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Preparation of biomedical Ag incorporated hydroxyapatite/titania
coatings on Ti6Al4V alloy by plasma electrolytic oxidation*
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Nano-Ag incorporated hydroxyapatite/titania (HA/TiO;) coatings were deposited on Ti6Al4V substrates by the
plasma electrolytic oxidation process. Compared with the substrate, the deposited coatings display attractive mechani-
cal and biomedical properties. First, the coatings have stronger wear resistance and corrosion resistance. Second, they
show a strong antibacterial ability. The mean vitality of the P. gingivalis on the coating surfaces is reduced to about 21%.
Third, the coatings have good biocompatibility. The mean viability of the fibroblast cells on the coating surface is increased
to about 130%. With these attractive properties, Ag incorporated HA/TiO, coatings may be useful in the biomedical field.
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1. Introduction

Ti6Al4V is an important implant material in orthopedic
and dental fields.
as high specific strength, high calorific intensity, low den-

It has lots of attractive properties, such

sity, and low fracture toughness.!!! However, Ti6Al4V still
has some defects in its practical application. First, it cannot
form a chemical bond with bone tissue in the humoral en-
vironment, which may cause the formation of thrombus on
the interface. Second, the corrosion resistance of Ti6Al4V
is not good enough to avoid contact corrosion on the tissue—
Ti6Al4V interface, which may lead to the corrosion damage
of the implant device.>3] Moreover, Ti6Al4V has a poor an-
tibacterial ability. As an implant material, bacterial infection
after the placement is one of the potentially devastating com-
plications, which may eventually cause the total failure of the
implantation. Once bacterial infections occur on the tissue—
implant interface, bacteria tend to aggregate in a hydrated
polymeric matrix to form a bio-film on the implant device
surface, which can hardly be destroyed by any antibacterial
agents coming from outside.!*-%! Therefore, to promote its ap-
plication in the biomedical field, the corrosion resistance, bio-
compatibility, and antibacterial activity of Ti6Al4V all need to
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be improved.!7-1%]

Among various surface strategies, depositing a biofunc-
tional coating on the surface of Ti6Al4V is a successful ap-
proach. Hydroxyapatite (HA) is a popular biomaterial in the
medical field. As a component of bone, HA has good bio-
compatibility, osteoconductivity, and bioactivity.!!3-13] Mean-
while, it can enhance early bone apposition and implant
fixation.[1®18] However, the lattice of HA is quite different
from that of metals, so it is quite difficult for the HA coating to
chemically bond to the metal surfaces by conventional film de-
position methods. Recently, the plasma electrolytic oxidation
(PEO) technique has become a prominent way for depositing

13-15.19211 The coatings de-

HA coatings on metal surfaces.!
posited by the PEO technique are usually characterized by in-
terconnected microporous morphologies and multiphase struc-
tures. The PEO technique has a complex process. It combines
the diffusion and electrophoresis of elements in the electrolyte,
the transformation of ions in the discharge channels, and the
electrochemical oxidation on the metal surface. Meanwhile, as
the coating formation involves some consumption (oxidation)
of the metal substrate, the deposited coating can adhere to the

substrate firmly.!?°-2%] Especially, in the PEO process of the
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Ti6Al4V substrate, the generated titanium oxide (TiO;) inner
layer can enhance the bonding strength between the coating
and the substrate. Moreover, the dense TiO, layer shows good
mechanical properties, such as strong corrosion resistance and
wear resistance. '] Therefore, depositing HA-contained coat-
ings on the Ti6Al4V surface by the PEO technique may im-
prove both the mechanical and the bioactivity of the Ti6AlI4V
substrate. However, the antibacterial ability of HA-contained
coating is unclear. Worse still, as the PEO process makes the
coating surface rougher, it may leave the sample at a higher

n.[23-261 1t is well known that sil-

risk of bacterial accumulatio
ver (Ag) and its compounds are good antibacterial agents with
a broad spectrum of activity.!?’! They can prevent bacteria
from replicating and finally inactivate the bacterial proteins.
During the past decades, Ag and its compounds have been in-
corporated into the surfaces of various medical devices, such
as the vascular, urinary, prosthetic heart valve sewing rings,
sutures, fracture fixation, and so on.[28-33

