solution, and 10 mg GO were then dissolved in 1 mL HFIP to prepare the GO suspension. Then, the GO 
suspension was dropped into PLGA/HA solution and the resulting solution was emulsified with a homogenizer 
(Ultra-Turrax T-25 Basic, IKA) at 13,500 rpm for 5 min. The total solids content of HA and GO were 10% and 
2% (w/w), respectively. The final mixture was poured into a rapidly stirring PVA solution (150 mL, 2% (w/v)) at 
400 rpm and then stirred overnight to allow the solvent to evaporate. The PVA solution was decanted off and the 
microcarriers were washed three times in distilled water. Pure PLGA, and PLGA/HA microcarriers were also 
prepared under the same conditions.

Surface immobilization of BMP-2. The graphene oxide-incorporated PLGA/HA microcarriers were 
placed in a 24-well plate. One millilitre of BMP-2 solution with different concentrations of 50, 100, and 500 
ng·mL−1 in pH 7.4 phosphate buffer saline (PBS) was added into each well. The microcarriers were incubated in 
the BMP-2 solution for 2 h at room temperature on a shaker. The microcarriers were then washed with distilled 
water three times to remove the unattached peptides.
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Analyses of Microcarriers. The surface morphology and topography of the microcarriers was examined 
by a scanning electron microscope (SEM, XL 30 ESEM-FEG, FEI). The Fourier transform infrared spectroscopy 
(FT-IR, Perkin Elmer, FTIR-2000) and X-ray diffraction (XRD, D8 ADVANCE, Germany) were used to deter-
mine the chemical structure of the microcarriers.

Because of the size and geometry of microcarriers, the contact angle measurements on microcarries were 
made by relative measurements. PLGA, PLGA/HA and GO-PLGA/HA films were prepared and treated under 
similar conditions to the microcarriers. Static air–water contact angle measurements of the films were obtained 
using the sessile drop method on a contact angle system (VCA 2000, AST).

Adsorption Rate of bovine serum albumin. Bovine serum albumin was selected as a model protein to 
determine the adsorption kinetics and adsorption efficiencies of synthesized microcarriers. The microcarriers 
were interacted with aqueous bovine serum albumin solutions by means of rotator. Briefly, 50 mg of the micro-
carriers were incubated with 10 mL of bovine serum albumin solution (2 mg·mL−1) under stirring at 150 rpm 
for 2 h. The amounts of bovine serum albumin loaded were determined through the concentration reduction of 
BSA within the samples using a BCA protein assay (wave length = 562 nm). Furthermore, the microcarriers were 
incubated on Rhodamine B labelled BSA (Sigma) solution (2 mg·mL−1) for 2 h. Then the samples were rinsed in 
PBS 3 times and mounted for visualization with a fluorescence microscope (TE2000-U, Nikon).

Cell spreading, attachment, and proliferation assays. Cell experiments were performed by using 
mouse preosteoblast MC3T3-E1 cells purchased from Institute of Biochemistry and Cell Biology, Shanghai 
Institutes for Biological Sciences, Chinese Academy of Sciences. Cells were cultured with Dulbecco’s modified 
Eagle’s medium (DMEM, Gibco) supplemented with 10% FBS (Gibco), 10 mM HEPES (Sigma), 63 mg L−1 pen-
icillin (Sigma) and 100 mg L−1 streptomycin (Sigma) in a humidified incubator at 37.8 °C and 5% CO2. Briefly, 
the microcarriers (PLGA, PLGA/HA, GO-PLGA/HA and BMP-2-immobilized microcarriers) were sterilized 
by immersing in 70% alcohol for 30 min. After being washed by PBS for three times and immersed in cell cul-
ture medium overnight, they were placed into 24-well plate (10 mg·well−1) to cover the bottom of wells. 1 mL 
MC3T3-E1 cell suspension (2.5 × 104 cells·mL−1) was then seeded into each well. The plates were incubated at 
37.8 °C in a humidified 5% CO2 atmosphere and the culture medium was replaced every 2d. For the cell prolif-
eration examination, after 1, 4 and 7 d culture, 100 mL of MTT (5 g·L−1 in PBS) was added to each well and the 
cells were incubated for an additional 4 h. Then, the precipitated formazan crystals, a purple insoluble MTT 
product, were dissolved by 800 μL acidified isopropanol (0.2 mL of 0.04 N hydrochloric acid (HCl) in 10 mL of 
isopropanol). After the incubation period, the absorbance values at 540 nm were measured on a multifunctional 
microplate scanner (Tecan Infinite M200).

To investigate the effect of the microcarriers the on cell adhesion and spreading, the MC3T3-E1 cell on the 
surface of different microcarriers were visualized was visualized by a ‘Live/Dead’ assay kit only using the ‘Live’ kit 
(green) (Biotium, USA), and nuclei staining (blue) using 4,6-diamidino-2-phenylindole dihydrochloride (DAPI, 
Invitrogen). For the ‘Live/Dead’ assay kit, cell/microcarriers were first rinsed with PBS and then incubated in the 
standard working solution for 1 h. For nuclei staining, cell/microcarriers were fixed using 4% PFA for 15 min, 
followed by washing in PBS for three times. Afterwards, cells were incubated with DAPI for 3 min and then 
washed in PBS three times. Finally, the cell/microcarriers samples were observed under a fluorescence micro-
scope (TE2000-U, Nikon).

Alkaline phosphatase (ALP) activity. The components of the medium and operation specifications for 
cell culture were in accordance with cell proliferation assays. After incubating for 7 and 14 days on various micro-
carriers, cellular ALP activity was investigated via pNPP assay. Briefly, the medium of each well was carefully 
removed and cells were washed three times with PBS. Then, cells were lysed in RIPA buffer before freezing at 
−80 °C for 30 min and thawing at 37 °C. A 50 μL portion of the pNPP solution was placed in every well away from 
light and maintained at 37 °C for 30 min. The absorbance at 405 nm was read by a multifunction microplate scan-
ner (Infinite M200, TECAN). Measurements were normalized by the number of cells from BCA protein assay.

Quantitative real-time PCR analysis. The MC3T3-E1 cells cultured on the microcarriers for 7 days were 
also collected for an evaluation of their osteogenic related gene expression. The expression of osteogenic genes was 
explored via quantitative real-time polymerase chain reaction (qRT-PCR). Total RNA was extracted using TRIzol 
Reagent (Invitrogen) according to the manufacturer’s protocol. The total RNA concentration and purity were 
detected by Nanodrop Assay (Tecan M200), and the first strand of 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 primer sequences specific for the target gene including anti-runt-related 
transcription factor 2(RUNX2), osteopontin(OPN) and glyceraldehyde-3-phosphate dehydrogenase(GAPDH) 
used for qRT-PCR are listed in Table 1. The specificities of the listed oligonucleotides were checked by BLASTN® 
(Basic Local Alignment Search Tool) against the mouse RefSeq RNA database at NCBI. The qPCR amplification 

Gene Forward primer sequence Reverse primer sequence

RUNX 2 5-GCCGGGAATGATGAGAACTA -3′ 5-GGACCGTCCACTGTCACTTT -3′

OPN 5-TCAGGACAACAACGGAAAGGG -3′ 5-GGAACTTGCTTGACTATCGATCAC -3′

GAPDH 5-AACTTTGGCATTGTGGAAGG -3′ 5-ACACATTGGGGGTAGGAACA -3′

Table 1. List of Genes and Primer Nucleotide Sequences.
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was performed 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. A 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 
ΔΔCt relative quantification method.

