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Titanium Dioxide/Graphene
Oxide Composite Coatings
for 316 Stainless Steel
Dental Implants

ABSTRACT

Stainless steel has been used in orthopedics and orthodontic fields. However, it can-
not be used for fabrication of dental implants due to its inertness, low biocompatibility
and weak resistance to corrosion. A composite coating of titanium oxide /graphene ox-
ide has been prepared for stainless steel to improve its biological properties. Stainless
steel discs were polished, cleaned and pre-treated with a mixture of HNO, and HF acid
for T5 min. The composite coating composed of Ti0, produced by sol-gel technique and
doped with 0.75 wt% graphene oxide. XRD, SEM-EDX and AFM were employed to char-
acterize the composite coating. The anti-bacterial action of the composite coating was
investigated against S. aureus and E. coli. The corrosion resistance of coated and non-
coated samples was assessed in SBF using electrochemical technique. Cytotoxicity was
assessed using osteoblast-like cells. The wettability was determined by contact angle,
and bioactivity assessed by immersion in SBF. The results revealed that the composite
coating was dense with few micro-cracks, and was not cytotoxic to osteoblast-like cells.
The composite coating reduced bacterial colonies and the corrosion rate of the steel was
improved. The wettability of the sample was increased with the composite coating and
apatite formation appeared after 21 days.
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INTRODUCTION

Decade after decade, life expectancy increases and the demand for den-
tal implants increases. Titanium and its alloy have been used to fabricate
dental implants due to their suitable mechanical and biological properties.
However, these materials are very expensive and difficult to manufacture
and, therefore, have limited availability in more impoverished nations.
Biomedical 316L stainless steel is currently used as an implant material in
orthopedic and orthodontic fields due to its excellent mechanical proper-
ties (stiffness, ductility and elasticity), ease of production and low cost."?
Therefore, such a metal may be useful to manufacture dental implants,
especially in developing countries of low socioeconomic status. Practically,
however, it is difficult to employ stainless steel dental implants due to its
inertness,® low biocompatibility and low resistance to corrosion.* In ad-
dition to that, stainless steel implants are more prone to infection due to
development of a fibrous fluid-filled capsule at the bone-implant interface
that creates an ideal environment for bacterial colonization.® In order to
overcome these shortcomings, several attempts have been conducted to
modify the surface of stainless steel, particularly with thin or thick film
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coatings and using different coating techniques. Among these
techniques is the sol-gel method that has been used to coat
stainless steel with bioactive materials such as hydroxyapa-
tite,® bioactive glasses’ and titanium dioxide.®

Titanium dioxide is a natural oxide of titanium. It occurs in
amorphous and crystalline forms and produces three ma-
jor crystalline phases: anatase, rutile and brookite; rutile and
anatase have a tetragonal structure, while brookite is rhombic.
TiO, has excellent properties; biocompatible, bioactive and cor-
rosion resistant. Further, the anatase, tetragonal configuration,
has apatite forming ability in biological fluids.”® More inter-
estingly, this biomaterial has anti-microbial properties due to
photo-catalyst activity.'? It has been argued that TiO, exerts
less antimicrobial activity in visible light and under dark condi-
tions compared with the irradiated TiO,."”* However, the anti-
bacterial action of this material might be not fully achieved in
case of dental implants, as the implant fixture is situated inside
bone and difficult to be activated by irradiation or visible light.

Normally, successfully osseo-integrated implants are embed-
ded in bone, as long as the level of marginal bone is maintained.
However, the supporting bone might be resorbed due to the
remodeling process, thereby exposing implant surfaces. The ex-
posed surfaces might become contaminated and any developing
infection could lead to the loss of supporting tissues. Clinically,
the biocidal effect of a TiO, coating in such a condition is ques-
tionable, because the photo-induced bactericidal effect is limited
to the essential period for the implant to be accepted by the
body.™ The limited access to UV-light is another obstacle: it is dif-
ficult for the UV light to penetrate the surrounding thick tissues
such as human gingiva and bone, and a further complication is
that long-term or intense exposure to UV-light causes human tis-
sue damage." Therefore, to improve bactericidal effect of TiO,
and to prevent biofilm formation and subsequent implant fail-
ure, a TiO, coating can be doped with graphene oxide. Graphene
oxide has anti-bacterial action,'® large surface area'”'® and rich
surface hydrophilic functional groups.™

In the present study, a TiO,/graphene oxide composite coat-
ing was prepared by sol-gel dip coating technique to coat
stainless steel in an attempt to improve its biological, resist-
ance to corrosion and anti-bacterial properties.

MATERIALS AND METHODS
SUBSTRATE PREPARATION

16 mm diameter 316 medical grade stainless steel discs were
degreased and manually polished with 180, 2000 and 3000
grits silica carbide Emery paper and diamond paste (Struers- 6
microns). The polished discs were rinsed in acetone and etha-
nol and left to dry at room temperature. Next the discs were
pre-treated with a mixture of HNO,:HF in a ratio 3:1 vol % for
15 min and washed with distilled water and left to dry at room
temperature. The chemical composition of 316 medical grade
stainless steel is shown in Table 1.