Based on the discussion above, depositing the nano-Ag
incorporated HA-contained coating on the surface of Ti6Al4V
may be an effective modification, which can improve its cor-
rosion resistance, bioactivity, and antibacterial ability simulta-
neously. In this study, we deposit the nano-Ag incorporated
HA-contained coating on the surface of a Ti6Al4V substrate
by the PEO technique. To investigate the application potential
of the deposited coating in the biomedical field, the mechan-
ical and biomedical properties, such as the wear resistance,
corrosion resistance, antibacterial ability, and biocompatibil-

ity are carefully studied.

2. Experimental details
2.1. Substrate preparation

A Ti6Al4V alloy with dimensions of 10 mm x 10 mm
x 2 mm was used as the substrate. All the substrates were
progressively polished with SiC abrasive papers (300-2000 t),
then ultrasonically washed in acetone, absolute ethyl alcohol,
and distilled water successively for 10 min to wipe off the con-
tamination on the surface. After that, the substrates were dried
at room temperature and kept in the sample box prior to the
PEO treatment.

2.2. PEO process

The schematic diagram of the experimental setup is
shown in Fig. 1. The PEO process was carried out in a conven-
tional plasma electrolytic oxidation unit comprised of a pulsed
DC source, a stirring system, and a cooling system. Based
on the research results of Han er al,’*%] we chose an aque-
ous electrolyte containing f-glycerophosphate disodium (-
GPNay) and calcium acetate (Ca(CH3COO),-H,0O) with the
concentrations of 0.02 mol/L and 0.2 mol/L, respectively. To

introduce nano-Ag in the deposited coatings, we added differ-
ent amounts of nano-Ag solution (nano-Ag size: 10 nm) in
the electrolyte. As shown in Table 1, the electrolytes without
nano-Ag, with 50 mg/L nano-Ag, and with 5 mg/L nano-Ag
are named electrolyte-1, electrolyte-2, and electrolyte-3, re-
spectively. The coatings fabricated with the three electrolytes
are named coating-1, coating-2, and coating-3, respectively.
In the PEO process, the Ti6Al4V plate was used as the an-
ode and the stainless steel stirrer was used as the cathode. The
pulse frequency and duty ration of the power source were fixed
at 1000 Hz and 10%, respectively. Our results have shown
that under the above pulse frequency and duty ration, the de-
posited coatings have high density and strong corrosion re-
sistance. The samples were treated with a constant current
density of 8 A/dm? for 3 min. During the whole experiment
process, the electrolyte was cooled with water at 3 °C provided
by a cooling water circulate machine (BTY-CW-300). The fi-
nal voltages at the end of the 3 min PEO process in the three
electrolytes were 403 +3 V, 38542V, and 387+ 3V, respec-
tively. It is obvious that the addition of nano-Ag could reduce
the final voltage.
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Fig. 1. Schematic diagram of experimental setup.

Table 1. Components of the electrolytes and the final voltages at the
end of the PEO processes.