Immunofluorescence Staining. For the immunofluorescence analysis, MC3T3-E1 cells were cultured on 
various microcarriers for 7 days at 37.8 °C in a humidified 5% CO2 atmosphere. The samples were permeated 
with 0.1% Triton-X 100 in phosphate buffer for 5 min. After being blocked using 1% BSA in phosphate buffer for 
30 min, the samples were incubated with primary antibody (OPN and Runx2, 1:500, Abcam) for 60 min under 
ambient temperature. Then, cell/microcarriers samples were washed with PBS for three times and stained with a 
fluorescein isothiocyanate (FITC)-labeled secondary antibody (1:500, Abcam) for 60 min. Finally, cell nuclei were 
dyed with 4′,6-diamidino-2-phenylindole (DAPI). Photos were taken on a multifunctional microplate scanner 
(Tecan Infinite M200).

Mineralization. Calcium deposition was determined by alizarin red S (ARS) staining of the MC3T3-E1 cells. 
After 20 d of culture, cell/microcarriers samples were fixed in 4% paraformaldehyde in PBS for 15 min at room 
temperature and then washed with acidic PBS (pH 4.2) for three times. The samples were stained with Alizarin 
Red S solution (50 mM) for 20 min at 37 °C. Then, ARS stained samples were washed with PBS and followed by 
treatment with 1 ml of 10% CPC (Cetylpyridinium chloride) solution for calcium quantification. The absorbance 
of the solution was read at 540 nm in a multifunctional microplate scanner. Furthermore, after 20 d of culture, the 
cells/microcarrier samples were washed and fixed with 4% glutaraldehyde solution for 15 min. Afterwards, sam-
ples were dehydrated in graded ethanol solutions (50, 70, 80, 90, 95 and 100%) and air-dried. Finally, the samples 
were coated with gold and observed by SEM.

Statistical analysis. The data were analysed using Origin 8.0 and are presented as the mean ± standard 
deviation. Statistical analysis was performed using the one-way analysis of variance to determine significant dif-
ferences. A value of p < 0.05 was considered statistically significant.

Results and Discussion
Characterization of Microcarriers. In this study, we focused on the preparation of BMP-2 immobilized 
graphene oxide-incorporated PLGA/HA microcarriers to improve cell adhesion and osteogenic activity on bone 
implants for osseointegration. GO-PLGA/HA microcarriers were prepared on the basis of the admixture of PLGA 
and HA blended with GO by an emulsion solvent evaporation method. The microscopic morphology and macro-
scopic appearance of the PLGA, PLGA/HA and GO-PLGA/HA microcarriers were shown in Fig. 1. As shown in 
Fig. 1(c), the GO-PLGA/HA microcarriers can be easily distinguished by the colour change of the microcarriers 
(brown) due to being impregnated GO. The surface morphology of various microcarriers was also observed by 
SEM. It could be seen from Fig. 1(a) that pure PLGA microcarriers were almost spherical and had a smooth surface. 
After blending with HA, the surface of PLGA/HA mcrocarriers was rougher compared with the surface of PLGA 
microcarriers. Furthermore, blending of PLGA/HA with GO caused an increase in the surface roughness of micro-
carriers while the spherical form of the microcarriers was retained. The average diameter of the microcarriers was 
521.11 ± 60.21 μm and the average diameters of the three different microcarriers do not show significant differences.

The FTIR spectra of pure PLGA, PLGA/HA and GO-PLGA/HA microcarriers were performed to determine 
the surface chemical properties of microcarries. As shown in Fig. 1(a-3), the peaks at 2990 and 2940 cm−1(–CH3), 
1753 cm−1(C=O), 1183 and 1083 cm−1(C-O), correspond to the PLGA. The existence of HA in the PLGA micro-
carriers is confirmed by the appearance of a peak at 500–600 cm−1, which is ascribed to the PO4

3− characteristic 
peaks. Compared with the PLGA/HA microcarriers, the FTIR spectra of GO-PLGA/HA microcarriers showed no 
visible alteration, indicating that the GO dispersed into the PLGA only by physical mixing instead of a chemical 
reaction33. The XRD patterns of GO, HA and mcrocarriers are presented in Fig. 2. The principal diffraction peaks 
for the typical HA crystalline planes (200), (111), (002), (102), (210), (211), (300), (202), (310), (311), (222), (213), 
(321) and (411) are found in the XRD patterns of PLGA/HA and GO-PLGA/HA microcarriers. Furthermore, as 
shown in Fig. 2, the GO pattern shows a characteristic peak at 2θ≈11°, corresponding to an interlayer spacing 
of 0.79 nm, which is the typical separation of the layered GO. The XRD patterns of GO-PLGA/HA mcrocarriers 
exhibited a similar diffraction peak at 2θ≈11°. The above results suggested that there were the HA and GO were 
exposed on the microcarrier surface.

Contact angle analysis. The hydrophilicity of the materials plays an important role in interacting with cells. 
In addition, the ability to delivery growth factors across the interface of the biomaterials with biological factors 
also depends on the hydrophilicity of the biomaterials. We measured the water contact angle of PLGA, PLGA/
HA and GO-PLGA/HA films surfaces to analyse the change in wetting of the microcarriers surface. As shown in 
Fig. 3, the contact angle on pure PLGA films was 102.4 ± 8.4° for the PLGA, and 91.4 ± 5.9° for the PLGA/HA 
films due to the exposure of HA on the surface. After blending with GO, the average water contact angle dramat-
ically decreased from 91.4 ± 5.9° for the PLGA/HA films to 76.4 ± 4.6° for the GO-PLGA/HA films, indicating a 
significant increase of wettability due to the blending the substrates with GO. Our results demonstrated that the 
hydrophobicity of the PLGA/HA microcarriers was slightly reduced after the GO incorporation.

