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Abstract

In this study, the surfaces of Ti—Ag casting alloys were modified by chemical treatment (acid etching combined with
alkaline treatment) to produce hybrid micron and submicron porosities, sponge-like nanostructures and Ag-containing
particles. The surface characteristics, ion release, pH values, antibacterial activities and cell responses of the chemically
treated Ti—Ag (Ti—Ag(CT)) samples were investigated. The antibacterial activities of the Ti—Ag(CT) samples were
assessed using Staphylococcus aureus, and these samples showed strong antibacterial activities that were attributed to
Ag ion release and Ag-containing particles. The effects of Ti—-Ag(CT) samples on cells were assessed using MC3T3-El
mouse preosteoblasts; samples with | and 3 wt.% Ag showed higher cell adhesion and higher alkaline phosphatase values
than those of commercially available pure Ti samples. These results indicated that Ti—Ag casting alloys with | and 3 wt.%
Ag modified by chemical treatment prevented bacterial infection and have latent capacities to promote osseointegration.
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Introduction

Titanium (Ti) and Ti-based alloys have been widely
used as joint prostheses for many years due to their
excellent biocompatibility, low modulus and enhanced
corrosion resistance.! However, the rates of prosthetic
joint infection (PJI) and aseptic loosening are the two
main challenges of using joint arthroplasty prostheses.
While the infection rate varies depending on the joint
replaced, it has been evaluated and ranges from 0.39 to
2.5% after primary total knee arthroplasty (TKA) and
from 1 to 2% after primary total hip arthroplasty
(THA).? Additionally, aseptic loosening is the most
common cause of revision TKA and revision THA,
accounting for 29.8% of revision TKAs and 55.2% of
revision THAs.? The pathogenesis of PJI consists of bac-
terial adhesion and proliferation and subsequent biofilm
formation, whereas failure in osseointegration can result
in aseptic loosening.*> Therefore, there is an urgent need
to design a Ti-based alloy that can simultaneously pre-
vent PJI and still promote osseointegration.

To obtain antibacterial properties, silver (Ag) has
been applied as an inorganic antibacterial element in
antibacterial materials, even in the clinic, due to its
strong antibacterial ability, broad antimicrobial

spectrum, small chance for developing resistant bacte-
ria and low cytotoxicity.* '® However, an as-cast Ti-Ag
alloy only suppressed biofilm formation and was not
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bactericidal when the concentration of added Ag was
as high as 20 wt.%."" Chen et al.'? used heat treatment
to prepare Ti,Ag precipitate from a Ti-15wt.% Ag
casting alloy. The Ti-15wt.% Ag casting alloy was pre-
pared by a casting and heat treatment method and
exhibited a 99.99% antibacterial rate. Ti,Ag had a sig-
nificant impact on antibacterial activities; however, the
amount of added Ag was still too high, resulting in a
high production cost. Apart from the casting method,
powder metallurgy was used to make a Ti-Ag alloy
with a smaller amount of Ag (3wt.%) that achieved
a good antibacterial ratio (AR) (98.2%), but the
Ti-Ag-sintered alloy had much lower ductility,
making it not well suited for joint prostheses.'?

Although the abovementioned Ti—Ag alloys showed
different degrees of antibacterial abilities, they lacked
the ability to promote osseointegration. Sandblasting
and acid etching (SLA) is a popular surface treatment
method to improve osseointegration.'* Kang et al.'
found that Ti-Ag casting alloys with low Ag contents
(1-4wt.%) treated by SLA exhibited good ARs
(>90%) and were biocompatible, but their cell
response and osseointegration were not tested.
Traditional SLA can promote osteoblast differentia-
tion; nevertheless, the traditional SLA surface, which
is hydrophobic, has no positive effects on cell adher-
ence and proliferation.'®"” The surface of Ti-based
materials modified by chemical treatment (CT, acid
etching plus alkaline treatment) can have hybrid
micro-, submicro- and nanostructures and has been
proven to be highly hydrophilic and to promote
bone-related gene expression, hydroxyapatite deposi-
tion and new bone formation.’*?! Moreover, com-
pared with other modification methods, CT is
inexpensive, effective and reproducible.

