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Abstract

Graphene oxide (GO)/ultrahigh-molecular-weight polyethylene (UHMWPE) composites
were successfully fabricated through the mechanical ball milling technology and
processed according to the hot pressing method. The fractured microstructure features
and mechanical properties of the GO/UHMWPE composites were investigated by
Scanning electron microscope (SEM) and universal testing machine, respectively. By
immersion process with simulated body fluid (SBF) and then by in vitro cytotoxicity test
with MC3T3-E1 osteoblasts, GO/UHMWPE composites exhibited desirable stability and
admirable cytocompatibility. Moreover, the attachment and proliferation of the
MC3T3-El cells on the surfaces of GO/UHMWPE composites were investigated by
methyl thiazolyl tetrazolium (MTT) assay, SEM and fluorescence staining observations
to evaluate the biocompatibility of GO/UHMWPE composites. The addition of 0.5 wt.%
GO increased the hardness of the pure UHMWPE gradually. The MC3T3-E1 cells well
attached and grew on the surfaces of the composites, and the adding of GO did not affect
the morphology and viability of MC3T3-E1 cells. The GO/UHMWPE composites
displayed a remarkable combination of enhanced mechanical properties and good
biocompatibility, making the composites attractive for potential candidate as artificial
joints in the human body.

1. Introduction

Ultrahigh-molecular-weight polyethylene (UHMWPE), with molar weights exceeding
one million, has high impact strength, good biocompatibility and low friction coefficient.
So it is widely used as the material for artificial joints in the human body [1-4]. However,
owing to the low surface hardness and poor wear resistance of polymer, wear particles
lead to osteolysis [5-7], which will cause bone loss, joint loosening, discomfort, and
ultimately limit the lifespan of the artificial joints [8]. Therefore, much efforts have been
carried out to improve the mechanical and tribological properties of the UHMWPE
materials. One way to improve the wear and mechanical properties of UHMWPE is the
use of inorganic fillers. Carbon based reinforcing fillers with different shapes, sizes and
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dimensions have been studied extensively in the field of
polymer composites [9-11]. In particular, graphene, a new class
of two-dimensional carbon nanostructure, has attracted
considerable attentions, owing to its high Young’s modulus,
hardness, excellent flexibility, low cost, and has potential
applications in polymer composites [12-14]. Recently, there are
several reports related to graphene/polymer composites. When
incorporated, graphene improved significantly the electrical,
thermal and mechanical properties of the host polymers at a
small loading [15-18]. Graphene oxide (GO) is easily available
through the controlled chemical oxidation of graphite. GO
contains epoxide and hydroxyl groups are located on the basal
planes, carbonyl, and carboxyl groups are found at the edges
[19, 20]. The presence of these functional groups makes GO
strongly hydrophilic, readily swell and disperse in water. And
the most important, the oxygen functionality allows for
enhanced interactions with the polar polymer matrices, creates a
percolated domain of an “interphase” polymer that affects
dramatically the thermal and mechanical properties [21]. These
have motivated us to explore the possibility of GO as a
reinforcement in UHMWPE matrix for a new kind of artificial
joints. More recently, biocompatibility of graphene films was
compared with carbon nanotubes using a mouse fibroblast cell
line to assess the cytotoxicity, the results suggested that the cells
adhered and proliferated on graphene film well than carbon
nanotubes, which indicated that the material is biocompatible
and has no cytotoxicity [22-24].

The development of new routes for fabrication of
GO/UHMWPE composites is still highly desired. In this study,
we reported on the synthesis of GO/UHMWPE composites
using a simple combination of ball-milling dispersion
followed by hot-pressing, which is a facile route operated
under ambient conditions with the advantages of low cost and
simplicity. As the prepared GO/UHMWPE composites
showed remarkably enhanced hardness and slightly improved
yield strength compared with pure UHMWPE. The addition
of small amounts of GO did not affect the attachment and
proliferation of the MC3T3-El cells cultured on
GO/UHMWPE composites surfaces, indicating its excellent
biocompatibility. We expect such GO/UHMWPE composites
with good mechanical properties and biocompatibility may
find important applications in artificial joints.

2. Experimental Sections

All of the chemical reagents were of analytic-grade and
used without further purification (purchased from Shanghai
Chemical Reagent Co., Ltd., Shanghai, China), UHMWPE
was purchased from Hercules, the compound had a number
average molecular weight, Mn, of 50,000 and a mass average
molecular weight, Mw, of 190,000.