COATING PREPARATION

The TiO, sol was prepared by mixing poly (titanium IV butox-
ide) 97% (CH,CH,CH,CH,) (Jinan Boss chemicals) with distilled
water, ethanol and HNO, in the molar ratio 1:1:37:0.1, as de-
scribed elsewhere.? The mixture was left to stir vigorously for
2 h. For the composite coating, graphene oxide powder (Su-
zhou Tanfeng Graphene Technology) was mixed with distilled
water for 1 h at room temperature. Then, about 0.75 wt% of
the solution (100 pl) was added to the TiO, sol and stirred for
1 h. The composite coating was prepared by dip coating tech-
nique using PTL-MMO1 dip coater (Zhengzhou Chuangda Lab-
oratory Equipment Co., Ltd). The stainless steel substrate was
soaked in the sol for 30 sec and withdrawn at a rate of 100
mm/sec. The coating cycle was repeated three times to ob-
tain the desired coating thickness with the same soaking time
and withdrawal speed. The coated samples were left to dry at
room temperature for 24 h. Thereafter, the composite coating
was subjected to heat treatment at 650 °C for 1 h and left in
the muffle furnace to cool down.

COATING CHARACTERIZATION

Coated and non-coated stainless steel samples were charac-
terized pre- and post-soaking in SBF by X-ray diffraction (XRD)
(Dx2700AB) to probe the structure of the samples. The device
was regulated at 50 kV/30 mA and copper (Cu) x-ray target at
2 theta range of 10-80° with a step size of 0.2/s. Scanning elec-
tron microscopy-energy dispersive spectroscopy (SEM-EDS)
(S50.fei) was employed to evaluate the morphology of the
surface coating, where the sample was mounted and point
scan analysis performed to detect the elemental contents. The
voltage power used in SEM imaging ranged between 10 and

Table 1. Chemical composition of medical grade 316L stainless steel (wto/)- (According to manufacturer certificate).

Fe Cr Ni Mo Cu Co Si

Al Mn v P S C N

Bal* 16.48 10.30 2.1 0.32 0.19 0.53

0.005 1.38 0.058  0.028 0.0006  0.021 0.023

Bal: Balance
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15 kv. The sample was mounted in a vertical position to visu-
alize the stainless steel coating interface and to measure the
coating thickness. Atomic force microscopy (AFM, XE-NSOM),
in contact mode, was employed to investigate the topography
and surface roughness of the composite coating with a scan
size of 5 pym X 5 pm.

EVALUATION OF ANTI-BACTERIAL ACTIVITY

The antibacterial action of pure TiO, and TiO,/graphene
oxide composite coatings was investigated against gram -ve
Escherichia coli (E. coli) and gram +ve Staphylococcus aureus
(S. aureus) bacteria counting colony forming units. The bac-
terial strains were gifted from the DNA center, University of
Babylon. After centrifugation and turbidity adjustment to Mc-
Farland tube (0.5*%108), about 150 pl of bacterial suspension
in 0.9% NaCl was placed, drop wise on the sample surface
contained in a (60*15 mm) polystyrene Petri-dish and covered
with a lid for 3 h inside a sterile hood.?' Then, brain heart broth
media was added to cover the sample in the Petri-dish. About
200 pl of the surface contaminated bacterial suspension was
added into a broth media to run a serial dilution up to 107
After that, 100 pl from each diluted broth culture media was
inoculated into Muller-Hinton agar plate and incubated at 37
°C for 24 h. The number of viable bacterial colonies (CFU) was
counted after incubation. The test was repeated three times
for each sample. The log reduction of CFU/ml was calculated
by subtraction of the minimum inhibition concentration from
the McFarland concentration. Washed, polished, but uncoated
stainless steel was used as a control.

CELL CULTURE

Human (osteosarcoma) osteoblast-like cells, MG-63, were
used to assess cytotoxicity of the TiO,/graphene oxide com-
posite coating, using TiO, coating as the control. Cells were
cultured in RPMI 1640 culture media (Sigma) containing 10%
fetal bovine serum (Gibco, Grand Island) and 1% penicillin/
streptomycin (Invitrogen, Grand Island) in a humidified incu-
bator (5% CO2 at 37 °C). Confluent cells were separated us-
ing 0.25% trypsin (Sigma) and aliquots of detached cells were
sub-cultured. Cells between the 7th - 14th passages were em-
ployed for the experiments.?

Human gingival fibroplast-1 (HGF-1), derive from gingival
connective tissue, were also recruited to assess the cytotox-
icity of the coated samples following the same technique of
osteoblast-like cells.

IN VITRO CELL VIABILITY

For cytotoxicity assay, MG-63 osteoblast-like cells (1x10°
cells/ml) were seeded onto the surface of sterilized coated
samples in 24-well cell culture plates and incubated for 24 h
at 37 °C, 5% CO,,. After exposure to the coated samples, 10 pl
of MTT solution was added to each well. The plates were fur-
ther incubated for 4 h. The media from each sample was care-
fully transferred to individual wells of a clean 24-well plate,

100 pl of dimethyl sulfoxide solubilization solution added and
incubated for 5 min. Finally, the absorbance was measured
using an ELISA reader (Bio-Rad) at 575 nm. The MTT assay was
carried out at 24, 48 and 72 h time points according to the
International Standard ISO 10993-part 5, 2009. The assay was
repeated three times for each sample.

CORROSION PROPERTY OF THE COATED AND NON-
COATED SAMPLES

The electrochemical test was carried out in a three-electrode
cell containing simulated body fluid (SBF) for 15 min. using
a computerized potentiostat (Wenking) with analyzing soft-
ware. The reference and counter electrodes were Ag/AgCl
and platinum. The non-coated and coated stainless steel were
used as working electrodes. The SBF was prepared according
to Kokubo method?® using the chemical ingredients shown in
Table 2. SBF was kept at 37 °C and a pH ranged between 7.4-
7.8 to simulate the physiological condition of the body. The
non-coated surface and the peripheries of the coated samples
were wrapped with nitrocellulose which was used as an insu-
lator during immersion in SBF. The polarization curves were
measured between +200 mV around the equilibrium potential
at a rate of 0.5 mV/sec. The electrochemical test was carried
out by measuring open circuit potential and the test was re-
peated three times for each sample. The corrosion rate (CR)
was measured using the following equation:?*

CR (mpy)=0.13 (icorr.).(Ew)/A.p

Where 0.13 is a constant, icorr. is the electrical current (uA),
Ew is the equivalent weight of the elements of stainless steel
substrate (g/mol), A is the sample surface area subjected to
electrochemical test (cm?) and p is the density of stainless
steel substrate which is (7.8 g/cm?3).