B-GPNa, Ca(CH3COO), Nano-Ag Final voltage

Electrolyte
/(mol/L) /(mol/L) /(mg/L) IAY
Electrolyte-1 0.02 0.2 0 403 £3
Electrolyte-2 0.02 0.2 50 385+2
Electrolyte-3 0.02 0.2 5 387+3

2.3. Microstructure and surface characterization

The crystal structure of the PEO coatings was evaluated
by using the diffraction patterns recorded with a D/max-2400
X-ray diffractometer (XRD, Cu Ko radiation, A = 0.154 nm).
The diffraction patterns were obtained between the 26 val-
ues of 20° and 60° with a scanning speed of 2 °/min. The
surface topography of the deposited coatings was detected
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by a scanning electron microscope (SEM, HITACHI S-4200,
Japan). The samples were sputter-coated with a thin layer of
gold prior to the measurement. The elemental compositions
of the deposited coatings were detected by an energy disper-
sive spectrometer (EDS) included in the SEM. The tribological
behaviors of the deposited coatings were studied by dry fric-
tion tests, which were carried out on a ball-on-plate tribome-
ter (Center for Tribology, HIT, China) with a normal load of
2 N. The rotation diameter of the test was 5 mm and the ro-
tation speed was 200 r/min. The whole friction test for each
sample lasted 5 min. During the test, the ambient tempera-
ture was 20+ 2 °C and the relative humidity was 30%—45%.
The corrosion resistance of the sample in the Hanks solu-
tion was detected by the potentiodynamic polarization mea-
surements. The Hanks solution is a common balanced salt
solution, which is usually used for culturing cells and tis-
sues. The chemical compositions of the Hanks solution in-
clude NaCl: 136.9 mmol/L, KCI: 5.4 mmol/L, MgSO4-7H,0:
0.8 mmol/L, CaCl,-2H,0: 1.3 mmol/L, NayHPO,4-2H,O:
0.3 mmol/L, KH,POy4: 0.4 mmol/L, NaHCOj3: 4.2 mmol/L,
and C¢H204-H>0O: 5 mmol/L. The potentiodynamic polariza-
tion test was carried out in the conventional three-electrode
mode. The working electrode was the coated Ti6Al4V sam-
ple of interest, the counter electrode was a platinum sheet
electrode, and the reference electrode was a saturated calomel
electrode (SCE, Aldrich Chemical). Before the polarization
test, all the samples were kept in the Hanks solution for 30 min
to obtain a steady measurement value. During the test process,
the temperature of the Hanks solution was kept at 37 °C to
simulate human body temperature. The scan rate was fixed
at 0.5 mV/s and the whole polarization test for each sample
lasted about 30 min. CorrView 2.90 (Scribner Associates.
Inc., USA) was used for data acquisition and analysis. The re-
ported data were the mean values of at least three reproducible
measurements.

2.4. Short-term bacterial adhesion experiment

The antibacterial ability of the deposited coatings was
tested in a short-term bacterial adhesion experiment. In our
experiment, P. gingivalis was used as the tested bacteria. Prior
to the experiment, P. gingivalis was cultured in the brain heart
infusion (BHI) in the anaerobic environment (80% N, 10%
CO,, and 10% Hj) at 37 °C for 48 h. The short-term bacte-
rial adhesion experiment was performed in a Microbial Viabil-
ity Assay Kit-WST Kit (Japan), whose working solution con-
tained water-soluble tetrazolium (WST-8) and dimethyl sul-
foxide (DMSO) (WST-8:DMS0=9:1). With the help of the
electron carrier, the dehydrogenase from the micro-organisms
can reduce the WST-8 into highly water-soluble formazan
dyes and the amount of the formazan is proportional to the
amount of micro-organisms. Making use of this proportional

relation, the amount of micro-organisms can be detected. In
the experiment, the uncoated and coated Ti6Al4V samples
were sterilized under UV irradiation for 30 min and located
in the test tube with 720 uL BHI. The P. gingivalis suspension
was diluted by the sterilized phosphate buffered saline (PBS)
to make its absorbance (OD) at 550 nm reach 0.125. Then,
the suspension was further diluted until the P. gingivalis was
at a concentration of 1 x 107 cfu/ml. Next, 40 uL P. gingivalis
suspension was put into every test tube with the test sample,
and incubated for 6 h. After that, the samples were removed
from the tubes and washed with PBS three times. Next, each
sample was located in the test tube with 180 uL. new BHI and
10 uL working solution, and further incubated for 2 h. Fi-
nally, the samples were removed from the test tubes, and the
OD value of the solution at 450 nm in each test tube was mea-
sured by a microplate reader. The mean bacterial vitality can
be calculated according to the formula

ODg —OD
bacterial vitality (%) = £ U

= BT OUB  100% 1
ODc_opg <1 0% M

where ODg, ODg, and ODc¢ represent the OD values of the
experimental group, the blank group, and the control group,
respectively.