Therefore, in this work, we fabricated a Ti-Ag alloy
with a hybrid micro- to nanostructured surface to
address PJI and aseptic loosening in the clinic.
This alloy has broad clinical prospects and great
market potential. To endow titanium with the neces-
sary antibacterial properties, Ag was added to Ti; sub-
sequently, Ti-Ag alloys were prepared by the casting
method. Moreover, to minimize the costs, we limited
the silver content of the titanium silver alloys no higher
than 5wt.%. To promote osseointegration, Ti-Ag
alloy substrates were modified by CT to generate
hydrophilic surfaces with hybrid micro-, submicro-
and nanostructures. The surface characteristics, anti-
bacterial activities and preosteoblastic cell responses
of the samples were systematically investigated.

Furthermore, the Ti-Ag alloy used in this study
comprises innovative properties compared with those
of other studies.!! 13522 First, the hybrid micro- to
nanostructured surfaces exhibited antibacterial proper-
ties at low silver concentrations. Second, the modified

alloy also showed better cell responses in adhesion and
osteogenic differentiation. Third, the preparation and
surface modification of the Ti-Ag alloy with hybrid
micro- to nanostructured surfaces were uncomplicated
and feasible.

Materials and methods

Sample preparation

Commercially available pure Ti (cp-Ti) and high-purity
Ag were fabricated by vacuum melting in a non-
consumable furnace to prepare Ti-Ag alloys with 1, 3
and 5wt.% Ag. An ingot was melted at least six times.
Cp-Ti and Ti—Ag alloy slices were cut into thin plates
with a diameter of 15mm and a thickness of 2mm,
ground with SiC paper of up to 2000 grit and sequen-
tially cleaned in acetone, alcohol and deionized water.
The CT included two steps. In the acid etching step, all
samples were immersed in 2M HCI solution for 2h at
60°C (named Ti(AE), Ti-1Ag(AE), Ti-3Ag(AE) and
Ti-5Ag(AE)) and subsequently treated in 5M NaOH
solution for 24 h at 60°C (named Ti(CT), Ti-1Ag(CT),
Ti-3Ag(CT) and Ti-5Ag(CT)). Afterwards, the samples
were ultrasonically cleaned three times in ultrapure
water for 30 min.

Sample characterization

Field emission scanning electron microscopy (FE—
SEM, GeminiSEM300, ZEISS, Germany) with
energy-dispersive X-ray spectroscopy (EDS) was per-
formed to observe the surface morphology and the Ag
content on sample surfaces. Phase identification was
investigated by X-ray diffraction (XRD, D/max2400,
Rigaku, Japan). The surface roughness was determined
using confocal laser scanning microscopy (Lext
Ols4100, Olympus Corporation, Japan). The water
contact angle was determined (SL200KS, Kino
Industry Corporation, Ltd, USA) using distilled water.

Ag ion release and pH measurements

Each Ti-Ag sample was immersed in 1.5mL of 0.9%
NaCl solution at 37°C for 28days, and the solution
was changed daily to simulate the physiological envi-
ronment inside the human body. The surface area-
to-volume ratio was approximately 3.0 according to the
standard ISO 10993-12.%* The Ag ions of the solution on
days 1, 4, 7, 14 and 28 were quantified by inductively
coupled plasma mass spectrometry (ICP-MS, 7700x,
Agilent, USA). The pH values of the solution were ana-
lysed for 24 h by a pH meter (PHS-3C, Shanghai INESA
Scientific Instrument Co., Ltd, China).
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In vitro antibacterial assays

Bacterial culture. Staphylococcus aureus (S. aureus) strain
ATCC6538 (American Type Culture Collection, USA)
was used in in vitro antibacterial assays and cultured in
nutrient broth (NB) medium at 37°C overnight with
200 revolutions per minute shaking. The bacterial sus-
pension was diluted to a concentration of 10° CFU/mL
with 1/100 NB, and 160 pL of the bacterial suspension
was dropped onto each sample and incubated at 37°C
under darkness. The samples were sterilized by
autoclaving at 121°C for 30min and placed on
12-well plates before the assays.