Table 2. Electrochemical results of the bare stainless

steel, stainless stelel coated with pure Ti0, and Ti0,/GO
compostie coatings in simulated body fluid.

Icor
Sample Ecor (pV) (HA/nA) CR (mpy)
pliseacd 175.1 237 0.00543
S.S.
ss c°.ated -173.6 0.363 0.000833
with Tio,
S.S. coated
with -155.2 0.796 0.00182
Ti0,-GO

S.S.: Stainless steel
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CONTACT ANGLE MEASUREMENT

The contact angle of a distilled water drop was measured using
static drop method. Optical contact angle and interface tension
meter (Kino) was employed to assess wettability of bare, TiO,-
coated and TiO,-graphene oxide coated stainless steel samples.
About 25 pL of distilled water was applied by micro-syringe and
the contact angle was determined at three different points within
15 seconds after applying the drop using computer software.

APATITE MINERALIZATION

Deposition of surface apatite on TiO,/graphene oxide com-
posite coating and pure TiO, coatings was investigated with
immersion in simulated body fluid (SBF) after 7, 14 and 21
days. The coated stainless steel discs were immersed in 20 ml
SBF based on the surface area of the coated discs. The volume
of SBF was determined using the following equation:?

Va= Sa/10

Where Va is the volume of solution (ml) and Sa is the surface
area of the coated discs (mm?).

The pH changes of the simulated body fluid were measured
using a Pen Type pH Meter (pH-009 (I) A) at the prescribed
time intervals. After taking the coated discs out from the incu-
bator, they were left to dry at 37 °C.

STATISTICS

ANOVA (one way analysis of variance) and student-T test
were used to determine any significant statistical differences.
P value < 0.05 was considered statistically significant.

1600

RESULTS
X-RAY DIFFRACTION

The XRD pattern of the composite coating reveals stainless
steel diffraction peaks at 43.4 and 50.5 26° (Figure 1). In addi-
tion to that, it exhibits crystalline peaks at 25, 37.5, 47.8, 53.7
and 54.8 26° which pertained to (101, 004, 200, 105 and 211)
crystalline planes of anatase-TiO, structure according to JCDP
card no. 21-1272.2° Notably, the crystalline peaks of graphene
oxide at 10.54 26° could not be seen in TiO,/graphene oxide
coating. Similar diffraction peaks have been seen in the XRD
pattern of the pure TiO, coating (results not shown). Optically,
the composite coating is transparent and the underlying stain-
less steel reflected through the composite coating.

SCANNING ELECTRON MICROSCOPY-ENERGY
DISPERSIVE SPECTROSCOPY AND ATOMIC FORCE
MICROSCOPY

Figure 2 shows SEM micrograph and EDX analysis of the pris-
tine stainless steel. Grinding and polishing scratches could be
seen, and there is no titanium in the chemical composition
of the stainless steel. The micrographs reveal that the stainless
steel surface is fully covered with the TiO,/ graphene oxide
composite coating and the coating is dense and uniform (Fig-
ure 3A). However, some micro-cracks, defects and white par-
ticles of different sizes were observed. The micro-cracks and
defects seem to be filled with coating material due to repeat-
ing coating process. EDX analysis of the composite coating
reveals the presence of Ti, C and O which indicate that the
chemical composition of the composite coating contains TiO,
and graphene oxide (Figure 3B). Notably, the highest weight
ratio was assigned to O, of the composite coating.
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Figure 1: XRD analysis of titanium dioxide/graphene oxide composite coating and pure titanium dioxide coating. Anatase phase
represents the main phase of titanium dioxide of both coatings. Both coatings exhibited similar diffraction peaks.
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Figure 2: SEM micrograph and EDX analysis of the bare stainless steel showing grinding and polishing scratches and there is no
titanium in the chemical composition of the bare stainless steel.
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Figure 3: A) SEM- micrograph and B) EDX analysis of the titanium dioxide/graphene oxide composite coating. C) SEM-micrograph and D)
EDX analysis of pure titanium dioxide coating. Defects and micro-cracks could be seen in the SEM-micrograph of the composite coating.

Figure 3C and D shows the SEM micrographs and EDX analy- Figure 4A and B displays SEM micrograph of the composite
sis of the pure TiO, coating. Similar features were observed in coating/stainless steel interface and EDX analysis of the inter-
the SEM micrograph of the pure TiO, coating with more defects face. The micrograph reveals that the coating is in close contact

compared to that seen in the SEM micrograph of the compos- with the underlying substrate without micro-cracks or porosi-
ite coating. EDX analysis reveals Ti and O, which represent the ties. The visible thickness of the composite coating from the
chemical composition of the coating. SEM micrograph is about 2.5 pm. EDX analysis of the interface
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reveals elements such as Ti, O, C which represent the chemical
composition of the composite coating. Interestingly, EDX analy-
sis of the interface exhibited Fe and Cr at a higher concentra-
tions which originate from the stainless steel substrate.

The AFM results (AFM 3D image and the value of the mean
roughness, Ra) of the TiO,/graphene oxide composite coating
show that the coating surface is irregular, and the value of
Ra is 34.7 nm, (Figure 5A). Greater surface irregularity with
a higher Ra value (41.7 nm) were measured in the pure TiO,
coating (Figure 5B). The bare stainless steel demonstrated the
lowest Ra value (15.24 nm).