Protein Adsorption Studies. The protein adsorption studies of BSA as a model protein onto each kind of 
microcarriers are shown in Fig. 4. After incubation for 2 h, it could be seen that the BSA adsorption on PLGA/
HA and GO-PLGA/HA microcarriers was obviously higher than that those of pure PLGA microcarriers. PLGA 
microcarriers showed the lowest protein adsorption capacity for its weak interactions between BSA molecules. 
Moreover, the BSA adsorption capacities of PLGA/HA microcarriers were obviously higher than that of PLGA 
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microcarriers. It is deduced that the higher protein adsorption capacities of PLGA/HA microcarriers might 
result from their improved surface properties and larger specific surface areas after the incorporation of HA 
crystals. Among microcarriers, GO-PLGA/HA microcarriers have the strongest ability of protein adsorption. It 
was reported that GO has strong capabilities to adsorb various proteins, including cytochrome c, bovine serum 
albumin, ribonuclease A, and protein kinase A34–36. Furthermore, compared to PLGA/HA microcarriers, the 
GO-PLGA/HA surface showed a rougher surface morphology and exhibited a higher protein adsorption. This 
also implies the important relationship between protein adsorption and surface morphology. On the other hand, 
the improvement of hydrophilicity of the GO-PLGA/HA microcarriers can also improve the affinity of microcar-
riers for proteins, which would be favourable for more protein to be immobilized on the surface of microcarriers. 
The above results suggested that GO-PLGA/HA microcarriers have good affinity with protein and may be an 
effective carrier for BMP-2 delivery.

Cell adhesion and proliferation. The enhancement of cell adhesion and proliferation on the bone scaffolds 
is usually responsible for eventual tissue integration and the amount of new bone formation. Accordingly, the cell 
adhesion and proliferation on the microcarriers are important factors to evaluate microcarriers as injectable scaf-
folds for the application of bone defect repair. The proliferation of MC3T3-E1 cells on the different microcarriers 
(PLGA, PLGA/HA, GO-PLGA/HA, PLGA/HA/BMP-2 and GO-PLGA/HA/BMP-2) was assessed using an MTT 
assay from 1 to 7 d. As shown in Fig. 5(a), the proliferation of MC3T3-E1 cells was observed on all microcarriers 
with increasing incubation up to 7 days. After 4 and 7d of culture, the OD values of cell viability was slightly 
increased in the PLGA/HA microcarriers compared with pure PLGA microcarriers (p < 0.05). Previous studies 
demonstrated that HA could enhances the attachment, proliferation, and even osteogenesis differentiation of cell 
on PLGA scaffold, due to its rough surface and good biocompatibility15,37,38. After GO was added to the PLGA/
HA microcarriers, the cells exhibited more apparent viability in the GO-PLGA/HA microcarriers compared 
with the PLGA and PLGA/HA mcrocarriers (p < 0.05). The excellent cell proliferation on the GO-PLGA/HA 
microcarriers might be attributed to the rapid absorption of protein due to the π–π stacking between aromatic 
rings in the GO, thus providing a biocompatible environment for cells to adhere and proliferate that ultimately 
attracts more cells to adhere on the microcarriers. The surface properties of microcarriers are also play an impor-
tant role in the growth, adhesion and migration of cells. It is speculated that that the improved cell viability on 
the GO-PLGA/HA microcarriers could be attributed to the higher roughness on the surface of GO-PLGA/HA 
microcarriers. Furthermore, hydrophilicity as a main characteristic of biomaterials has a significant impact on 

Figure 1. SEM images (1-2) and FTIR spectra (3) of PLGA (a), PLGA/HA (b) and GO-PLGA/HA (c) 
microcarriers. Bar lengths are 500 μm (a-1, b-1, c-1, and d-1) and 50 μm (a-2, b-2, and d-2).
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cell attachment and growth. Therefore, the improved hydrophilicity of GO-PLGA/HA microcarriers is also a key 
reason for higher cell viability.

Despite improving the cell adhesion and proliferation of the microcarriers, BMP-2 was immobilized on the 
surface of microcarriers to make the microcarriers become more osteoinductive. After 4 d of culture, a higher 
OD value was found on the BMP-2-functionalized microcarriers compared with the pristine PLGA/HA and 
GO-PLGA/HA microcarriers. Among the five groups of microcarriers, GO-PLGA/HA/BMP-2 demonstrated 
the highest ability in promoting cell proliferation (p < 0.05). However, after 7 d of culture, the OD values of 
MC3T3-E1 cells on all the GO-PLGA/HA/BMP-2 microcarriers were observed lower than the GO-PLGA/HA 
microcarriers. In addition, it was found that the BMP-2-immobilized microcarriers with a high concentration 
have a lower OD value after 7 days of culture. As cells proliferated to a certain number, the proliferation stopped 
and turned into osteogenesis differentiation39. Therefore, we speculated that the lower OD values of MC3T3-E1 
cells on GO-PLGA/HA/BMP-2 microcarriers represented the beginning of the cell osteogenesis differentiation.

We examine the effect of the HA, GO and immobilized BMP-2 on the adhesion of MC3T3-E1 cells. As shown 
in Fig. 5d, the nuclear staining results indicated that the number of MC3T3-E1 cells that grew on PLGA/HA and 
GO-PLGA/HA microcarriers was more than the PLGA microcarriers. Compared to the PLGA/HA,microcarriers, 
more adhered MC3T3-E1 cells were observed on GO-PLGA/HA microcarriers, indicating that the combination 
of HA and GO can improve the biocompatibility of the microcarriers and thus induces better cell growth. A live/
dead assay was used to determine the cell attachment and viability on the materials. (Fig. 5c). Live cells were 
stained green and exhibited a normal polygonal morphology. Compared to the PLGA microcarriers, more live 
cells were found on the surface of PLGA/HA and GO-PLGA/HA microcarriers. Furthermore, there were greater 
cell quantities and positive cellular interactions on BMP-2 immobilized microcarriers. On the other hand, it 
was found that BMP-2 immobilized using GO-PLGA/HA microcarriers promoted greater cell attachment and 
proliferation than BMP-2 immobilized using PLGA/HA microcarriers in vitro. Thus, these results indicated that 
BMP-2 immobilization GO-PLGA/HA microcarriers can provide an appropriate microenvironment for the 
attachment and proliferation of cells.

ALP activity. ALP enzyme activity, as a marker of early osteogenic differentiation, was chosen to explore 
the osteoinductive activity of the different microcarriers. The ALP activity of MC3T3-E1 cells cultured on dif-
ferent microcarriers were measured at 7 and 14 days. As shown in Fig. 6, there was higher ALP activity on the 
GO-PLGA/HA microcarriers than on the PLGA/HA microcarriers at both 7 and 14 d. The intrinsic properties 

Figure 2. XRD patterns of GO (A), HA (B), and microcarriers (C) of PLGA, PLGA/HA and GO-PLGA/HA.