To investigate the morphology of the P. gingivalis at-
tached on the sample surface, 10 pL P. gingivalis suspension
at a concentration of 1 x 107 cfu/ml was seeded on the surfaces
of the samples. Then, the samples were located in the test tube
with 190 uL BHI, and cultured in a CO; incubator for 24 h.
After that, the samples were washed with PBS, and the P. gin-
givalis attached on the surfaces were fixed with glutaraldehyde
for 1 h. Sequentially, the P. gingivalis were gradiently dehy-
drated with the ethanol (30%, 50%, 70%, 80%, 90%, 95%,
and 100%) and dried in a vacuum.

2.5. Cell adhesion experiment

The mouse fibroblast cell (L929) adhesion experiment
was performed to study the biocompatibility of the samples.
Prior to the experiment, the mouse fibroblast cells were cul-
tured in an incubator at 37 °C in an atmosphere of 5%
CO; and saturated humidity. The culture medium was the
Dulbecco’s modified Eagle’s medium (DMEM, Sigma) with
10% foetal bovine serum (FBS, Sigma) and 1% penicillin-
streptomycin antibiotic (Sigma). Non-adherent cells were re-
moved by changing the medium every 24 h. When the cov-
erage reached 80%—90%, the culture dishes were washed by
the PBS, and digested by 0.25% trypsin-EDTA (Gibco) for 2—
3 min. Then, the cell suspensions were centrifuged for 5 min
(1000 rpm/min) and subcultured. Cells subcultured after 3—7
passages were used in the cell adhesion experiments. The cell
viability was detected by the CCK-8 measurement. The basic
principle for detecting the mean cell viability is quite similar
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to that of the mean bacterial vitality. In the experiment, the
samples were sterilized under UV irradiation for 30 min and
located in a 96-well plate. The cell suspension at a concentra-
tion of 4 x 10* mL~! was seeded on the surfaces of the sam-
ples and cultured in a CO; incubator at 37 °C for 4 h. After
that, the samples were removed from the tubes and located in
a new 96-well plate with 100 uL DMEM and 10 uL CCK-8.
After being cultured in the CO; incubator at 37 °C for 4 h, the
cell suspension was sucked out and its OD value at 450 nm
was measured by a microplate reader. The mean cell viability
can also be calculated based on Eq. (1).

To investigate the morphology of the L929 cells attached
on the samples, the cell suspension at a concentration of
4 x 10* mL~! was seeded on the sample surface, and cultured
in the CO; incubator at 37 °C for 24 h. Then, the sample
was washed with the PBS and fixed with 2.5% glutaraldehyde
for 1 h. Sequentially, the L.929 cells were gradiently dehy-
drated with the ethanol (30%, 50%, 70%, 80%, 90%, 95%,
and 100%) and dried in the vacuum.