EVALUATION OF ANTI-BACTERIAL ACTIVITY

To simulate the environment of dental implant in the oral
cavity, anti-microbial action of the composite coating was
investigated in the dark. Figure 6 shows the results of anti-
bacterial assay of the bare stainless steel, TiO,/graphene ox-
ide composite coating and TiO, coating against the studied
bacteria. The results indicate that graphene oxide improved
antimicrobial action of TiO, coating against gram +ve (S. au-
reus) and -ve bacteria (E.coli). The count of both bacterial spe-
cies exposed to the composite coating reduced up to 99.99%.
However, the antimicrobial effect of TiO,/graphene oxide
composite coating against E. coliwas slightly greater than that
against S. aureus with non-significant statistical differences (p
> 0.05). The pure TiO, coating exhibited antimicrobial activity

h
)
=
o9

[Fe] Element | Weight% | Atomic %

Titanium 4.92 1.48

Carbone 46.36 50.46

Oxygen 28.85 25,97

Iron 12.42 20.03

Chromium 7.45 2.06

i <r
"
H 6 8 10 12 14 % 1 20

ke

Figure 4: A) SEM- micrograph and B) EDX analysis of the titanium dioxide/graphene oxide composite coating- stainless steel interface.
The visible thickness of the composite coating is 2.5 pm. There is no space or porosities between the composite coating and the
stainless steel substrate indicating satisfactory adhesion between the two-phases. This was also approved by simple qualitative
scratching test of the titanium dioxide/graphene oxide composite coating using dental probe. Presence of Cr in the EDX analysis of

the interface indicates elemental diffusion between the two phases.

Figure 5: AFM analysis of A) titanium dioxide/graphene oxide composite coating and B) pure titanium dioxide at scan rate 5 pm X
Spm. Pure titanium dioxide coating demonstrates higher surface roughness compared with the composite coating.
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against both bacterial species particularly E. coli but at low-
er percentage (99.9%) compared with that of the composite
coating. Unexpectedly, the count of E.coli reduced to (99%)
upon exposure to the bare stainless steel in the dark.

CONTACT ANGLE MEASUREMENT

Figure 7 illustrates the contact angle measurement of the
bare stainless steel, TiO, and TiO,/graphene oxide compos-
ite coatings. Both TiO, and TiO,/graphene oxide coatings im-
proved wettability of the stainless steel substrate. The contact
angle of distilled water drop on the bare stainless steel de-
creased from 72° to 49° and 21° after coating with TiO, and
TiO,/graphene oxide coatings, respectively. The difference of
the contact angle among the samples was statistically signifi-
cant(p <0.0117).

Interestingly, there is only a weak inverse correlation
(R?=0.446) between the contact angle and the surface rough-
ness of the bare stainless steel and the coated samples (TiO,/
graphene oxide composite coating and the pure TiO, coating).

1.60E+04 -
BE.coli

1.40E+04 - B S. aureus
1.20E+04 -
1.00E4+04 -
8.00E+03 -
6.00E+03 -

4.00E+03

Log (CFU/mI) Reduction

2. 00E+03

0.00E+00

St.st. Tio2 TiO2/GO

Figure 6: Anti-bacterial action of titanium dioxide/graphene
oxide composite coating against S. aureus and E. coli. Tita-
nium dioxide/graphene oxide exhibited higher anti-bacterial
activity against both bacterial strains compared with pure ti-
tanium dioxide coating.
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Figure 7: Contact angle measurement of the bare stainless
steel, pure titanium dioxide coating and titanium dioxide/gra-
phene oxide composite coating. Titanium dioxide/graphene
oxide composite coating demonstrates lowest contact angle
among other samples.

IN VITRO CELL VIABILITY

The number of viable MG-63 cells adhered to the TiO,/gra-
phene oxide composite coating was slightly higher (although,
non-significant) than that of the pure TiO, coating in the first
24 h (91.67% vs. 91.59%, respectively) (Figure 8A). The number
of the attached cells on both coatings decreased steadily after
48 and 72 h, the composite coating still demonstrated slightly
higher number of attached cells than those attached to the
pure TiO, coating (86.27% and 80.02% vs. 83.03% and 79.55%,
respectively). However, there were non-significant statistical
differences in the number of the attached cells to the compos-
ite coating and the pure TiO, coating after 48 and 72 h.

Similar results were found for the primary human gingival
fibroblasts (Figure 8B) - non-significant statistical differences
of cell attachment to the composite and the pure TiO, coat-
ing in the first 24 h (93.48% vs. 94.52%). The number of the
attached cells on the composite coating and the pure TiO,
coating decreased gradually to (90.90% and 91.13%) after 48
h with non-significant statistical differences. After 72 h, the
decrease continued (79.59% vs. 85.15%) with a significant sta-
tistical difference (p < 0.0052).