Figure 3. Water contact angles of pure PLGA microcarriers (A), PLGA/HA microcarriers (B) and GO-PLGA/
HA microcarriers (C).
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of graphene are thought to increase cytoskeleton tension, thus guiding cell behavior such as osteogenesis dif-
ferentiation40. Furthermore, due to hydrogen bonding and electrostatic interactions, graphene and its sderiva-
tives allows the non-covalent binding of proteins and osteogenic inducers on its surface41. Previous studies have 
demonstrated that GO could significantly increase ALP expression of a variety of cells33,42. Furthermore, at 7 and 
14 days, the ALP activity of MC3T3-E1 cells in the BMP-2-modified microcarriers was higher than those of cells 
on the PLGA, PLGA/HA and GO-PLGA/HA microcarriers (p < 0.05), suggesting that the osteogenic differenti-
ation of cells was better on the BMP-2-modified microcarriers than other microcarriers. An obvious rise in the 
ALP activity of MC3T3-E1 cells was noticed on the GO-PLGA/HA/BMP-2 microcarriers, being superior to the 
samples of PLGA/HA/BMP-2 microcarriers at both 7 and 14 d (p < 0.05). It was deduced that the high protein 
affinity of GO-PLGA/HA microcarriers cause a higher immobilized efficiency of BMP-2 than PLGA/HA micro-
carriers, and the immobilized BMP-2 could retain its bioactivity for a longer time and make the microcarriers 
perform long-term osteoconductivity. To better investigate the osteoinductive effect of immobilized BMP-2, the 
in vitro osteogenic differentiation efficacy of the microcarriers treated with different concentration of BMP-2 was 
also investigated. Fig. 6 showed that higher ALP activity was found in the microcarriers treated with medium and 
high concentrations of BMP-2 at 7 d and 14 d. Among the BMP-2-modified microcarriers, as low as 100 ng·mL−1 
of immobilized BMP-2 was most effective in the enhancement of cell early osteogenic differentiation in this study.

Figure 4. Adsorption isotherms of BSA over PLGA, PLGA/HA and GO-PLGA/HA microcarriers (A). 
Fluorescence images of the Rhodamine B-BSA adsorption on PLGA, PLGA/HA and GO-PLGA/HA 
microcarriers (B). The scale bar was 500 μm, error bars represent standard deviation for n = 3.
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Mineralization. The capacity of mineral deposition reflects osteogenesis and has been regarded as a marker 
for bone regeneration. In this study, the assessment of quantitative cell mineralization was performed by extract-
ing Alizarin Red with 10% cetylpyridinium chloride (CPC), which was employed to determine calcium miner-
alization on the microcarriers. As shown in Fig. 7, after 20 days of culture, the calcium content in MC3T3-E1 
cells on GO-PLGA/HA was significantly higher than that of cells growing on PLGA/HA microcarriers. The 
incorporation of GO nanosheets can effectively facilitates calcium deposition in MC3T3-E1 cells. We speculated 

Figure 5. (a) Proliferation of MC3T3-E1 cells in PLGA, PLGA/HA, GO-PLGA/HA, PLGA/HA/BMP-2 and 
GO-PLGA/HA/BMP-2 microcarriers by MTT. (b) Proliferation of MC3T3-E1 cells in different microcarriers 
immobilized with BMP-2. The concentrations of BMP-2 in the immobilized solution were 0, 50, 100 and 
500 ng·mL−1. (c) Live-dead and (d) DAPI staining of MC3T3-E1 cells cultured in PLGA, PLGA/HA, GO-
PLGA/HA, PLGA/HA/BMP-2 and GO-PLGA/HA/BMP-2 microcarriers at day 4. The scale bar was 200 μm. 
P < 0.05, n = 4.

Figure 6. ALP activities of MC3T3-E1 cells on different microcarriers for 7 d (a) and 14 d (b) analyzed with 
pNPP kit: PLGA (A); PLGA/HA (B); GO-PLGA/HA (C), PLGA/HA/BMP-2(50 ng·mL−1) (D) and GO-PLGA/
HA/BMP-2 (50, 100 and 500 ng· mL−1) (E-G). p < 0.05, n = 4.
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that the excellent protein adsorption and hydrophilicity of GO could not only promote cell proliferation but 
also improve the nucleation of HA, which facilitated the late stage marker of osteogenic differentiation. After 
the microcarriers incorporating BMP-2, all BMP-2-modified microcarriers showed higher calcium content than 
other groups, which implied that BMP-2 played an importance role in promoting the osteogenic differentia-
tion of MC3T3-E1 cells. In accordance with the ALP results, the highest calcium content was observed over the 
GO-PLGA/HA/BMP-2 microcarriers. Furthermore, we found that the high concentration of BMP-2 could better 
induce MC3T3-E1 cell mineralization during the later stage of differentiation. The above results further con-
formed that BMP-2-immobilized GO-PLGA/HA microcarriers promote osteogenic differentiation and enhance 
the metabolic activity of osteoblasts.

To better observe the effect of different microcarriers on cell mineralization, the calcium deposition of 
MC3T3-E1 cells was also observed through SEM as evidence for MC3T3-E1 cells osteogenic differentiation. The 
SEM images (Fig. 7b) showed that more apatite particles (black mark) on GO-PLGA/HA microcarriers were 
found over pure PLGA and PLGA/HA microcarriers. Compared to the pristine PLGA/HA and GO-PLGA/HA 
microcarriers, the cells grown on the surface of BMP-2-modified microcarriers had increased mineralized nod-
ule formation. The most densely apatite particles was observed over the GO-PLGA/HA/BMP-2 microcarriers. 
The SEM results also depicted the same trends observed from the quantitative assessment of mineral deposition, 
demonstrating that the BMP-2 immobilized GO-PLGA/HA microcarriers can significantly enhance the osteod-
ifferentiation of MC3T3-E1 cells.

Bone-Related Gene Expression by qRT-PCR Tests. The main characteristics of osteogenesis differenti-
ation are often accompanied by the up-regulation or down-regulation of certain genes in each stage. For example, 
Runx2 is an early osteogenesis differentiation marker observed at the early stage of differentiation, while OPN 
expression is observed at the middle/later stage of differentiation. The osteogenic gene expression of MC3T3-E1 
cells cultured on different microcarriers for 7 days was analysed using quantitative real-time PCR. As shown in 
Fig. 8, both Runx2 and OPN expression were slightly higher for GO-PLGA/HA than for the PLGA/HA micro-
carriers at 7 days, which is indicated that the GO combined with HA could enhanced the osteoinductivity of 
microcarriers. After BMP-2 immobilization, BMP-2-modified microcarriers showed higher expression levels of 
Runx2 and OPN than those of pristine microcarriers, indicating much stronger osteogenic induction by BMP-2. 
Compared to PLGA/HA/BMP-2 microcarriers, there were higher increase in Runx2 expression on GO-PLGA/
HA/BMP-2 microcarriers, and the highest level of Runx2 expression were found in the microcarrier treated with 

Figure 7. (a) The corresponding quantitative evaluation of calcium content mineral deposition in MC3T3-E1 
cells cultured for 20 d. (b) SEM images of MC3T3-E1 cells on different microcarriers surface. (A) PLGA, (B) 
PLGA/HA, (C) GO-PLGA/HA, (D) PLGA/HA/BMP-2(50 ng · mL−1), (E-G) GO-PLGA/HA/BMP-2 (50, 100 
and 500 ng·mL−1). All scale bar lengths are 200 μm. P < 0.05, n = 4.
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a medium concentration of BMP-2. Furthermore, slightly higher OPN gene expression at 7 days on PLGA/HA/
BMP-2, GO-PLGA/HA/BMP-2 (50 ng mL−1), and GO-PLGA/HA/BMP-2 (100 ng·mL−1) groups was observed 
without a significant difference, but the gene expression of OPN was significantly promoted by the microcarriers 
treated with a high concentration of BMP-2. We speculated that the medium concentration of BMP-2 was more 
effective in the enhancement of cell osteogenic differentiation at the early stage of differentiation. However, the 
high concentration of BMP-2 had a greater impact on the promotion of cell osteogenic differentiation at the mid-
dle/later stage of differentiation than the low/medium concentration of BMP-2.

