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a b s t r a c t

In the present study, a novel nano-silica (SiO2)/graphene oxide (GO) coating was deposited on Mg alloy
via physical vapor deposition (PVD) combined with dip coating. The structural characterization clearly
revealed that the nano-SiO2 underlayer had a compact columnar microstructure with a thickness of
1 mm, while the GO overlayer presented a sheet-like morphology with a thickness of around 30 mm. The
in-vitro degradation rate revealed that the presence of GO as an overlayer on the nano-SiO2 layer
significantly decreased the corrosion rate of the Mg alloy. The antibacterial results demonstrated that the
both nano-SiO2/GO and nano-SiO2 coatings exhibited a strong antibacterial activity against the Strep-
tococcus mutans. However, the nano-SiO2/GO coating exhibited better antibacterial activity compared to
the nano-SiO2 coated and uncoated samples. These results exhibit that nano-SiO2/GO coating has
effective antibacterial activity and high corrosion resistance in vitro, thus, it can be considered as a
promising material for implant applications.

© 2016 Elsevier Ltd. All rights reserved.
Currently, the study of biocompatibility and biodegradability of
implant materials received great attention in the biomedical ap-
plications. Mg and its alloys as biodegradable implant materials
were applied for biomedical application in the field of cardiovas-
cular, musculoskeletal and tissue [1,2]. This is attributed to their
good biocompatibility, low density, and close elastic modulus to
human bone and non-toxicity [1,3]. However, the application of
magnesium is restricted by its poor corrosion resistance, which
worsens the mechanical properties of the implant resulting in the
inability of tissue to heal [4e6]. To address this issue, two main
approaches were applied, which include alloying ofMgwith Zn and
Ca to improve its in-vitro corrosion resistance [7e9]. On the other
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hand, surface modifications were performed in order to further
enhance the corrosion resistance of Mg alloy [3,6,7]. Therefore, this
study used PVD for coating of nano-SiO2 as underlayer and dip
coating for graphene oxide (GO) deposition as an overlayer. In this
view, silicon is an essential ion in osteogenic cells with good
biocompatibility and corrosion resistance as well as it is beneficial
to bone and cartilage, providing inertness to biological tissues [3].
In this regard, Kuo et al. [6] showed that SiOx coating on AZ31 alloy
significantly decreased corrosion current density and improved
corrosion resistance. However, the presence of a great amount of
porosities in plasma coating also can absorb more aggressive me-
dium leading to more penetration of corrosive species to the sub-
strate [10]. Therefore, GO has been deposited as a top layer to seal
the micro-pores of PVD coating to enhance the corrosion resistance
and antimicrobial activity of the substrate. Graphene oxide (GO)
has been reported as an interesting additive for coatings due to its
unique structural properties, surface functionalization, exceptional
mechanical behavior, interesting biological response, and
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anticorrosion properties [7,11e13]. In this view, Gao et al. [14]
illustrated that HA/GO coating could significantly decrease the
corrosion resistance of Mg alloys. A similar study [7] showed that
GO/HA/phosphate coating presented lower in-vitro degradation
rate compared to the HapNP/phosphate coating and uncoated
ultra-high purity Mg substrates. Yet another study [15] revealed
that graphene coating effectively inhibited the magnesium alloy
from corrosion. However, a study on the corrosion behavior and
antibacterial properties of bi-layer nano-SiO2/GO coating on mag-
nesium alloys could not be found in the literature. Hence, in the
present study, the PVD coupled with dip coating methods was
performed for the first time to prepare nano-SiO2 coating as an
underlayer and GO coating as an overlayer on magnesium alloy in
order to assess its potential for orthopedic applications.