3. Results and discussion

3.1. Crystal structure, morphology, and element composi-
tion of the deposited coatings

The XRD patterns of the Ti6Al4V substrate and the three
deposited coatings are shown in Fig. 2. It can be seen in
Figs. 2(i1)-2(iv) that the intensities of the substrate peaks are
greatly reduced, this is because the substrate surfaces are cov-
ered by the dense coatings. In the three coatings, the titanium
oxides primarily are in the rutile phase. Moreover, HA peaks
can be detected in all three coatings, which indicates that the
HA-like coatings are formed in the experiment. Based on the
research in Refs. [36]-{41], the micro-discharges develop and
extinguish rapidly (within 10~ to 107 s) in the vicinity of the
anode in the PEO process. The discharge can heat the metal
substrate to about 373-423 K. Meanwhile, the local tempera-
ture and pressure inside the discharge channels can reach 10—
10* K and 10>-10° MPa, respectively. The extremely high
temperature and pressure may lead to plasma thermochemical
interactions between the substrate and the electrolyte, which
results in the formation of metal-quenched oxides and com-
plex compounds on the substrate surface. It is well known
that titanium dioxide crystallizes mainly in two forms, anatase
and rutile phases. In the PEO process, the rutile phase in-
creases steadily with the increase of the applied voltage, while
the anatase phase increases first and then decreases with the
increase of the applied voltage.*®3 In our experiment, a rel-
atively high voltage was used (about 400 V) to fabricate the
HA-like coatings. Such a high applied voltage could warm the
anode up, as more electrical sparks appeared in the vicinity of
the anode. With this extra heat, the anatase phase, which is
a meta-stable phase, can transform to the thermodynamically

stable rutile phase. Therefore, we did not detect any anatase
peak in the XRD patterns. On the other hand, for coating-
2 and coating-3 (Figs. 2(iii) and 2(iv)), no feature peaks of
Ag-contained compounds were detected, which indicates that
the incorporation of a trace amount of nano-Ag in the elec-
trolyte has almost no effect on the phase compositions of the
deposited coating.
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Fig. 2. (color online) XRD patterns of the Ti6Al4V substrate and the
coatings fabricated with the three electrolytes: (i) Ti6Al4V substrate,
(ii) coating-1, (iii) coating-2, (iv) coating-3.

Figure 3 illustrates the surface features of the three coat-
ings with the magnifications of 1000 (main plot) and 6000
(inset). All the three coatings show the typical surface mor-
phology of the ceramic coatings fabricated in the PEO pro-
cess, which possesses a porous characteristic with some vol-
cano top-like pores distributed randomly. The generation of
the porous surface can be explained as follows. During the
PEO process, a large number of visible sparks occur when the
applied voltage exceeds the critical voltage for the barrier layer
breakdown. When a spark extinguishes, the melted substances
will erupt from the discharge channel, which can leave a
crater-like hole in the coating surface.*3#?) Meanwhile, there
are some cracks in the coating surfaces. The cracks are formed
by the internal stress, which comes from the constant effect of
the plasma discharge on the coating surface.*3! On the other
hand, it can be found that the introduction of a trace amount of
nano-Ag in the electrolyte can slightly reduce the micropore
diameter of the deposited coatings. The micropore diameter
of coating-1 is about 5 um (Fig. 3(a)), while those of coating-
2 and coating-3 (Figs. 3(b) and 3(c)) are about 2-3 pum. It is
known that the micropore diameter of the deposited coatings
will increase with the increase of the applied voltage. >33 In
Section 2, we have shown that the addition of nano-Ag in the
electrolyte can slightly reduce the final voltage of the PEO pre-
cess, so it can reduce the micropore diameter of the deposited

coatings.
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50 pm

Fig. 3. (color online) SEM photographs of the HA-like coatings fab-
ricated with the three electrolytes: (a) coating-1, (b) coating-2, (c)
coating-3. The magnification is 1000 in the main figure and 6000 in
the inset.

The element compositions of the three HA-like coatings
are shown in Table 2. It can be found that there are six ele-
ments in the coatings. Ti, V, and Al come from the substrate,
while elements Ca, P, and O are introduced by the PEO pro-
cess. Ca, P, and O are the major elements of the HA, so the
EDS result is consistent with the XRD result. The contents of
the six elements in the three coatings are quite similar. The
small variation of the main elements can be attributed to two
factors. First, the EDS measurement has a systematic error.
Second, the applied voltages for the three deposited coatings
are slightly different, which leads to the variation of the ele-
ment composition. On the other hand, the Ag element is not
detected in coating-2 and coating-3. It is speculated that as
the contents of nano-Ag in electrolyte-2 and electrolyte-3 are
extremely low (50 mg/L and 5 mg/L), the Ag content in the
deposited coating is below the detection limit of EDS mea-
surement (0.1 wt.%).