Bone-Related Protein Expression by Immunofluorescence Staining. To better observe the effect 
of different microcarriers on cell osteogenesis differentiation, the protein expression of Runx2 and OPN by the 
MC3T3-E1 cells grown on different microcarriers was evaluated by immunofluorescence staining. As shown in 
Fig. 9, after 7 days of culture, the Runx2 and OPN protein expression in the GO-PLGA/HA microcarriers were 
higher than those in the PLGA/HA microcarriers. After BMP-2 immobilization, there was a higher expression 
level of Runx2 and OPN protein in the BMP-2 treated group than in the pristine group at 7d. Furthermore, the 
highest Runx2 and OPN expressions were observed on the GO-PLGA/HA/BMP-2 (100 ng mL−1) and GO-PLGA/
HA/BMP-2 (500 ng·mL−1) microcarriers, respectively. The protein expression results were well in accordance 
with the observation of ALP activity, calcium deposits, and bone-related gene expression.

So far biodegradable microcarriers have been developed for bone tissue engineering. An important advan-
tage of the biodegradable microcarriers is that can provide a sufficient number of anchorage sites and better 
facilitate cell attachment5,6,10. HA has good biocompatibility and osteoconductivity, and the superior biodeg-
radability of PLGA and HA nanocomposites in the form of bone grafts has been reported in previous studies. 
Recently, much attention has also been paid to the fabrication of PLGA/HA microcarriers37,43. Furthermore, 
active factors, such as bone morphogenetic protein-2 (BMP-2), could make the biodegradable microcarriers 
possess osteogenesis induction activity. However, the poor hydrophilicity and lack of functional groups of the 
polymers often result in lower growth factor loading efficiency. Therefore, the GO was employed in this study for 
pre-modification of the PLGA/HA microcarriers, which can improve the bioactivity of the PLGA/HA microcar-
riers and efficient immobilization of BMP-2 onto the surface of microcarriers. More recent reports reveal that 
the GO can effectively enhance surface properties of polymer materials due to its unique chemical structures 
composed of small sp2 carbon domains surrounded by sp3 carbon domains and oxygen-containing hydrophilic 
functional groups42,44. In this study, the protein adsorption and hydrophilicity of the PLGA/HA microcarriers 
were increased by the incorporation of GO due to improved surface properties, which can provide more favour-
able microenvironments for cell adhesion and growth. Another advantage of GO is that the improved protein 
adsorption capacity of microcarriers can effectively enhance BMP-2 binding on the surface of the microcarriers, 
which make the microcarriers perform long-term osteoconductivity. The π-electron clouds of GO are capable 
of interacting with the inner hydrophobic cores of BMP-2 protein. Furthermore, the negatively charged COO– 
domains of GO-COO– can also bind with positively charged BMP-2 through electrostatic interactions45,46. These 
interactions are thought to be responsible for the sustained release of BMP-2 from GO. Our in vitro data showed 
that the attachment and proliferation of MC3T3-E1 cells were increased obviously by the incorporation of GO. 
After BMP-2 immobilized, the ALP activity, calcium deposition and bone-related gene expression of MC3T3-E1 
cells on GO-PLGA/HA/BMP-2 microcarriers was obviously stronger than PLGA/HA/BMP-2 microcarriers. 
The enhanced in vitro osteogenic activity of BMP-2 in the GO-PLGA/HA microcarriers may be due to the 
sustained release, higher stability, and higher bioactivity of BMP-2 delivered by GO-PLGA/HA microcarriers. 
Previous studies have demonstrated that BMP-2 adsorbed on GO was protected from protein denaturation and 
was released in a bioactive form47,48. Therefore, we can speculate that the use of BMP-2-immobilized GO-PLGA/
HA microcarriers was an effective option for the regeneration of bone defects. Meanwhile, an in vivo study of 
the biodegradable microcarriers is necessary to achieve more conclusive outcomes for bone defect therapy in 
our future work.

Figure 8. Quantitative real-time PCR analysis of osteogenesis-related gene expression of Runx2 (a) and OPN 
(b) after MC3T3-E1 cells cultured for 7d: PLGA (A); PLGA/HA (B); GO-PLGA/HA (C); PLGA/HA/BMP-2  
(50 ng·mL−1) (D); GO-PLGA/HA/BMP-2 (50, 100 and 500 ng·mL−1) (E–G). P < 0.05, n = 3.
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Conclusions
In summary, the biodegradable GO-PLGA/HA microcarriers have been successfully fabricated by an emulsion 
solvent evaporation method. We found that the infusion of GO could effectively enhance surface properties of 
PLGA/HA microcarriers, and the adhesion, proliferation and osteogenesis differentiation of MC3T3-E1 cells 
were greatly enhanced on the GO-PLGA/HA microcarriers. Furthermore, the introduction of GO on the PLGA/
HA microcarriers could increase the binding sites of the PLGA/HA microcarriers to BMP-2, which could effec-
tively enhance BMP-2 binding on the surface of the microcarriers. After immobilized BMP-2, the GO-PLGA/
HA microcarriers exhibited excellent bioactivities for supporting the adhesion, proliferation, and osteogenic 
differentiation of MC3T3-E1 cells. The immobilization of BMP-2 via GO not only decreased the growth factor 
consumption, but also conferred a long-term osteoinductive effect. These results indicated that GO-PLGA/HA 
microcarrier might be an effective carrier for BMP-2 delivery, and the BMP-2 immobilized GO-PLGA/HA micro-
carriers should be an excellent bone grafts for bone defect repair.