In this study, samples of Mg-1wt% Ca-6wt% Zn alloy with di-
mensions of 15 mm� 10mm� 10mmwere used as substrates. For
the nano-SiO2 coating, a hybrid ion beam deposition system, con-
sisting of a linear ion source and magnetron sputtering source with
a SiO2 target, was selected. An ion source with Ar gas was used to
clean the surface of the Mg alloys for 40 min. This pre-treatment
was performed when the base pressure of the chamber was
below 2.55 � 10�3 Pa. PVD was performed at room temperature
with argon as the sputtering gas. The process used a sputtering
pressure of 0.24 Pa, an RF sputtering current of 200 W, the depo-
sition time of 90 min, and a bias voltage of �150 V. Graphene oxide
was synthesized by amodified Hummer’s method [16] via chemical
oxidation without further purification. The solution of GO (1 mg/
ml) and deionized water was sonicated for 1 h at 100 W to form a
stable dispersion. The SiO2 coated sample was dipped into the
dispersed GO solution for 30 min under sonication and then dried
at 100 �C for 1 h. This step has been repeated 3 times in order to
Fig. 1. Surface morphology of (a,d) uncoated Mg alloy, (b,e) single-layer SiO2 coated and (c,
coated and (h) bi-layer SiO2/GO coated and (g) X-ray diffraction patterns of uncoated and c
increase the loading of GO on the surface of the alloy. X-ray
diffractometry (Siemens-D500) was used for phase identification
using Cu-Ka radiation generated at 40 kV and 35 mA. The micro-
structural observation was performed using scanning electron
microscopy (SEM; JEOL JSM-6380LA) and transmission electron
microscopy (TEM; HT7700 Hitachi). A three-electrode cell was used
for potentiodynamic polarization tests (PARSTAT 2263) and elec-
trochemical impedance spectroscopy (EIS) in SBF solution accord-
ing to [2]. The immersion test was carried out according to ASTM
G1-03 in the SBF at 37 �C and the pH value of the uncoated and
coated samples were monitored with a pH meter. The antibacterial
activity of the uncoated, SiO2 coated, and SiO2/GO coated of Mg
alloy against Streptococcus mutans PTCC 1683 (Gram-positive bac-
teria) were investigated according to the disc diffusion antibiotic
sensitivity testing. These bacteria were provided from Persian Type
Culture Collection, Iran. The glassware was sterilized for 15 min in
an autoclave at 121 �C prior to the experiment. Bacteria stock so-
lution was prepared by mixing 5e10 colonies with a sterile loop in
Muller Hinton broth (Merck) and incubated or 24 h at a tempera-
ture of 37 �C and then compared with turbidity of suspension to 0.5
McFarland standard. For disc diffusion antibiotic sensitivity testing,
a Muller-Hinton agar media (Merck) was swabbed with the
respective organisms, and each samplewas placed on the agar plate
and incubated at 37 �C for 24 h in an incubator. In this study,
penicillin discs for bacteria (10 mg/disc) were used as positive
control. The experiment was repeated three times and only one
best image was photographed using a digital camera. The mean
zone of inhibition (mm) around the film was measured using an
ImageJ software version 1.47.

The SEMmicrographs show the presence of eutectic structure at
the grain boundaries of the uncoated MgeCaeZn alloy (Fig. 1 a,d).
f) bi-layer SiO2/GO coated and cross sectional SEM micrographs of (g) single-layer SiO2

oated Mg alloy samples.
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However, the nano-SiO2 coating possesses a uniform surface within
which nanometer-sized SiO2 particles are dispersed along with a
bubble-like structure that was formed on the surface film (Fig. 1
b,e). Porosity was also observed in the SiO2 layer, demonstrating
the presence of defects, which is typical in PVD coating. But, some
cracks were observed on its surface by SEM. These cracks appeared
to be deep and probably produced by the compressive intrinsic
stress that always exists in coatings prepared by PVD [17]. The TEM
image in the frame of SiO2 coating revealed the formation of black
spherical particles with various sizes between 40 nm and 60 nm
(Fig. 1e). The graphene oxide with sheet-like morphology is shown
in Fig. 1c, f and these kinds of morphologies may be caused by the
occurrence of a large percentage of oxygenated groups on the edges
of the sheets. Formation of GO nanosheets is generally intimated by
the occurrence of oxidation on the edges of the sheets along with
the surface area of the graphite flakes, after which steadily passes
between the sheets. This produces a large percentage of oxygen
that contains groups on the graphite, resulting in an increase in the
interlayer distance [11,18].