Plate count method. The plate count method was used
according to a Japanese Industrial Standard (JIS Z
2801-2000).>* After 24 h of incubation with the bacterial
suspension, all samples were washed using phosphate-
buffered saline (PBS) and ultrasonically agitated to col-
lect both the non-adherent and adherent bacteria. Then,
the bacteria were quantified by standard serial dilution
and plate counting to evaluate the antibacterial ability.
The formula used to calculate the ARs was as follows:
AR =(A — B)/A x 100%, where A and B represent the
average number of bacterial colonies on the cp-Ti
sample and the average number of bacterial colonies
on the experiment samples, respectively.

Fluorescence staining. After incubation for 24 h, PBS was
used to rinse the sample surfaces twice to remove the
non-adherent bacteria. The adherent bacteria on sam-
ples were stained with SYTO 9 and propidium iodide
(PI) (LIVE/DEAD BacLight Bacterial Viability Kits,
Life Technologies, USA) for 15min in darkness and
observed by fluorescence microscopy (IX71, Olympus
Corporation, Japan).

Bacterial morphology. After sample incubation for 24 h,
PBS was used to rinse the sample surfaces twice to
remove the non-adherent bacteria. The adherent bac-
teria were fixed with 2.5% glutaraldehyde (Solarbio,
China), dehydrated in gradient ethanol, dried and
observed by FE-SEM (S4800, Hitachi, Japan).

In vitro biocompatibility assays

Cell culture. MC3T3-E1 mouse preosteoblasts (Chinese
Academy of Sciences Shanghai Cell Bank) were cul-
tured in «-MEM medium (HyClone, USA) with 10%
foetal bovine serum (Gemini, Australia) and 1% peni-
cillin—streptomycin and cultured in an incubator with
5% CO, at 37°C. The samples were placed in 24-well
plates; 1 mL of preosteoblast suspension with 2 x 10*
cells/mL was then seeded into each well for cell adhe-
sion and proliferation assays, and 1 mL of preosteo-
blast suspension with 4 x 10* cells/mL was seeded

into each well for alkaline phosphatase (ALP) assays.
The samples were sterilized by autoclaving at 121°C for
30 min before the assays.

Cell adhesion and proliferation. After culturing for 1 and
2 h, the sample surfaces were rinsed twice with PBS.
The cells were fixed with paraformaldehyde (4%) for
10 min and then permeabilized via treatment with 0.5%
Triton X-100 (Solarbio, China) for 5min. Afterwards,
the cells were stained with fluorescein isothiocyanate-
phalloidin (100nM, Solarbio, China) and DAPI
(100nM, 6-diamidino-2-phenylindole). Each sample
was examined by fluorescence microscopy (IX71,
Olympus Corporation, Japan). The number of adherent
cells was determined by DAPI staining, and the cells were
counted in randomly selected fields using a fluorescence
microscope at 100 x magnification. After culture for 1, 3
and 7days, Cell Counting Kit-8 (CCK-8, Dojindo,
Japan) was used to evaluate cell proliferation. The for-
mula used to calculate the relative growth rate (RGR)
was as follows: RGR = OD g, pie/ODgp.1i x 100%. RGR
values >70% were considered noncytotoxic according to
the standard ISO 10993-5.%°

ALP assay. After threedays of culture in complete cul-
ture medium, an additional 10 mM f-glycerophosphate
and 50 pg/mL ascorbic acid were supplied to the
medium for osteogenic induction. After three and sev-
endays of osteogenic induction, the cells were rinsed
and lysed in cell lysis buffer for Western blot analysis
and an immunoprecipitation assay without inhibitors
(Beyotime, China). The ALP activity in the lysis solu-
tion was measured using an ALP Assay Kit (Beyotime,
China) based on p-nitrophenyl phosphate. The final
results were normalized to the intracellular total pro-
tein content determined by an Enhanced BCA Protein
Assay Kit (Beyotime, China).