Figure 9. In vitro Runx2 and OPN protein expression of MC3T3-E1 cells cultured on different microcarriers 
for 7d: PLGA (A); PLGA/HA (B); GO-PLGA/HA (C); PLGA/HA/BMP-2 (50 ng·mL−1) (D); GO-PLGA/HA/
BMP-2 (50, 100 and 500 ng·mL−1) (E-G). All scale bar lengths are 200 μm.



www.nature.com/scientificreports/

1 2ScIenTIFIc REPORts | 7:12549 | DOI:10.1038/s41598-017-12935-x

References
 1. de Boer, H. H. The history of bone grafts. Clinical orthopaedics and related research, 292–298 (1988).
 2. Kretlow, J. D. & Mikos, A. G. Review: Mineralization of synthetic polymer scaffolds for bone tissue engineering. Tissue Eng 13, 

927–938, https://doi.org/10.1089/ten.2006.0394 (2007).
 3. Lewandrowski, K. U. et al. Immune response to perforated and partially demineralized bone allografts. Journal of orthopaedic 

science: official journal of the Japanese Orthopaedic Association 6, 545–555, https://doi.org/10.1007/s007760100011 (2001).
 4. Moreau, M. F., Gallois, Y., Basle, M. F. & Chappard, D. Gamma irradiation of human bone allografts alters medullary lipids and 

releases toxic compounds for osteoblast-like cells. Biomaterials 21, 369–376 (2000).
 5. Morille, M., Toupet, K., Montero-Menei, C. N., Jorgensen, C. & Noel, D. PLGA-based microcarriers induce mesenchymal stem cell 

chondrogenesis and stimulate cartilage repair in osteoarthritis. Biomaterials 88, 60–69, https://doi.org/10.1016/j.
biomaterials.2016.02.022 (2016).

 6. Shi, X. et al. Biodegradable polymeric microcarriers with controllable porous structure for tissue engineering. Macromolecular 
bioscience 9, 1211–1218, https://doi.org/10.1002/mabi.200900224 (2009).

 7. Samsudin, N. et al. Optimization of ultraviolet ozone treatment process for improvement of polycaprolactone (PCL) microcarrier 
performance. Cytotechnology 69, 601–616, https://doi.org/10.1007/s10616-017-0071-x (2017).

 8. Curran, J. M. et al. The osteogenic response of mesenchymal stem cells to an injectable PLGA bone regeneration system. Biomaterials 
34, 9352–9364, https://doi.org/10.1016/j.biomaterials.2013.08.044 (2013).

 9. Dreifke, M. B., Ebraheim, N. A. & Jayasuriya, A. C. Investigation of potential injectable polymeric biomaterials for bone 
regeneration. Journal of biomedical materials research. Part A 101, 2436–2447, https://doi.org/10.1002/jbm.a.34521 (2013).

 10. He, S. et al. Synergistic Effect of Mesoporous Silica and Hydroxyapatite in Loaded Poly(DL-lactic-co-glycolic acid) Microspheres on 
the Regeneration of Bone Defects. BioMed research international 2016, 9824827, https://doi.org/10.1155/2016/9824827 (2016).

 11. Kim, S. E. et al. Effect of lactoferrin-impregnated porous poly(lactide-co-glycolide) (PLGA) microspheres on osteogenic 
differentiation of rabbit adipose-derived stem cells (rADSCs). Colloids and surfaces. B, Biointerfaces 122, 457–464, https://doi.
org/10.1016/j.colsurfb.2014.06.057 (2014).

 12. Lee, J. Y. et al. Osteogenesis and new bone formation of alendronate-immobilized porous PLGA microspheres in a rat calvarial 
defect model. J Ind Eng Chem 52, 277–286, https://doi.org/10.1016/j.jiec.2017.03.057 (2017).

 13. Kim, S. S., Park, M. S., Jeon, O., Choi, C. Y. & Kim, B. S. Poly(lactide-co-glycolide)/hydroxyapatite composite scaffolds for bone 
tissue engineering. Biomaterials 27, 1399–1409, https://doi.org/10.1016/j.biomaterials.2005.08.016 (2006).

 14. Zhang, N., Wang, Y., Xu, W. P., Hu, Y. & Ding, J. X. Poly(lactide-co-glycolide)/Hydroxyapatite Porous Scaffold with Microchannels 
for Bone Regeneration. Polymers-Basel 8, https://doi.org/10.3390/polym8060218 (2016).

 15. Takeoka, Y. et al. In situ preparation of poly(L-lactic acid-co-glycolic acid)/hydroxyapatite composites as artificial bone materials. 
Polym J 47, 164–170, https://doi.org/10.1038/pj.2014.121 (2015).

 16. Takahashi, Y., Yamamoto, M. & Tabata, Y. Enhanced osteoinduction by controlled release of bone morphogenetic protein-2 from 
biodegradable sponge composed of gelatin and beta-tricalcium phosphate. Biomaterials 26, 4856–4865, https://doi.org/10.1016/j.
biomaterials.2005.01.012 (2005).

 17. Park, S., Heo, H. A., Lee, K. B., Kim, H. G. & Pyo, S. W. Improved Bone Regeneration With Multiporous PLGA Scaffold and BMP-
2-Transduced Human Adipose-Derived Stem Cells by Cell-Permeable Peptide. Implant Dent 26, 4–11, https://doi.org/10.1097/
Id.0000000000000523 (2017).

 18. Peng, K. T. et al. Treatment of critically sized femoral defects with recombinant BMP-2 delivered by a modified mPEG-PLGA 
biodegradable thermosensitive hydrogel. Bmc Musculoskel Dis 17, https://doi.org/10.1186/S12891-016-1131-7 (2016).

 19. Shen, X. F. et al. Sequential and sustained release of SDF-1 and BMP-2 from silk fibroin-nanohydroxyapatite scaffold for the 
enhancement of bone regeneration. Biomaterials 106, 205–216, https://doi.org/10.1016/j.biomaterials.2016.08.023 (2016).

 20. Shen, H., Hu, X. X., Bei, J. Z. & Wang, S. G. The immobilization of basic fibroblast growth factor on plasma-treated poly(lactide-co-
glycolide). Biomaterials 29, 2388–2399, https://doi.org/10.1016/j.biomaterials.2008.02.008 (2008).

 21. Gao, T. L. et al. Photo-immobilization of bone morphogenic protein 2 on PLGA/HA nanocomposites to enhance the osteogenesis 
of adipose-derived stem cells. Rsc Adv 6, 20202–20210, https://doi.org/10.1039/c5ra27914c (2016).

 22. Sun, X. M. et al. bFGF-grafted electrospun fibrous scaffolds via poly(dopamine) for skin wound healing. J Mater Chem B 2, 
3636–3645, https://doi.org/10.1039/c3tb21814g (2014).

 23. Shen, H., Hu, X. X., Yang, F., Bei, J. Z. & Wang, S. G. Cell affinity for bFGF immobilized heparin-containing poly(lactide-co-
glycolide) scaffolds. Biomaterials 32, 3404–3412, https://doi.org/10.1016/j.biomaterials.2011.01.037 (2011).

 24. Zhao, C. H. et al. Graphene oxide based coatings on nitinol for biomedical implant applications: effectively promote mammalian cell 
growth but kill bacteria. Rsc Adv 6, 38124–38134, https://doi.org/10.1039/c6ra06026a (2016).

 25. Garcia-Alegria, E. et al. Graphene Oxide promotes embryonic stem cell differentiation to haematopoietic lineage (vol 6, 25917, 
2016). Sci Rep-Uk 6, https://doi.org/10.1038/Srep28723 (2016).