Table 2. Elemental compositions (wt.%) of the three HA-like coatings.

Sample Ti (6] Ca P Al A%
Coating-1 40.87 43.83 7.70 3.18 2.35 2.07
Coating-2 41.37 42.68 8.22 3.44 243 1.86
Coating-3 40.53 44.59 7.49 3.38 1.98 2.03

3.2. Wear resistance of the three deposited coatings

The wear resistance is an important property for an im-
plant material. The coefficients of friction (COFs) of the three
HA-like coatings are shown in Fig. 4. The COF for uncoated
Ti6Al4V (0.3653 £0.0135) is used for comparison. The COF
of the Ag free HA-like coating (coating-1) is 0.6035+0.0126,
which is obviously higher than that of the Ti6Al4V substrate.
It indicates that the wear resistance of the Ag free HA-like
coating is lower than the Ti6Al4V substrate. Meanwhile, the
incorporation of Ag can effectively reduce the COF of the
deposited coatings. The COFs of coating-2 and coating-3
are 0.2611 +0.0201 and 0.3141 +0.0179, respectively, even
slightly lower than that of the Ti6Al4V substrate. It indicates
that by depositing the Ag incorporated HA-like coating on the
surface, the wear resistance of the Ti6Al4V substrate can be
slightly improved.

0.8 T T T T

0.6 b

0.4r J

0.2

Coefficient of friction

substrate coating-1 coating-2 coating-3

Fig. 4. Coefficients of friction of the Ti6Al14V substrate and three de-
posited coatings.

3.3. Corrosion resistance of the three deposited HA-like
coatings

The potentiodynamic measurement results and the cor-
responding fitting parameters obtained by CorrView software
are given in Fig. 5 and Table 3, respectively. The curve
of the uncoated Ti6Al4V substrate is shown for comparison
(Fig. 5(1)). By the PEO process, the corrosion potential (Ecqrr)
of the sample (—455 =3 mV/SCE) increases greatly (coating-
1: —8+£2 mV/SCE, coating-2: —40 4+ 3 mV/SCE, coating-
3: —24 4+ 3 mV/SCE), which indicates that a better corrosion
protection can be obtained. Meanwhile, it can be found that
the Ag incorporation can slightly reduce the corrosion poten-
tial of the deposited coating, which indicates that the incor-
poration of Ag slightly reduces the corrosion resistance of
the deposited coating. On the other hand, by depositing the
HA-like coatings on the surface, the corrosion current density
(Ieorr) of the Ti6AI4V sample (0.05 pA/cm?) is reduced by
one order of magnitude (coating-1: 0.003 pA/cm?, coating-2:
0.002 pA/cm?, coating-3: 0.005 pA/cm?). It is well known
that the corrosion rate is normally proportional to Ior. The
lower the I.oy, the lower the corrosion rate.[*4*] Therefore,
by depositing the HA-like coatings on the surfaces, the corro-
sion rate of the Ti6Al4V sample in the Hanks solution can be
greatly reduced. By comparing the three coatings, it can be
found that although the incorporation of nano-Ag in the elec-
trolyte can slightly reduce the corrosion voltage, it almost has
no effect on the corrosion current density. Therefore, the Ag
incorporation only has a slight weakening effect on the corro-
sion resistance of the deposited coating.

Table 3. Electrochemical polarization parameters of the Ti6Al4V sub-
strate and the three deposited coatings in the Hanks solution at 37 °C.