Statistical analysis

The results are expressed as the mean =+ standard devi-
ation. One-way analysis of variance followed by the
Student—Newman—Keuls post hoc test was used for sta-
tistical analysis. Differences were regarded as signifi-
cant for p<0.05, and differences were regarded as
highly significant for p <0.01.

Results

Surface characterization

The surface morphologies of the Ti (AE), Ti-Ag (AE),
Ti (CT) and Ti-Ag (CT) samples are shown in Figure 1.
Under low magnification, there were micro- and submi-
croscale pits on the samples modified with acid etching
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Figure |. The surface morphologies of the Ti (AE), Ti-Ag (AE), Ti (CT) and Ti-Ag (CT) samples.

and CT. The Ti-Ag (CT) samples had micro- and sub-
microscale white particles on their surfaces, whereas the
Ti (AE), Ti-Ag (AE) and Ti (CT) samples did not have
those particles. The results indicated that no particles
were immediately formed after acid etching; particle for-
mation occurred upon alkaline treatment after acid etch-
ing. Moreover, the Ti-3Ag (AE) and Ti-5Ag (AE)
samples possessed more and larger particles on their
surfaces than the Ti-1Ag (AE) sample, indicating that
the Ag concentration in the Ti—-Ag alloys had an effect
on the amount and size of particles produced after CT.
Under high magnification, the samples modified with
CT showed homogenous nanoscale sponge-like struc-
tures at the bases of the hybrid micro- and submicro-
scale pits. This indicated that the micro- and
submicroscale pits were acid etched, whereas the nano-
structures were ascribed to alkaline treatment.

Figure 2 and Table 1 show the surface chemical
composition and the elemental composition of particles
determined by EDS. In addition to titanium and silver,
oxygen and sodium were observed on the chemically
treated samples; the presence of oxygen and sodium
was due to the alkaline treatment.”’ Colour mapping
images of the Ag distribution are shown in Figure 2,
and Table 1 shows the Ag content locations of the
particles. As shown in Figure 2 and Table 1, Ag was
homogenously distributed on the surfaces of the Ti-Ag
(AE) samples, whereas the distribution of Ag on the
surfaces of Ti-Ag (CT) samples tended to aggregate

and was not as homogenous as those on the Ti-Ag
(AE) samples. Moreover, the Ag contents of the par-
ticles on the Ti—Ag (CT) samples were significantly
higher than those of the substrate. In general, these
results indicated that the alkali treatment made uni-
formly distributed Ag in the Ti-Ag (AE) aggregate
and form particles; these particles on the surfaces of
Ti-Ag (CT) samples shown in Figure 1 contained
high concentrations of Ag compared with the matrix,
which were the high-Ag-content particles.

XRD patterns of the chemically treated samples
(Figure 3) show only a-Ti and TiH, peaks.
Unfortunately, no Ag-related diffraction peaks were
detected. The TiH, phase resulted from the acid etch-
ing.?® The alkali titanate hydrogen layer produced by
the interaction of Ti and NaOH is not shown.
However, the EDS results of the chemically treated
samples confirmed the presence of Na, O and Ti, as
shown in Table 1.%°

Figure 4 shows 3 D topography images of the samples
indicating that CT resulted in porous structures on the
surfaces of the Ti (CT) and Ti-Ag (CT) samples, which
was consistent with the results shown in Figure 1. Table 2
and Figure 5 show the average roughness (Ra), root-
mean-square deviation (Rq) and peak-to-valley rough-
ness (Rz). Compared with the cp-Ti sample, the chemi-
cally treated samples had significantly greater roughness
(p < 0.01). The Ti (CT) sample had the highest roughness
(p<0.01) among the chemically treated samples. These
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a) Ti-1Ag(AE) b) Ti-3Ag(AE)
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g) Ti-1Ag(CT) h) Ti-3Ag(CT)

j) Ti-1Ag(CT)

k) Ti-3Ag(CT)
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Figure 2. Element mapping of the Ti (AE), Ti-Ag (AE), Ti (CT) and Ti-Ag (CT) samples. (a—c) Ag, Ti and O element mapping, (g—i)
Ag, Ti, Na and O element mapping and (d—f) (j-I) Ag element mapping. Ag, Ti, Na and O elements are marked in pink, green, blue and

red, respectively.

results indicated that the surface roughness of the sam-
ples could be significantly increased by CT, whether those
were cp-Ti or Ti-Ag alloys.