 26. Liao, J. F., Qu, Y., Chu, B. Y., Zhang, X. N. & Qian, Z. Y. Biodegradable CSMA/PECA/Graphene Porous Hybrid Scaffold for Cartilage 
Tissue Engineering. Sci Rep-Uk 5, https://doi.org/10.1038/Srep09879 (2015).

 27. La, W. G. et al. Bone morphogenetic protein-2 for bone regeneration - Dose reduction through graphene oxide-based delivery. 
Carbon 78, 428–438, https://doi.org/10.1016/j.carbon.2014.07.023 (2014).

 28. La, W. G. et al. Delivery of a Therapeutic Protein for Bone Regeneration from a Substrate Coated with Graphene Oxide. Small 9, 
https://doi.org/10.1002/smll.201300571 (2013).

 29. Lee, J. H. et al. Enhanced Osteogenesis by Reduced Graphene Oxide/Hydroxyapatite Nanocomposites. Sci Rep-Uk 5, https://doi.
org/10.1038/Srep18833 (2015).

 30. Lee, J. H. et al. Spontaneous Osteodifferentiation of Bone Marrow-Derived Mesenchymal Stem Cells by Hydroxyapatite Covered 
with Graphene Nanosheets. J Biomater Tiss Eng 6, 818–825, https://doi.org/10.1166/jbt.2016.1506 (2016).

 31. Nair, M. et al. Graphene oxide nanoflakes incorporated gelatin-hydroxyapatite scaffolds enhance osteogenic differentiation of 
human mesenchymal stem cells. Nanotechnology 26, https://doi.org/10.1088/0957-4484/26/16/161001 (2015).

 32. Hu, X. X. et al. Modified composite microspheres of hydroxyapatite and poly(lactide-co-glycolide) as an injectable scaffold. Appl 
Surf Sci 292, 764–772, https://doi.org/10.1016/j.apsusc.2013.12.045 (2014).

 33. Luo, Y. et al. Enhanced Proliferation and Osteogenic Differentiation of Mesenchymal Stem Cells on Graphene Oxide-Incorporated 
Electrospun Poly(lactic-co-glycolic acid) Nanofibrous Mats. Acs Appl Mater Inter 7, 6331–6339, https://doi.org/10.1021/
acsami.5b00862 (2015).

 34. Patila, M. et al. Graphene oxide derivatives with variable alkyl chain length and terminal functional groups as supports for 
stabilization of cytochrome c. Int J Biol Macromol 84, 227–235, https://doi.org/10.1016/j.ijbiomac.2015.12.023 (2016).

 35. Cai, B., Hu, K. B., Li, C. M., Jin, J. & Hu, Y. X. Bovine serum albumin bioconjugated graphene oxide: Red blood cell adhesion and 
hemolysis studied by QCM-D. Appl Surf Sci 356, 844–851, https://doi.org/10.1016/j.apsusc.2015.08.178 (2015).

 36. Shen, H. et al. PEGylated Graphene Oxide-Mediated Protein Delivery for Cell FunctionRegulation. Acs Appl Mater Inter 4, 
6317–6323, https://doi.org/10.1021/am3019367 (2012).

 37. Cheng, D. et al. Engineering poly(lactic-co-glycolic acid)/hydroxyapatite microspheres with diverse macropores patterns and the 
cellular responses. Rsc Adv 5, 17466–17473, https://doi.org/10.1039/c4ra15561k (2015).

http://dx.doi.org/10.1089/ten.2006.0394
http://dx.doi.org/10.1007/s007760100011
http://dx.doi.org/10.1016/j.biomaterials.2016.02.022
http://dx.doi.org/10.1016/j.biomaterials.2016.02.022
http://dx.doi.org/10.1002/mabi.200900224
http://dx.doi.org/10.1007/s10616-017-0071-x
http://dx.doi.org/10.1016/j.biomaterials.2013.08.044
http://dx.doi.org/10.1002/jbm.a.34521
http://dx.doi.org/10.1155/2016/9824827
http://dx.doi.org/10.1016/j.colsurfb.2014.06.057
http://dx.doi.org/10.1016/j.colsurfb.2014.06.057
http://dx.doi.org/10.1016/j.jiec.2017.03.057
http://dx.doi.org/10.1016/j.biomaterials.2005.08.016
http://dx.doi.org/10.3390/polym8060218
http://dx.doi.org/10.1038/pj.2014.121
http://dx.doi.org/10.1016/j.biomaterials.2005.01.012
http://dx.doi.org/10.1016/j.biomaterials.2005.01.012
http://dx.doi.org/10.1097/Id.0000000000000523
http://dx.doi.org/10.1097/Id.0000000000000523
http://dx.doi.org/10.1186/S12891-016-1131-7
http://dx.doi.org/10.1016/j.biomaterials.2016.08.023
http://dx.doi.org/10.1016/j.biomaterials.2008.02.008
http://dx.doi.org/10.1039/c5ra27914c
http://dx.doi.org/10.1039/c3tb21814g
http://dx.doi.org/10.1016/j.biomaterials.2011.01.037
http://dx.doi.org/10.1039/c6ra06026a
http://dx.doi.org/10.1038/Srep28723
http://dx.doi.org/10.1038/Srep09879
http://dx.doi.org/10.1016/j.carbon.2014.07.023
http://dx.doi.org/10.1002/smll.201300571
http://dx.doi.org/10.1038/Srep18833
http://dx.doi.org/10.1038/Srep18833
http://dx.doi.org/10.1166/jbt.2016.1506
http://dx.doi.org/10.1088/0957-4484/26/16/161001
http://dx.doi.org/10.1016/j.apsusc.2013.12.045
http://dx.doi.org/10.1021/acsami.5b00862
http://dx.doi.org/10.1021/acsami.5b00862
http://dx.doi.org/10.1016/j.ijbiomac.2015.12.023
http://dx.doi.org/10.1016/j.apsusc.2015.08.178
http://dx.doi.org/10.1021/am3019367
http://dx.doi.org/10.1039/c4ra15561k


www.nature.com/scientificreports/

13ScIenTIFIc REPORts | 7:12549 | DOI:10.1038/s41598-017-12935-x

 38. Gao, T. L. et al. Biodegradable Microcarriers of Poly(Lactide-co-Glycolide) and Nano-Hydroxyapatite Decorated with IGF-1 via 
Polydopamine Coating for Enhancing Cell Proliferation and Osteogenic Differentiation. Macromolecular bioscience 15, 1070–1080, 
https://doi.org/10.1002/mabi.201500069 (2015).

 39. Atluri, K., Seabold, D., Hong, L., Elangovan, S. & Salem, A. K. Nanoplex-Mediated Codelivery of Fibroblast Growth Factor and Bone 
Morphogenetic Protein Genes Promotes Osteogenesis in Human Adipocyte-Derived MesenchymalStem Cells. Mol Pharmaceut 12, 
3032–3042, https://doi.org/10.1021/acs.molpharmaceut.5b00297 (2015).