The TEM image in the frame shows the GO has a sheet-like
morphology with submicron size and a few nanometers thickness
(Fig. 1f). The cross-section morphology of the nano-SiO2 coating as
under-layer indicates that the PVD coating had a thickness of
around 1 mm with a developed columnar structure (Fig. 1g). How-
ever, the thickness of the GO coating was in the range of 30e33 mm
(Fig. 1h). The XRD patterns of the uncoated sample illustrate the
formation of the Ca2Mg6Zn3 compound besides a-Mg (Fig. 1i),
which is consistent with the MgeCaeZn phase diagram. In addi-
tion, the result of XRD showed not only proves that SiO2 has been
successfully deposited on the substrate but also reveals that the
SiO2 coating presented a (101) preferred texture. The calculated
crystallite sizes in SiO2 coating according to the Scherrer equation is
52 nm. The XRD results of GO coating was also confirmed by the
other researchers [14] and boarder indicated peaks at 2Ɵ of 11.5� is
related to the oxidation reactions that penetrates between the GO
sheets and cause decreases between these sheets and their regu-
larity. These oxidations interaction may lead to facilitating the
delamination of GO sheets into separated sheets on exposure to
low-power sonication [19].

Potentiodynamic polarization curves in Fig. 2a show the corro-
sion potential (Ecorr) of the uncoated samples (�1737.6 mVSCE)
shifted to the nobler direction after single-layer coating
(�1638.2 mVSCE) and bi-layer coating (�1539.1 mVSCE), indicating
that the Ecorr of the coated samples was nobler than the uncoated
Mg alloy. Compared with the uncoated specimen, the curves of
both coated specimens obviously shift to the left direction, indi-
cating that they have a lower current density (icorr). However, the
Fig. 2. (a) Potentiodynamic polarization curves, (b) Electrochemical impedance spectroscop
alloy samples in the SBF solution.
single-layer SiO2 coatings moderately decrease icorr from 239.7 to
33.5 mA/cm2. This can be due to the PVD coating that formed a thin
layer containing cracks and pores, allowing the aggressive medium
to infiltrate and corrode the substrate. On the contrary, the SiO2/GO
coated considerably decline icorr to (5.95 mA/cm2), which is attrib-
uted to its chemical inertness and impermeable to molecules,
graphene acting as a natural diffusion barrier and thus protecting
Mg substrate against corrosion [20].

The EIS spectra of uncoated and coated samples demonstrated a
capacitive loop in the higher frequency region (Fig. 2b). The EIS
spectra of all samples can be fitted well using a simple equivalent
circuit as shown in Fig. 2b, which is composed of the double layer
capacitance, Cc, in parallel to the charge transfer resistance, Rct, to
represent the interface between the electrolyte and Mg alloy. After
single-layer and bi-layer coatings, the capacitive loop is apparently
enlarged, indicating that the corrosion resistance of the Mg alloy is
significantly improved. The difficulty in charge transfer indicating
that the coating layers can provide superior protection for the Mg
alloy [21]. The charge transfer resistance (Rt) of the uncoated
sample (1.69 kU cm2) increased to 12.38 kU cm2 in SiO2-coated and
to 17.21 kU cm2 in SiO2/GO-coated samples. This indicates that a
high level of corrosion protection of the Mg substrate can be pro-
vided with GO coating by sealing the porosities and blocking the
ionic transport in the SiO2 coating, for example, the infiltration of
Cl� through pores, pinholes and cracks which leads to the forma-
tion of a galvanic cell and subsequent corrosion damage [22].

Fig. 3 shows the surface morphologies of the uncoated and
coated samples after 10 days of immersion in the SBF solution.
Fig. 3a,d shows that the surface of the uncoated sample is partially
covered by a white product with irregular morphologies. The
presence of big and deep cracks in the alloy surface allows the
solution to have direct contact with the matrix leading to the ac-
celeration of the corrosion process. The surface of the SiO2 coating
showed the small cracks formation accompanied by the precipi-
tation of white spherical particles (Fig. 3b,e). However, the uni-
formed layer with fewer cracks was formed on the SiO2/GO-coated
samples. The GO sheets accompanied by some wrinkles were also
detected on the coated sample surface (Fig. 3c,f). In this regard, Li
et al. [20] showed that GO sheet with some wrinkles could inhibit
the SBF solutions from penetrating into the composite coatings and
improve their corrosion resistance.