As shown in Figure 6, water contact angles were
determined to compare the surface hydrophilicity.
The samples with CT had significantly higher surface
hydrophilicity than the cp-Ti sample (p<0.01).
The differences among the chemically treated samples
were not significant (p>0.05), but hydrophilicity
decreased with increasing Ag content. The results

indicated that the surface hydrophilicity of the cp-Ti
and Ti-Ag alloys could be increased by CT, which
were similar to the previous study.?!

The concentrations of Ag ions released on days 1, 4,
7, 14 and 28 are shown in Figure 7(a), which indicate
that the release of Agions increased with increasing Ag
content. After oneday of immersion, the concentra-
tions of Ag ions released from the Ti-1Ag (CT),
Ti-3Ag (CT) and Ti-5SAg (CT) samples were 21.20
+4.92, 45.37+4.56 and 145.17 £11.70 ppb,
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Table I. Surface chemical composition of the cp-Ti, Ti (CT) and
Ti—Ag (CT) samples.

Element (wt.%)

Samples Ti Ag o Na
cp-Ti 92.27 - 7.73 -
Ti (CT) 70.69 - 28.73 0.58
Ti-1Ag (CT) 69.75 0.75 28.80 0.71
Ti-3Ag (CT) 67.64 1.90 29.68 0.77
Ti-5Ag (CT) 67.22 335 28.72 0.71
Point A 43.02 29.80 26.37 0.80
Point B 29.24 51.30 18.89 0.57
Point C 30.32 49.94 19.13 0.61

® Alpha-Titanium ¥ Titanium hydride

.- ., . s+ ,.TiBAG(CT)
g b .| TiaAg(CT)

Ti-1Ag(CT)

Intensity (a.u

Ti(CT)

A JUl B A 2wl cp-Ti

M I v Ll N L N ! M 1 M L] " !
20 3 40 50 60 70 80 90
26 (%)

Figure 3. XRD patterns of the cp-Ti, Ti (CT) and Ti-Ag (CT)
samples.

respectively. Relatively, large amounts of Ag ions were
released on day 1; subsequently, the amount dimin-
ished until reaching a steady value after sevendays.
This result indicated that Ag ion release was greatest
on day 1, and the Ag ion release amounts at other times
were lower. The pH values of the immersion solutions
of the cp-Ti, Ti (CT) and Ti-Ag (CT) samples ranged
from 6 to 7, as shown in Figure 7(b). The chemically
treated samples had higher, but not significantly higher
(p>0.05) pH values than the cp-Ti sample.
Additionally, no significant difference in pH values
was detected (p>0.05) between the Ti (CT) and
Ti-Ag (CT) samples. These results indicated that CT
did not significantly improve the pH value.

Antibacterial activity

Figure 8 shows S. aureus colonies from the cp-Ti, Ti
(CT) and Ti-Ag (CT) samples at 24 h after inoculation.
There were a large number of bacterial colonies on the