ECOIT ICOIT Ba ﬁC
Sample
/(mV, SCE)  /(uA/em?)  /(mV/decade) /(mV/decade)
Substrate —455+3  0.05+0.001 485+ 16 1334+20
Coating-1 —8+2  0.003+0.0006 110£15 96+ 10
Coating-2 —40+3  0.002+0.001 160+ 18 427+12
Coating-3 —24+3  0.005+0.001 185+ 15 257+ 16
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Current density/(A/cm?)

—600 —400 —200 0 200 400
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Fig. 5. (color online) Potentiodynamic polarization curves of the
Ti6Al4V substrate and the three deposited coatings in the 37 °C Hanks
solution: (i) Ti6Al4V substrate, (ii) coating-1, (iii) coating-2, (iv)
coating-3.

3.4. Antibacterial activity and the biocompatibility of the

three HA-like coatings

The morphologies of the P. gingivalis attached on the
three HA-like coatings with a magnification of 4000 are shown
in Fig. 6. As is shown in Fig. 6(a), the P. gingivalis at-
tached on coating-1 is spherical shaped with a smooth sur-
face. Especially, some are split without damage. However, the
morphologies of the P. gingivalis on coating-2 and coating-
3 (Figs. 6(b) and 6(c)) are quite different. It is obvious that
the cytoplasm membranes of the P. gingivalis on the coating
surface shrink. The vitalities of the P. gingivalis are shown
in Fig. 7. The mean vitality of the P. gingivalis attached on
the uncoated Ti6AI4V substrate is shown for comparison. It
is clear that the vitality of the P. gingivalis on coating-1 is
(96.6+2.2)%, which is extremely close to that of the Ti6Al4V
substrate. It indicates that the Ag-free HA-like coating has
no antibacterial activity. However, the vitality of the P. gin-
givalis on coating-2 and coating-3 is largely reduced to about
(21.2+£3.2)% and (31.8 +4.1)%, respectively. The bacterial
behavior experiment proves that the incorporation of a trace
amount of nano-Ag in the electrolyte can greatly improve the
antibacterial activity of the deposited coatings. Moreover, it
can be found that coating-2 fabricated in the electrolyte with a
higher Ag content shows stronger antibacterial activity.

5 um

5 um

Fig. 6. SEM morphologies of the P. gingivalis attached on the three HA-
like coatings with a magnification of 4000: (a) coating-1, (b) coating-2,
(c) coating-3.

Research by Shirkhanzadeh and Azadegan!*®! has shown
that the nano-Ag atom can interact with the water and release
Ag™. During the PEO process, the Agt can be incorporated

into the HA crystal structure via the dissolution—precipitation
and ion-exchange mechanisms. Ag™ can locate in the HA
crystal structure, or may bind to phosphate ions to form nan-
oclusters of silver phosphate, which uniformly disperse on the
HA crystals. In this way, the Ag levels in the deposited coating
can be engineered by increasing or reducing the Ag content in
the electrolyte.*”] Tn practical antibacterial applications, the
Ag atoms and Ag™ can be slowly released from the coating
surface at a bactericidal concentration. So far, the antibac-
terial ability of Ag has not been fully understood. The re-
search in Ref. [48] showed that when the nano-Ag particles
are small and release a large amount of Ag™, the antibacte-
rial activity is dominated by the Ag™. The Ag™ may combine
with sulthydryl groups of the respiratory enzyme or the nu-
cleic acids in bacteria, which can finally lead to blocking the
breathing and cause the death of the bacteria. Feng et al once
reported that the Ag™ can penetrate the cell membrane and
enter the cells, subsequently turn DNA into a condensed form
and make the DNA lose replication abilities. Meanwhile, the
Ag™ can interact with the thiol groups in protein, which also
may lead to the inactivation of the bacterial proteins.!*"]

100

80F

60

40pF

20F

P. gingivalis vitality /%

a

substrate coating-1 coating-2 coating-3

Fig. 7. Mean vitalities of the P. gingivalis attached on the Ti6Al4V
substrate and three HA-like coatings.