It can be seen in Fig. 4a that the pH values for all samples tended
to increase at the early immersion stage due to the formation of a
significant amount of the OH� ion, while the pH of the samples
remained at a constant value at the longer time due to the forma-
tion of calcium-phosphate that consumes the OH� in the SBF so-
lution, which improves the bioactivity of the samples [23e26]. The
y measurements uncoated Mg alloy, single-layer SiO2 and bi-layer SiO2/GO coated Mg



Fig. 3. SEM morphology of (a,d) uncoated, (b,e) SiO2 coated and (c,f) SiO2/GO coated after 10 days of immersion in the SBF solution.

Fig. 4. (a) Change of pH value and (b) Corrosion rate of uncoated Mg alloy, SiO2- and SiO2/GO-coated Mg alloy specimens in the SBF solution and (c) Antibacterial activity of
uncoated Mg alloy, single-layer SiO2 and bi-layer SiO2/GO coated Mg alloy against Streptococcus mutans.
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pH changes for the uncoated sample were higher than the coated
samples during the immersion time. This phenomenon indicated
that the SiO2/GO coatings acted as barriers, which can protect the
uncoated substrate from direct contact with the corrosive media as
well as block the penetration of electrolyte. Fig. 4b demonstrates
that the weight loss of both coating samples is lower than that of
the substrate during the whole process. In addition, the weight loss
of the uncoated sample is 1.61 mm/year, which exhibited the
highest degradation rate. The weight loss of the SiO2 coating de-
clines to 1.05 mm/year, while after the bi-layer SiO2/GO coating, the
weight loss further decreased to around 0.69 mm/year indicating
that lower degradation rate of the bi-layer coating.

Fig. 4c shows antibacterial activities of the uncoated and coated
samples determined by disc-diffusion test against Streptococcus
mutans (S. mutans). The inhibition zone for SiO2/GO coatings was
bigger than that of the SiO2 coated and uncoated samples against
S. mutans. The results indicated that inhibition zone increased with
the use of graphene oxide coating as an overlayer. Recently, O.
Akhavan et al. [27] suggested that the graphene oxide wrapped the
Escherichia coli (E.coli) bacteria, which ultimately resulted in the
biological disconnection of bacterial cells from their environment
and, therefore, were unable to proliferate and were finally photo-
thermally inactivated forever by near-infrared irradiation. Other
studies showed [12] that graphene effectively inhibited the growth
of Gram-negative E. coli and Gram-positive Bacillus subtilis at a
concentration of 1 mg/mL. Therefore, it can be concluded the
resultant GO coating exhibited enhanced antibacterial activity
against Gram-positive bacteria. This result was in good agreement
with Tu et al. [13], which indicated that GO had the highest anti-
bacterial activity. He stated three steps of cell damage detected via
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TEM, firstly, the cells were tolerant to GO for a short period of time;
then, the cell membranes partially lost integrity, with some pre-
senting a lower surface phospholipid density; and finally, the cell
membranes were severely damaged and some were even entirely
missing their cytoplasm.

To conclude, a novel nano-SiO2/GO bi-layer coating was fabri-
cated on biodegradable MgeCaeZn alloy by a two-step preparation
process of physical vapor evaporation and dip coating. The nano-
SiO2 as underlayer had bubble-like morphology accompanied with
some micro-cracks and pores with a thickness of around 1 mm.
However, GO as an overlayer demonstrated sheet-like morphology
with a thickness about 30 mm. Both nano-SiO2 and nano-SiO2/GO
coatings increase the corrosion resistance of the Mg alloy but the
bi-layer coating significantly decreases corrosion current density
and increases the charge transfer resistance of Mg alloy. Antimi-
crobial studies indicated that nano-SiO2/GO coated samples exhibit
excellent antimicrobial activity in vitro against the S. mutans. Thus,
bi-layer nano-SiO2/GO coating sample is promising as biomaterials
due to its high corrosion resistance and good antibacterial activity.
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