2.1. Synthesis of GO and GO/UHMWPE
Composites

Natural graphite powder was utilized as the raw material to
prepare graphite oxide by suspension through a modified

Hummers’ method [25, 26]. In a typical synthesis, synthesized
GO was mixed with UHMWPE and six different types of
GO/UHMWPE composites, containing 0, 0.1, 0.3, 0.5, 0.7 and
1.0 wt.%. The nomenclature of these six composites was
GO-00/UHMWPE, GO-01/UHMWPE, GO-03/UHMWPE,
GO-05/UHMWPE, GO-07/UHMWPE, and
GO-10/UHMWPE. The GO/UHMWPE composites were
prepared using the follow method. First, GO were dispersed in
ethylalcohol solution (50 mL) under vigorous stirring to form
a stable suspension A. Then stoichiometric amount of
UHMWPE (50 g) was added to ethylalcohol solution (450 mL)
under vigorous stirring to form solution B. A and B were
mixed together, ultrasonicated for several times at room
temperature using an ultrasonic generator with a frequency
and nominal power of 28 kHz and 600 W, respectively. The
GO/UHMWPE composites were washed several times with
ethanol, and were dried in a vacuum oven for 72 h at 60 C.
Finally, the GO/UHMWPE composites were ball-milled 2.5 h
with a frequency of 300 R/min to get the obtained products.

2.2. Characterizations

The morphology characterization and microstructure of
GO/UHMWPE hybrid materials analysis were carried out
using Scanning electron microscope (SEM) measurement on a
JEOL-6380LV and GO was observed by Transmission
electron microscope (TEM) measurement on a JEOL-2100.
The structure of GO and GO/UHMWPE was examined by
Fourier transform infrared spectroscopy (FT-IR, VERTEX
80v, Bruker Optics, Germany). Differential scanning
calorimetry (DSC, Perkin-Elmer 7) was carried out in dry
nitrogen gas at a flow rate of 10 mL/min. The DSC was
calibrated using indium as the standard, and the sample weight
was 7.0 £ 0.1 mg. The thermal history of the products was
removed by scanning them from 30 to 220 °C at a heating rate
of 10 °C /min followed by cooling to 25°C at a scan rate of
10 °C /min. The tensile properties were tested using an Instron
4665 ultimate tensile testing machine (UTM) at 20 °C and a
humidity of 30%. The dumb-bell specimens were made
according to the ASTM D 638 standard for tensile testing. The
cross-head speed was set to 50 mm/min for both the dumb-bell
samples. The mean value of each product was determined as
the average value of five test specimens.

2.3. Biocompatibility Test

2.3.1. MSC Cells Culture and Seeding
MC3T3-El cells were cultured in Revolutions-Per-minute
Indicator (RPMI 1640) containing 10% FBS, 50 U/mL
penicillin and 50 U/mL streptomycin. The medium was
refreshed every 3 days and the cells were incubated in a
tissue culture incubator at 37 °C with 5% CO,. After reaching
about 80% confluence, the cells were detached by 0.25%
trypsin. The sample size for cell culture and seeding was
10x10 mm?®. A density of 104 cells/mL was seeded in
24-well plates for methyl thiazolyl tetrazolium (MTT) assay
and SEM observation after the composite samples were
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sterilized by 75% ethyl alcohol for 2 h, and a density of 104
cells/mL was seeded for fluorescence staining observation.

2.3.2. MTT Assay

The MTT assay is one of the chromatic assays that have
been used to test the cytotoxicity and cell viability [27].
MC3T3-El Cells were seeded as previously described and
the cell viability was evaluated after 1, 2 and 4 days by MTT
assay, which was indicated by the reduction of MTT into a
acridine orange dye by living cells. MTT solution (100 uL) at
5 mg/mL in phosphate buffered saline (PBS) was added to
each well and incubated for 4 h under the same conditions
described. After removal of the medium, the converted dye
was dissolved in 750 pL/well dimethyl sulfoxide (DMSO).
Solution (150 pL) of each sample was transferred to a
96-well plate. Absorbance of converted dye was measured at
a wavelength of 490 nm using an ELISA plate reader.