CORROSION PROPERTY OF THE COATED AND NON-
COATED SAMPLES

Table 3 illustrates the results of electrochemical assay of the
coated and bare stainless steel in the simulated body fluid
for 15 min. The corrosive potential (E_ ) and corrosive cur-
rent (I ) were obtained from the polarization curves using
Tafel fit, as shown in Figure 9. The results revealed that TiO,/
graphene oxide composite coating increases the corrosion
potential (E_,) i.e to a less negative value (-155.2 mV) and
reduces the consumption of the corrosive current (Icorr) to
nanometer levels (796.79 nA) of the stainless steel substrate;
the corrosion rate of the bare stainless steel also has been
improved when coated with the composite coating. Howev-
er, the pure TiO, coating improved the corrosion rate of the
stainless steel substrate more than that of the TiO,/ graphene
oxide composite coating (84% vs. 66%, respectively) and de-
creases the consumption of the corrosive current (0.363 nA).
Figure 9 and Table 3

APATITE MINERALIZATION

X-ray diffraction

The XRD pattern of the composite coating after 7 days im-
mersion in the SBF showed new diffraction peaks at 10.6, 21.8
and 45.4 26° (Figure 10) which correspond to 100, 200 and
203 of hydroxyapatite planes.?” However, the main diffraction
peaks of hydroxyapatite at 31.6 - 32 26° could not be seen.
After 14 days immersion, a broad and ill-defined diffraction
peak was beginning to emerge.? The main diffraction peaks of
hydroxyapatite appears very clear as a single sharp and nar-
row peak at 31.6 26° after 21 days immersion in the SBF. The
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Figure 8: Cytotoxicity assay of titanium dioxide/graphene oxide composite coating against A) osteoblast-like cells and B) fibroblast
cells. After 72 h, the count of osteoblast-like cells and fibroblasts within 80% indicates biocompatibility of the composite coating.

Table 3. Chemical composition of simulated body fluid g/1 (green) and mmol (clear).

Nacl NaHCo, Kcl K,HPO, H,0 MgCl,6H,0  CaCl,2H,0 Na,SO,  (CH,OH).CNH, HCl
6.546 2.268 0.373 0.178 0.305 0.368 0.071 6.057 40
112.00 26.99 5.00 0.84 1.50 2.50 0.49 50.00 2.3
200 -
— St. St.
1 Tio;
0 - Tio,/GO
£ -200-
o
T |
€
& 400
[}
m E
-600
-800
L T 5 I 3 T s I L T = I L 1
6 -5 -4 3 -2 -1 0 1
Current [mA]

Figure 9: Potentiodynamic polarization curves for the bare stainless steel and coated samples in a simulated body fluid (SBF).
Titanium dioxide/graphene oxide composite coating increases corrosion potential (E__) and reduces the consumption of corrosive
current (I

corr

corr)'
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Figure 10: XRD analysis of not- treated and treated titanium dioxide/graphene oxide composite coating in simulated body fluid after 7,
14 and 21 days. Low intensity and broad peak of hydroxyapatite appears after 14 days immersion in simulated body fluid at 31.8 26°.

diffraction peaks of anatase-TiO, and the stainless steel are
visible in the XRD pattern of the composite coating. Similar
diffraction peaks of less intensity were seen in the XRD pat-
tern of the pure TiO, coating after the same time intervals of
immersion in the SBF (results not shown).

Scanning electron microscopy-energy dispersive
spectroscopy

Single agglomerates distributed randomly over the surface
of the composite coating were detectable after 21 days im-
mersion in the SBF (Figure 11A). EDX analysis of these agglom-
erates presents the main elements of bone hydroxyapatite i.e
Ca and P (Figure 11B). The atomic ratio of Ca to P of these
agglomerates was 1.2. SEM micrographs of the composite
coating after 7 and 14 days soaking demonstrates little, if any
agglomerates compared with that observed after 21 days im-
mersion (data not shown). SEM micrograph of the pure TiO,
coating demonstrates few isolated agglomerates after 21 days
immersion in the SBF, and the Ca: P ratio obtained from EDX
analysis was 0.4 which reveals a phosphorus-rich phase of the
observed appetite agglomerates on the pure TiO, coating (Fig-
ure 11Cand D).

DISCUSSION

Studies have been undertaken to assess the osteogenic po-
tential of titanium dioxide?® and graphene oxide3 as a coating
for titanium-based dental implants to improve bone-implant
integration. However, other properties such as bioactivity, cor-
rosion resistance and anti-microbial action to improve the life

of dental implants have rarely been considered. In this study,
the effect of these biomaterials in combination has been em-
ployed to evaluate biological, antimicrobial and corrosion re-
sistance for use with stainless steel-based dental implants.

COATING CHARACTERIZATION

The diffraction peaks of stainless steel and those of anatase-
TiO, observed in the XRD pattern of the TiO,/graphene oxide
composite coating and TiO, coating are consistent with ear-
lier studies.®2%3! Further, the similarity in the intensities of
the peak crystallization of both coatings indicate that doping
graphene oxide at 0.75 wt% did not affect the crystallization
process of anatase. This is obvious from the absence of the
main diffraction peak of graphene oxide at 10.54 26° in the
XRD pattern of TiO,/graphene oxide composite coating. The
absence of the main diffraction peak of graphene oxide could
be either due to destruction of the regular stack of graphene
oxide as a result of the intercalation of TiO, particles;* or due
to the low amount of graphene oxide doped into the TiO, sol
which is below the detection capacity of the diffractometer.
These findings are consistent with study of > where graphene
oxide was added to TiO, coating at a mass ratio 15:8, but the
main diffraction peak could not be seen.

The micro-cracks and defects observed in the SEM micro-
graph of the composite coating may occur during drying pro-
cess due to stress and tension forces of the liquid inside the
pores of the drying body;** or due to thermal expansion mis-
match between the stainless steel and the composite coating
(17x10-6 and 2.1-2.8x10-6 / °C, respectively)*> during cooling
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Figure 11: A & C) SEM-micrograph and EDX analysis of the titanium dioxide/graphene oxide composite coating and B & D) SEM- micrograph
and EDX analysis of the pure titanium dioxide coating after 21 days immersion in simulated body fluid. Red arrows indicate randomly
distributed hydroxyapatite agglomerates on the composite coating and phosphorus-rich apatite on pure titanium dioxide coating.

of the annealed films.3%37 According to the EDX spectrum, the
observed white particles are anatase-TiO, crystals that formed
during firing process. Similar features have been observed in
the SEM-micrograph of the TiO, coating with fewer white par-
ticles. The EDX spectra of the TiO,/graphene oxide composite
coating showed that Ti, O and C elements distributed evenly,
indicating homogeneity of the composite coating. Further, the
high weight ratio of O, is because this element is present in
both TiO, and graphene oxide. EDX-analysis of the pure TiO,
coating shows only Ti and O, indicating that this coating is de-
void of the carbon containing graphene oxide.