cp-Ti and Ti (CT) samples, and more colonies were
present on the Ti (CT) sample than on the cp-Ti
sample. In contrast, only small numbers or no bacterial
colonies were observed on the Ti-Ag (CT) samples.
The AR results are shown in Figure 9. The AR
values of the Ti-1Ag (CT), Ti-3Ag (CT) and Ti-5Ag
(CT) samples were 99.28% £ 0.61%, 99.95% +0.07%
and 99.98% +0.02%, respectively. According to the
Industry Standard of China SN/T 2399,” the Ti-1Ag
(CT), Ti-3Ag (CT) and Ti-5Ag (CT) samples had
strong antibacterial activities due to ARs>99%.
Live/dead staining and bacterial morphology examina-
tions were performed to further confirm the antibacte-
rial properties of the Ti-Ag (CT) samples. In Figure 10
(a) to (e), green represents the live bacteria, whereas red
represents the dead bacteria. There was a large quantity
of viable bacteria on the cp-Ti sample and larger quan-
tities on the Ti (CT) sample. In contrast, there were far
fewer live bacteria and more dead bacteria on the
Ti-Ag (CT) samples than on the other samples. S.
aureus bacterial morphologies on the samples at 24 h
incubation are shown in Figure 10(f) to (j). There were
a large number of bacteria with spherical shapes
conglomerating into grapelike colonies on the cp-Ti
sample, and more bacteria were present on the Ti
(CT) sample. However, only a few scattered bacteria
with irregular and broken shapes were observed on the
Ti-Ag (CT) samples, indicating that the Ti-Ag (CT)
samples could inhibit bacterial colonization and even
promote bacterial rupture. The determined bacterial
morphologies agreed with the results obtained by the
plate count method and fluorescence staining.

Cell response

Figure 11 shows the number of adherent cells on all
samples for 1 and 2h cultures. More cells adhered on
the samples with CT than on the cp-Ti samples
(p<0.05). Moreover, the difference between the cell
numbers of the Ti (CT) and Ti-Ag (CT) samples was
not significant (p > 0.05). The morphologies of the cells
at 1 and 2h are presented in Figure 12. Compared with
the morphologies of the adherent cells on the cp-Ti
sample, the morphologies of the adherent cells on the
Ti (CT) and Ti-Ag (CT) samples exhibited more cyto-
plasmic extensions with more filopodia and lamellipodia.
The cell proliferation results are shown in Figure 13(a),
and the differences among the cp-Ti, Ti (CT) and Ti-Ag
(CT) samples for one, three and seven day cultures were
not significant (p>0.05). However, the proliferation
capacity of the cp-Ti sample was generally greater than
those of the chemically treated samples other than the
Ti-5Ag (CT) sample on day 1. These results demonstrat-
ed that the Ti (CT) and Ti-Ag (CT) samples promoted
the initial adhesion of the cells without promoting cell
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(d) Ti-3Ag(CT) (e) Ti-5Ag(CT)

(c) Ti-1Ag(CT)

Figure 4. Effect of CT on 3D topography images of the surfaces of the cp-Ti, Ti (CT) and Ti-Ag (CT) samples.

Table 2. Effect of CT on surface roughness of the cp-Ti, Ti (CT)
and Ti-Ag (CT) samples.

Sample Ra (pum) Rq (pm) Rz (pm)

cp-Ti 0.152+£0.008 0.1994+0.010 1.716£0.197
Ti (CT) 0.271 £0.024 0.3434+0.031 2.647+0.279
Ti-1Ag (CT) 0.245+0.022 0.311+£0.025 2.503+0.179
Ti-3Ag (CT) 0.249+0.008 0.316+£0.013 2.460+0.226
Ti-5Ag (CT) 0245+0.014 0311£0.015 2366+0.154

proliferation. Moreover, the RGR values of the Ti (CT)
and Ti-Ag (CT) samples were all greater than 70%, as
shown in Table 3, suggesting that the Ti (CT) and Ti-Ag
(CT) samples were noncytotoxic.

ALP is an important early marker for osteogenic
differentiation.”® Figure 13(b) shows that the ALP
level increased with increasing induction time. After
osteogenic induction for three days, although the differ-
ences among the cp-Ti, Ti (CT) and Ti-Ag (CT) sam-
ples were not significant (p > 0.05), the ALP activity of
the chemically treated samples was generally greater
than that of the cp-Ti sample. The ALP activities of
the Ti (CT), Ti-1Ag (CT) and Ti-3Ag (CT) samples
trended higher than that of the cp-Ti sample
(p <0.05) after osteogenic induction for sevendays.