2.3.3. SEM and Fluorescence Staining
Observations

After 1, 2 and 4 days of culture, samples were rinsed twice
with PBS to remove non-adherent cells and subsequently
fixed with 3% glutaraldehyde at 4 °C for 2 h. Thereafter, the
samples were dehydrated through a series of graded ethanol
solutions and air-dried overnight. Dry cellular constructs
were sputtered with gold and observed under SEM to
examine morphology of the cells. In the same way, cells were
dehydrated through absolute ethyl alcohol, and the samples
were stained with acridine orange, which was cleaved to
yield a green fluorescent product by metabolically active
cells. The density of the cells which adhered on each sample
was measured from randomly selected views of observed at
100-fold magnification with a microscopy.

3. Results and Discussion
3.1. Morphology and Crystalline Structure

Fig. 1 showed the TEM image and XPS spectrum of GO
sheets. It was evident that the GO exhibited a typically
wrinkled, thin, sheet-like structure and a two dimensional
sheet morphology, which had a thickness and mean lateral size
(Fig. 1(a)). Furthermore, the XPS peak of Cls was
decomposed into four Gaussian peaks ranging from 282.0 to
292.0 eV, which centered at the binding energies of 289.3,
287.5,286.3, and 284.8 eV were assigned to the C=0, C-O-C,
C-OH and C=C, respectively (Fig. 1(b)). It indicates the
considerable degree of the oxidation existing in GO material,
which results in the hydrophilic nature of GO.

The DSC curves and crystallinity of GO/UHMWPE
composites were shown in Fig. 2. The recrystallization
temperatures of the GO/UHMWPE composites increased
gradually with increasing GO content. This suggests that GO
acts as a nucleation agent for crystallization of the UHMWPE
matrix by providing a very large surface area for adsorption of
the UHMWPE chain, resulting in easier nucleation. The peak
temperature of crystallization melting occurred at about
141°C for all the GO/UHMWPE composites, indicating that

the addition of GO has little effect on the melting point of the
composites.
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Fig. 1. Characterizations of GO sheets: (a) TEM image and (b) Cls XPS
spectrum.
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Fig. 2. DSC curves of GO/UHMWPE composites with different amounts of
GO.

Fig. 3 showed the SEM images of the fractured surfaces of
GO/UHMWPE composites with different amounts of GO. It
could be seen that the fracture surface of unfilled UHMWPE
was relatively flat. When the GO content was 0.1 to 0.3 wt.%,
the corresponding fracture surface was uneven and the GO
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sheets were randomly distributed within the polymer matrix.
Furthermore, as the content of GO increased to 0.5 to 0.7
wt.%, the morphology of the fracture surface was totally
different. The image showed GO sheets were embedded into
the polymer so that GO and polymer could combine tightly to
each other to form a layered structure. As the content of GO
further increased to 1.0 wt.%, the layers stacked in a more
compact manner. As a result, the extension of the polymer
chain was hindered by the closely compacted GO sheets. Our
fabrication processing was presented to explain the

combination of GO and polymer matrix. After they were
mixed by ultrasonication dispersion and high speed
ball-milling, UHMWPE powders were homogenously
covered by GO sheets. To some extent, ultrasonication
dispersion and high speed ball-milling were an effective way
to disperse GO sheets into UHMWPE. Subsequently, these
GO/UHMWPE powders were hot-compressed at a high
temperature to stick together tightly and form a continuous
mixed phase.

Fig. 3. SEM images of the fractured surfaces of the GO/UHMWPE composites with different amounts of GO: (a) 0 wt.%, (b) 0.1 wt.%, (c) 0.3 wt.%, (d) 0.5

wt.%, (e) 0.7 wt.% and (f) 1 wt.%.
3.2. Microhardness

Fig. 4 showed the variation of microhardness values with
the increase of GO into UHMWPE. It could be noticed that
the microhardness of the GO/UHMWPE composites
increased gradually with the increase content of GO. The
addition of 1.0 wt.% GO increased the microhardness of
unfilled UHMWPE from 5.18 to 6.87, corresponding to an
increasing amount of about 33.33%. It was indicated that low
additions of GO sheets could obviously enhance the hardness
of UHMWPE. This was due to the excellent mechanical
properties of GO sheets, which could bear partial load and be
very essential for load transfer. According to Archard’s
prediction [28], the increase of hardness would reduce the
plastic contact areas for UHMWPE or its composite to metal
surface. Therefore, we believe the GO/UHMWPE
composites would have improved friction performance with
coordination metal material compared with unfilled
UHMWPE materials.
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Fig. 4. The microhardness of the GO/UHMWPE composites with different
amounts of GO.
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3.3. Biocompatibility of GO/UHMWPE
Composites