SEM micrographs of the coating/stainless steel interface indi-
cate that the coating adheres to the underlying substrate and
the micro-cracks seen in the coating surface do not involve the
entire coating thickness. This is probably due to repeating the
coating cycles. The thickness of the composite coating synthe-
sized in this study where three dip coating cycles had been
used is more than that produced in the study of (2.5 pm vs.
0.412 nm). These differences in the coating thickness could
be due to the different parameters used during dip-coating
technique. The study of *® used a rate was 220 mm/min and
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the deposited layer was dried at 200 °C for 5 min in a furnace
after each dip-coating cycle. The existence of Fe and Cr in the
EDX analysis of the interface is associated with a high concen-
tration of these elements in the chemical composition of the
underlying stainless steel substrate.

The composite coating is irregular with mean surface rough-
ness 34.7 nm and could be because of the crystalline particles
of the anatase-TiO, coating and graphene oxide particles doped
into TiO, sol during coating preparation. In addition to that, the
presence of pores and defects of the composite coating could
be a further reason for the surface roughness. However, the
mean Ra of the pure TiO, coating is higher (41.7 nm) than that
of the composite coating, which could be because of the grain
boundary of TiO, grains 39 or defects of the pure TiO, coat-
ing. This difference between the composite and the pure TiO,
coatings is because of graphene oxide. Doping graphene ox-
ide into the pure TiO, coating smooths the coating surface by
overlapping the TiO, grain boundary. One of the prerequisites
for successful dental implantation is a high surface roughness;
as it provides a large surface area, promotes friction, improves
osseo-integration and supports early implant stability.4
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It has been reported that graphene oxide has antimicrobial
activity against gram +ve and -ve bacteria.*’ Therefore, dop-
ing graphene oxide into a TiO, matrix would be expected to
improve the antimicrobial action of the composite coating.
Although, E. coli was more affected by the anti-bacterial ac-
tion of the composite coating compared with S. aureus, there
were non-significant statistical differences between the two
bacterial strains. To explain the mechanism of anti-bacterial
action of graphene oxide; Lui et al.*? proposed that the sharp
edges of graphene oxide disrupt the cell membrane of E. coli.
Others stated that graphene oxide damaged bacterial cells by
production of reactive oxygen species (ROSs)*; phospholipid
extraction* and intertwining*4¢ are other explanations for
the bactericidal effect of graphene oxide.

The pure TiO, coating exhibited lower antibacterial activity
against the studied bacterial strains in the dark (99.9%) with
a more intense effect on E. coli compared with S. aureus.
These findings confirm that doping graphene oxide into TiO,
matrix improved the anti-bacterial action of the latter against
the tested bacteria. The results of the pure TiO, coating are
in agreement with other studies*“® where they explained the
reduction in the count of bacterial cells in the dark to the de-
crease of the pH due to addition of the photo-catalysts. How-
ever, other studies ascribed the anti-bacterial activity to the
ability of TiO, to inhibit bacterial adhesion through altering
surface free energy of the coated surfaces* or increasing elec-
tron donor surface energy of the coating.>>' Further, Babaei
et al>? attributed the decrease in the number of the adhered
bacterial strains to the intense bonds of the positively free ti-
tanium ions in the media with the negatively outer layer of
the bacterial cell wall which increases slipping of E. coliand S.
aureus in the culture media.

The findings of the antimicrobial assay revealed that E. coli
was more affected by the bactericidal effect of TiO,/graphene
oxide composite and the pure TiO, coatings compared with S.
aureus. E. coli has thin cell membrane with loose poly-saccha-
ride layer of 10 nm which can be destructed physically by the
nano-sharp edge of graphene oxide; whereas, S. aureus sur-
rounded by a dense with thick poly-saccharide layer of 20-80
nm that protects them from the harmful effect of graphene ox-
ide.> In addition to that, anaerobic bacteria such as E. coli are
more sensitive to O, tension compared with aerobic bacteria.>*
The abundant O, from graphene oxide functional groups and
TiO,, as demonstrated in the EDX analysis of the TiO,/graphene
oxide composite coating, generate more O, tension which are
unfavorable for survival of E. coli. Lastly, the potential antibac-
terial activity of both coatings against E. coli could be ascribed
to the positively charged free metal ions released from the TiO,
coating in the media which react with lipids through the nega-
tively charged bacterium cell wall; the binding of the TiO, par-
ticles with the cell wall affects membrane fluidity which causes
decomposition of the phospholipids, decreases its hydropho-
bic properties and eventually leads to bacterial death.*> The
graphene oxide used in this study has a multi-layered structure;

ejprd.org - Published by Dennis Barber Journals.

therefore, the suggested mechanism of anti-bacterial action of
the TiO,/graphene oxide composite coating was due to physical
destruction rather than the generation of ROSs.