The morphologies of the mouse fibroblast cells attached
on the HA-like coatings with a magnification of 1000 are
It can be found that the fibroblast cells
accommodate conformably onto the coating surface, and the

shown in Fig. 8.

filopodia and unidirectional lamellipodia extensions are ap-
parent. No obvious difference of the cell morphologies on
the three coatings can be observed. The mean viabilities of
the mouse fibroblast cells on the substrate and the three HA-
like coatings are shown in Fig. 9. It is obvious that the cell
viability on each of the three coatings is higher than that on
the Ti6AI4V substrate (coating-1: (131.32+5.5)%, coating-2:
(127.17 £ 4)%, coating-3: (136.03 +-4.2)%), which indicates
that the three HA-like coatings show better biocompatibility
than the Ti6Al4V substrate. This is because the HA is a com-
ponent of bone and the deposited HA-like coatings have better
biocompatibility and bioactivity than the Ti6Al4V substrate.
Meanwhile, it can be found that the incorporation of nano-Ag
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causes little influence on the biocompatibility of the deposited
coating. During the past few years, some researchers have dis-
cussed the merit and demerit effects of the Ag incorporation
in the bioperformance of the HA coatings.>*-33! The merit ef-
fect includes that it can enhance the antibacterial ability of the
coatings, while the demerit is that it may reduce the cell viabil-
ity and activity. In 2008, Chao et al showed that decreasing the
Ag content can improve the biocompatibility of the Ag incor-
porated coatings largely. They also proved that the nano-Ag
incorporated HA coatings with < 5% Ag content has no cyto-
toxicity to the cells.[’ Combined with the elemental compo-
sition results, in our experiment, the Ag contents in coating-2
and coating-3 are far less than 5%, so both the Ag incorporated
coatings have no cytotoxicity.

Fig. 8. SEM morphologies of the mouse fibroblast cells attached on the
three coatings at the magnification of 1000: (a) coating-1, (b) coating-2,
(c) coating-3.

140 b
120 ¢

100

60
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®©
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20 F

substrate coating-1 coating-2 coating-3

Fig. 9. The mean viabilities of the mouse fibroblast cells attached on
the substrate and the three deposited coatings.

4. Conclusion

In the paper, we successfully deposit nano-Ag incorpo-
rated HA-like coatings on the Ti6Al4V substrates by the PEO
technique. The coatings display the typical porous surface
morphology. As the addition of nano-Ag in the electrolyte
can slightly reduce the final voltage, it can slightly reduce
the micropores on the coating surface. The Ag incorporated
HA-like coatings exhibit good mechanical properties. By de-
positing the coatings on the surface, the COF of the Ti6Al4V
samples can be slightly reduced from 0.36 to 0.26 and 0.31,
which shows that the wear resistance of the deposited coat-
ings is slightly stronger than that of the substrate. Meanwhile,
the corrosion voltage of the coated samples increases greatly
from —455 mV/SCE to —40 mV/SCE and —24 mV/SCE, and

the corrosion current density is reduced by one order of mag-
nitude. The results indicate that the corrosion resistance of
the coated samples can be greatly improved. Meanwhile, the
Ag incorporated coatings exhibit good biomedical properties.
First, as the Ag contents of the coatings are extremely low, the
coatings have no cytotoxicity. Moreover, compared with the
Ti6Al4V substrates, the mean viability of the mouse fibroblast
cell attached on the coatings can reach about 130%, which in-
dicates that the coatings have better biocompatiblity. Second,
the coatings show strong antibacterial activity. The mean vi-
tality of the P. gingivalis attached on the coating surfaces can
be reduced to about 21% and 32%. Based on the good me-
chanical and biomedical properties, the nano-Ag incorporated
HA-like coatings may be useful in the biomedical field.
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