 40. Crowder, S. W. et al. Three-dimensional graphene foams promote osteogenic differentiation of human mesenchymal stem cells. 
Nanoscale 5, 4171–4176, https://doi.org/10.1039/c3nr00803g (2013).

 41. Ku, S. H., Lee, M. & Park, C. B. Carbon-Based Nanomaterials forTissue Engineering. Adv Healthc Mater 2, 244–260, https://doi.
org/10.1002/adhm.201200307 (2013).

 42. Shao, W. L. et al. Enhanced bone formation in electrospun poly(L-lactic-co-glycolic acid)-tussah silk fibroin ultrafine nanofiber 
scaffolds incorporated with graphene oxide. Mat Sci Eng C-Mater 62, 823–834, https://doi.org/10.1016/j.msec.2016.01.078 (2016).

 43. Lee, S., Kim, K. M. & Lee, Y. K. Nanocomposite Microspheres of PLGA/HA with Antibiotics Injectable Bone-GraftMaterials. Tissue 
Eng Regen Med 7, 561–565 (2010).

 44. Zhang, K. H., Zheng, H. H., Liang, S. & Gao, C. Y. Aligned PLLA nanofibrous scaffolds coated with graphene oxide for promoting 
neural cell growth. Acta Biomater 37, 131–142, https://doi.org/10.1016/j.actbio.2016.04.008 (2016).

 45. Utesch, T., Daminelli, G. & Mroginski, M. A. Molecular Dynamics Simulations of the Adsorption of Bone Morphogenetic Protein-2 
on Surfaces with Medical Relevance. Langmuir 27, 13144–13153, https://doi.org/10.1021/la202489w (2011).

 46. Weber, D. et al. A silent H-bond can be mutationally activated for high-affinity interaction of BMP-2 and activin type IIB receptor. 
Bmc Struct Biol 7, https://doi.org/10.1186/1472-6807-7-6 (2007).

 47. Xie, C. et al. Graphene oxide nanolayers as nanoparticle anchors on biomaterial surfaces with nanostructures and charge balance for 
bone regeneration. Journal of biomedical materials research. Part A 105, 1311–1323, https://doi.org/10.1002/jbm.a.36010 (2017).

 48. La, W. G. et al. Delivery of bone morphogenetic protein-2 and substance P using graphene oxide for bone regeneration. Int J 
Nanomed 9, 107–116, https://doi.org/10.2147/Ijn.S50742 (2014).

Acknowledgements
This study was supported by a grant from National Natural Science Foundation of China (No. 81672263, No. 
31572217), as well as Jilin Innovation Fund for small and medium-sized technology-based (SC201502001).

Author Contributions
L.S. directed the work, designed experiments and analysed the data. C.F. designed experiments, conducted 
experiments, analysed the data and wrote the paper. X.Y. performed experiments. S.T. analysed the results and 
improved the work. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12935-x.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1002/mabi.201500069
http://dx.doi.org/10.1021/acs.molpharmaceut.5b00297
http://dx.doi.org/10.1039/c3nr00803g
http://dx.doi.org/10.1002/adhm.201200307
http://dx.doi.org/10.1002/adhm.201200307
http://dx.doi.org/10.1016/j.msec.2016.01.078
http://dx.doi.org/10.1016/j.actbio.2016.04.008
http://dx.doi.org/10.1021/la202489w
http://dx.doi.org/10.1186/1472-6807-7-6
http://dx.doi.org/10.1002/jbm.a.36010
http://dx.doi.org/10.2147/Ijn.S50742
http://dx.doi.org/10.1038/s41598-017-12935-x
http://creativecommons.org/licenses/by/4.0/

	Enhancing Cell Proliferation and Osteogenic Differentiation of MC3T3-E1 Pre-osteoblasts by BMP-2 Delivery in Graphene Oxide ...
	Materials and Methods
	Materials. 
	Preparation of Graphene Oxide-Incorporated PLGA/HA Microcarriers. 
	Surface immobilization of BMP-2. 
	Analyses of Microcarriers. 
	Adsorption Rate of bovine serum albumin. 
	Cell spreading, attachment, and proliferation assays. 
	Alkaline phosphatase (ALP) activity. 
	Quantitative real-time PCR analysis. 
	Immunofluorescence Staining. 
	Mineralization. 
	Statistical analysis. 

	Results and Discussion
	Characterization of Microcarriers. 
	Contact angle analysis. 
	Protein Adsorption Studies. 
	Cell adhesion and proliferation. 
	ALP activity. 
	Mineralization. 
	Bone-Related Gene Expression by qRT-PCR Tests. 
	Bone-Related Protein Expression by Immunofluorescence Staining. 

	Conclusions
	Acknowledgements
	Figure 1 SEM images (1-2) and FTIR spectra (3) of PLGA (a), PLGA/HA (b) and GO-PLGA/HA (c) microcarriers.
	Figure 2 XRD patterns of GO (A), HA (B), and microcarriers (C) of PLGA, PLGA/HA and GO-PLGA/HA.
	Figure 3 Water contact angles of pure PLGA microcarriers (A), PLGA/HA microcarriers (B) and GO-PLGA/HA microcarriers (C).
	Figure 4 Adsorption isotherms of BSA over PLGA, PLGA/HA and GO-PLGA/HA microcarriers (A).
	Figure 5 (a) Proliferation of MC3T3-E1 cells in PLGA, PLGA/HA, GO-PLGA/HA, PLGA/HA/BMP-2 and GO-PLGA/HA/BMP-2 microcarriers by MTT.
	Figure 6 ALP activities of MC3T3-E1 cells on different microcarriers for 7 d (a) and 14 d (b) analyzed with pNPP kit: PLGA (A) PLGA/HA (B) GO-PLGA/HA (C), PLGA/HA/BMP-2(50 ngmL−1) (D) and GO-PLGA/HA/BMP-2 (50, 100 and 500 ng mL−1) (E-G).
	Figure 7 (a) The corresponding quantitative evaluation of calcium content mineral deposition in MC3T3-E1 cells cultured for 20 d.
	Figure 8 Quantitative real-time PCR analysis of osteogenesis-related gene expression of Runx2 (a) and OPN (b) after MC3T3-E1 cells cultured for 7d: PLGA (A) PLGA/HA (B) GO-PLGA/HA (C) PLGA/HA/BMP-2 (50 ngmL−1) (D) GO-PLGA/HA/BMP-2 (50, 100 and 500 ngmL−1)
	Figure 9 In vitro Runx2 and OPN protein expression of MC3T3-E1 cells cultured on different microcarriers for 7d: PLGA (A) PLGA/HA (B) GO-PLGA/HA (C) PLGA/HA/BMP-2 (50 ngmL−1) (D) GO-PLGA/HA/BMP-2 (50, 100 and 500 ngmL−1) (E-G).
	Table 1 List of Genes and Primer Nucleotide Sequences.