The reduction in E. coli counts exposed to the bare stainless
steel could be related to the polished and smooth stainless
steel surfaces and the size and form of the bacteria which af-
fect the area of bacteria-surface contact.* It has been shown
that E. coli requires greater surface roughness (large cavities)
to adhere to 316 stainless steel surfaces due to its rod-like
shape; whereas, small spherical shape S. aureus adheres fast-
er and requires lower levels of surface roughness to attach to
stainless steel surfaces.”” Besides, this reduction in the num-
ber of viable bacteria could be associated with the chromium
oxide IV formed on the stainless steel substrate which has a
toxic effect and structural damage to the studied bacteria.>®

The increased wettability of stainless steel after coating with
TiO, coating is due to the hydrophilic nature of this compound;
as TiO,, like other metal oxides, has a high surface energy and
hence is highly hydrophilic, providing that its surface is free of
contamination.* It was found that, compared to the films con-
taining rutile, the anatase films retained high hydrophilicity
due to the formation of strong donor-acceptor complexes by
the interaction of Ti-OH basic groups with H,0.% This implies
that the anatase-TiO, rich surface will be dominantly hydro-
philic and inherently more so compared with the rutile films.®’
Further increases in the wettability of the stainless steel after
coating with TiO,/graphene oxide composite coating is be-
cause of the abundant hydrophilic functional groups present
on the surface of graphene oxide® doped into the TiO, matrix.
Increased hydrophilicity is important for bioactivity of the im-
plant surface and to ensure biocompatibility and promote the
early stages of osseo-integration by affecting cellular growth
and accelerating the adhesion of plasma proteins.%

The surface roughness of the TiO,/graphene oxide compos-
ite coating was slightly lower than that of the pure TiO, coat-
ing (34.7 vs. 41.7 nm); but demonstrated better hydrophilicity
compared with the pure TiO, coating (contact angle- 21 vs.
49°). The decrease in surface roughness of the TiO,/graphene
oxide composite coating after addition of graphene oxide
could be associated with the structure of graphene oxide, as
it is multi-layered (according to manufacturer certificate). It
has been argued that roughness measurement of graphene
film decreases with an increase in layers.%>. However, the low
concentration of graphene oxide (0.75 wt%) could be another
reason behind the decrease in the surface roughness of the
composite coating. Graphene oxide at this concentration im-
proved hydrophilicity of the TiO,/ GO composite coating and
it has been claimed that even small amounts of graphene ox-
ide could improve hydrophilicity of the composite material.®
Similar findings have been observed by Cao et al.,*” where
graphene oxide-loaded titanium nano-tubes (TNT-GO) modi-
fied Ti surfaces exhibited slightly lower surface roughness
and higher hydrophilicity compared with titanium nanotubes
(TNT) (42.1 vs. 46.5 nm) and (33.9° vs. 46°), respectively.
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It was expected that the composite coating would exhibit
greater numbers of attached viable cells compared to the
TiO, coating, as the composite coating contains graphene ox-
ide which increases the surface area and hydrophilicity of the
composite coating. However, the results showed that the dif-
ferences were not statistically significant after 24 h. This could
be due to the low levels of graphene oxide (0.75 wt%) doped
into TiO, sol which supported by the XRD analysis, as no gra-
phene oxide diffraction peak was seen in the XRD pattern of
the composite coating. In addition to that, the hydrophilic
nature of the pure TiO, coating facilitates the adhesion and
proliferation of eukaryotic cells.%

After 48 and 72 h, the number of viable cells attached to both
coatings decreased gradually but the composite coating still ex-
hibited higher numbers compared with the pure TiO, coating.
This could be attributed to the relative increase in the surface
area of the composite coating due to doping graphene oxide into
the pure TiO, sol. The decrease in the number of viable cells on
both coatings could be due to exhaustion of the culture media.

The XRD analysis of the TiO,/graphene oxide composite
coating and the TiO, coating showed that the main diffraction
phase was anatase-TiO, after annealing at 650 °C. The find-
ings of this study disagree with the study of 69 where they
found that anatase-TiO, obtained from sintering TiO, powder
at 700 °C suppressed the growth and proliferation of mouse
osteoblast-like cells. However, the proliferation and growth
of the Chinese Hamster ovary cells seeded on anatase-TiO,
thin film obtained by magnetron sputtering technique were
increased after 48 and 72 h.”° These differences in the studies
could be assigned to the type of cell-line used and the method
employed for coating fabrication.

The behavior of primary human fibroblasts after 24 and 48
h were similar to that of the osteoblast-like cells. However,
the composite coating had fewer viable cells after 72 h com-
pared with the pure TiO, coating which could be related to
experimental errors. The number of viable cells observed on
the composite coating is still within viability 79.59%, and these
findings indicate that the TiO,/graphene oxide composite
coating is a biocompatible material according to ISO 10993-5
8; i.e the viability is more than 70%, and could be considered
as a coating for dental implants.

The increase in corrosion potential and the decrease of the
corrosive current of the bare stainless steel is due to the TiO_,/
graphene oxide composite coating and the pure TiO, coating.
This effect is mainly related to the titanium dioxide matrix
which has excellent corrosive resistance due to its ceramic
protective barrier on the metal surface.”’ In addition to that,
titanium dioxide is an inorganic compound and its inertness in
the corrosive media decreases the substrate dissolution rate
in the biological fluids.”? Titanium dioxide reduces the sub-
strate dissolution rate by preventing ionic release from the
bare stainless steel into the solution and resisting the aggres-
sive attack of the ions in the SBF.”> However, stainless steel
coated with the pure TiO, coating exhibited a lower corrosive
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current and higher corrosion rate compared with that of the
composite coating. This is because the presence of oxygen
functional groups on the basal plane of graphene oxide in the
TiO, coating increases hydrophilicity of the composite coating
which promotes absorption and diffusion of the solution mol-
ecules.” Therefore, the consumption of the corrosive current
decreases and resistance to corrosion of the bare stainless
steel improves by the composite coating but to a lower extent
compared with the pure TiO, coating (66% vs. 84%).