Biocompatibility is an essential factor for joint prosteheses
applications. Measuring the biocompatibility depends on the
techniques used for synthesis and the selection of the
biological model system for study [29]. MTT assay is a
cytotoxicity test method by evaluating the number of living
cells and the strength to living cells metabolism. In order to
evaluate the biocompatibility of as-prepared GO/UHMWPE,
the cytotoxic effect of GO/UHMWPE and UHMWPE against
cells was investigated. Fig. 5 showed the viability of cells
which were incubated with GO/UHMWPE and UHMWPE.
The observed results revealed that all samples were suitable
for the proliferation of the MSC cells in a fast rate. And this
result indicated that GO/UHMWPE was significantly
biocompatible and cell viability was not compromised. There
was no obvious change in the adsorption on the
GO/UHMWPE composites compared with that on the pure
UHMWPE, indicating that the addition of GO sheets into
UHMWPE had no negative effect on the cell growth. Taken
together, these results suggested that GO/UHMWPE is more
compatible than UHMWPE which is due to the
functionalization of GO. Therefore, it was considered that the
surface chemistry was the primary contributor to the
difference of toxicity between GO/UHMWPE and

UHMWPE. It can be definitely attributed to the excellent
intrinsic biocompatibility and the hydrophilic nature of GO
material.

Al GO-05/UHMWPE
250 B[ |UHMWPE
A

200 A
g
‘u‘é 150
E
=
5 100 B B

50

0
2 Time(d) 4

Fig. 5. Viability of the MC3T3-El cells on the GO/UHMWPE and
UHMWPE composites at different incubation times.

Fig. 6 showed the cell attachment on the GO/UHMWPE
composites with 0.5 wt.% GO at the incubation periods of 12,
24 and 48 h, respectively. It was clear that MC3T3-El cells
well adhered and proliferated on the GO/UHMWPE scaffold
with the increase of the culture time. After 48 h incubation,
the sample surface was almost covered with cells. Based on
MTT results analysis, it could be concluded that the
GO/UHMWPE composites promoted the proliferation of
osteoblasts after cocultivation for 2 and 4 days, and that the
cell viability was hardly restrained by the composites.

Fig. 7. SEM images of the MC3T3-E1 cells on the GO/UHMWPE composite with 0.5 wt.% GO for (a)12 h, (b) 24 h, and (c) 48 h.
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The surface properties of implant materials play an
important role in bone cells activities at interfaces, which
refers to surface chemistry, topography, roughness and
energy [30-32]. In vitro experimental evidences [33-35]
presented that submicron roughness surface was beneficial to
osteoblastic adhesion, and the corresponding results were
obtained in this study. The cell adhesion on various
specimens was illustrated in Fig. 7, after the cells were
seeded directly on the GO/UHMWPE composites scaffold
and incubated for 24 h, the scaffold surface appeared to be
adhered with some cells. The cells maintained the normal
morphology with some pseudopods around them and
multiple microvilli, indicating strong adhesion to the
substrate and active cell migration, which were probably
produced from the cells. With the increase of culture time,
the cells secreted extracellular matrices (ECM), where cells
were able to adhere, grow and spread on the scaffold surface.
The osteoblasts attached to UHMWPE surface also presented
with normal morphology and typical spreading with spindly
filopodia. The observation from SEM images confirmed that
the GO/UHMWPE composites had no adverse influence on
the morphology of osteoblastic cells. Furthermore, the results
from MTT test proved that the film was not cytotoxic, or did
not inhibit cell growth.

4. Conclusions

A simple ball-milling mixing followed by hot-pressing was
used to prepare GO/UHMWPE composites, where GO sheets
were well dispersed into polymer matrix. The addition of GO
with small amounts could obviously increase the
microhardness and the GO/UHMWPE composites exhibited
good biocompatibility. More importantly, this robust and
durable GO/UHMWPE composites are non-cytotoxic and
have potential applications in the biomedical field to deposit
it on various substrates. Therefore, the combined advantages
of the GO/UHMWPE composites make them promising
materials for artificial joints applications.
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