APATITE MINERALIZATION

The existance of new diffraction peaks in the XRD pattern of
the TiO,/graphene oxide composite coating after 7 days soak-
ing denotes that surface apatite began to form. This is ascribed
to the anatase phase which is the dominant phase as discussed
previously. Previous research stated that this phase has a similar
hexagonal structure to that of HA crystal;'® and the Ti-OH groups
present on the surface of the TiO,-anatase phase promote the
formation of surface apatite.”*”” However, the main diffraction
peak of hydroxyapatite could not be observed after 7 days im-
mersion. After 14 days immersion, a broad, but not-well de-
fined, diffraction peak appears at 31.6 26° which is associated
with small size or low amount of crystal apatite formation.”® The
growth of this apatite was reflected in the XRD pattern of the
composite coating after 21 days soaking as the main diffraction
peak appears to be sharp and narrow which is associated with
high crystallinity or large size apatite.”® Previous studies have
concluded that TiO, sol- gel dip coating annealed at > 600 °C may
reduce the number of OH groups present on the TiO, surfaces™
and this may retard apatite formation in the biological fluids. In
this study, the TiO,/graphene oxide composite coating was sub-
jected to 650 °C for 1 h to obtain the anatase phase and this
could explain the delay in apatite formation.

SEM micrographs of the composite coating also revealed
the presence of agglomerates of apatite forming at 21 days
of immersion in the SBF. However, these agglomerates were
distributed randomly, and the surface of the composite coat-
ing was not completely covered. The apatite deposited on the
anatase-TiO, phase - the main phase of the composite coat-
ing according to the XRD results. It has been proposed that
anatase-TiO, can form bone-like apatite due to the crystallo-
graphic similarity between apatite (0001) plane and anatase
(110) plane.’ Further, anatase phase is rich in Ti-OH groups
and large numbers of such groups are essential for apatite nu-
cleation.”®’” Others have stated that the bioactivity of anatase
phase is related to its ability to absorb OH- and PO4- from the
biological fluid’>® and the presence of OH functional groups
is imperative to enhance nucleation of calcium-phosphate.®'
However, the high temperature used during annealing pro-
cess at 650 °C reduces the OH groups through dehydration
and poly-condensation.’ In addition, such temperatures may
reduce the surface area of the coating due to a decrease in
the pore size inherited from the sol-gel methods.®? All these
factors explain the longer time required for apatite deposition
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or low amount of apatite formed on the composite coating.
Apparently, the delay in apatite nucleation and deposition on
the composite coating is not only associated with the anneal-
ing process, but also with the coating technique. The coating
produced by sol-gel technique is usually thin and has low deg-
radation rate i.e chemically stable.®

The Ca:P molar ratio of 1.2 of the apatite formed on the sur-
face of the composite coating indicates that calcium-deficient
apatite was formed.® This low Ca:P ratio could be related to
the high affinity of TiO, to HPO43 present in the SBF at the
expense of Ca*2% or to the carbonate, or hydrogen phosphate
substitution for phosphate in the apatite structure.®

The low Ca:P ratio of calcium-deficient hydroxyapatite in-
creases its solubility and bioactivity compared with stoichio-
metric hydroxyapatite.?”8 It has been proposed that calci-
um-deficient hydroxyapatite is more advantageous for bone
regeneration, as its composition and structure is close to that
of natural bone minerals.?

SEM micrograph of the pure TiO, coating displays few isolated
agglomerates distributed all over the coating surface. This fea-
ture and the low and weak intensities diffraction peaks seen in
the pure TiO, coating after immersion in the SBF indicates low
bioactivity of the pure TiO, coating compared with the compos-
ite coating. The low bioactivity of the pure TiO, coating could
be attributed to the weak capability of the pure TiO, coating
to adsorb Ca and P from the SBF due to low wettability of this
coating as some organic groups adhered to the TiO, gel pre-
pared by hydrolysis of titanium precursors.?’ EDX analysis of
the observed agglomerates revealed that P was evenly distrib-
uted whereas Ca found only close to apatite agglomerates. The
Ca:P ratio obtained from the EDX analysis is different from that
of the stoichiometric apatite (1.67) and suggests the presence
of phosphate-rich phase apatite which is also explained by the
high affinity of TiO, to HPO,® compared with Ca*? in the SBF.

The differences in bioactivity of the composite and pure TiO,
coatings could be related to the presence of graphene oxide,
as this compound increases the wettability of the composite
coating as explained previously. Therefore, the composite
coating exhibited better apatite formation compared with the
pure TiO, coating.

CONCLUSION

This study was carried out to evaluate the effect of TiO,/gra-
phene oxide composite coating on bioactivity, antimicrobial
and anticorrosive properties of stainless steel dental implant.
TiO,/graphene oxide composite coating is dense, rough and
transparent with few micro-cracks and defects. The anti-bac-
terial action of the TiO, coating was improved by doping gra-
phene oxide and was more pronounced on gram -ve bacteria
than gram +ve one. The coating was not cytotoxic at 0.75 wt%
graphene oxide concentration to osteoblast-like cells and fi-
broblast cells. The composite coating improved wettability,

reduced the corrosion rate of the stainless steel and dem-
onstrate calcium-deficient hydroxyapatite formation after 21
days immersion in simulated body fluid. Given the prohibitive
costs of titanium implants to some, the modification of stain-
less steel with a TiO,/graphene oxide composite coating might
provide the opportunity of more affordable dental care.
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