0.4 =

0.3= -

0.2 =

0.1 =

Surface roughness (Ra) (um)

0.0

Samples

Figure 5. Effect of CTon surface roughness (Ra) of the cp-Ti, Ti
(CT) and Ti-Ag (CT) samples. **p < 0.01.

These results indicated that Ti (CT), Ti-1Ag (CT) and
Ti-3Ag (CT) enhanced osteoblast differentiation and
exhibited osteoinductive properties, and the Ti-SAg
(CT) sample did not impair osteoblast differentiation.
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Figure 6. Effect of CT on water contact angles of the cp-Ti, Ti (CT) and Ti-Ag (CT) samples. *p < 0.01.
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Figure 8. Photographs showing S. aureus colonies from the cp-Ti, Ti (CT) and Ti—-Ag (CT) samples after culturing for 24 h.

agent to cp-Ti to prepare a Ti-Ag casting alloy.
Afterwards, CT (acid etching plus alkaline treatment)
PJI and aseptic loosening are the two main challenges of was used to fabricate hybrid micro-, submicro- and
joint arthroplasty prostheses. Biomaterials that simulta- nanofeatures on the surface; this method is inexpensive,
neously prevent PJIs and promote osseointegration are effective and reproducible and has been confirmed to
needed. In this study, we supplied Ag as an antibacterial improve osteoinduction and osseointegration.?*?!-2%-3

Discussion
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The initial acid etching resulted in the generation of pits
with micro- and submicron features, and alkaline treat-
ment resulted in the generation of a sponge with nano-
features.”?! Moreover, alkaline treatment resulted in
particles with high Ag content that were generated on
the surfaces of the samples after acid etching. Similarly,
Zhang and Liu®' reported that Cu-containing particles
formed on the surface of a Ti—Cu-sintered alloy after
alkaline heat treatment, and the particles were confirmed
to be Ti,Cu. However, in this study, the phase in the Ag
content particle was not identified by EDS or XRD and
thus requires further investigation. Moreover, the anti-
bacterial assay results indicated that the high-Ag-
content particles played a key role in the antibacterial
activities of the Ti—Ag (CT) samples.

The Ti-Ag (CT) samples, even the Ti-1 wt.% Ag after
CT, exhibited strong antibacterial activities as confirmed

120 = Kk I
100 =
< 80
o 2
£ 604 4
IS
& 40= =
[&]
©
S 20m
C
<

T T T T
QA Q QA QA
< & S &
s oX &
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Figure 9. ARs of S. aureus cultured on the Ti (CT) and Ti-Ag
(CT) samples after culturing for 24 h. *p < 0.01.
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by plate counting, fluorescence staining and FE-SEM. It
is well known that one of the antibacterial mechanisms
of Ag-containing materials is Ag ion release®>* and that
Ag ions lead to bacterial protein inactivation, DNA
impairment, increased membrane permeability and cel-
lular content leakage.>* Furthermore, Greulich et al.*
found that the minimum inhibitory concentration
(MIC) of Ag ions was 2.5-5ppm when S. aureus was
cultured in lysogeny broth medium. In this study, the Ag
ion concentrations of the Ti-Ag (CT) samples on days 1,
4, 7, 14 and 28 were all lower than the MIC, which
demonstrated that the antibacterial activities of Ti-Ag
(CT) samples did not completely rely on the Ag ions. Li
et al®® reported that cp-Ti with alkaline treatment
showed an antibacterial effect due to increased pH and
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Figure I 1. Number of adherent MC3T3-E| cells on the cp-Ti,
Ti (CT) and Ti-Ag (CT) samples after culturing for | and 2h.
*p < 0.05.
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Figure 10. (a—e) Live/dead staining showing S. aureus cultured on the cp-Ti, Ti (CT) and Ti-Ag (CT) samples for 24 h; (f—j) SEM
morphology showing S. aureus cultured on the cp-Ti, Ti (CT), and Ti-Ag (CT) samples for 24 h.
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Figure 12. Fluorescent images showing MC3T3-El cells that adhered on the cp-Ti, Ti (CT) and Ti-Ag (CT) samples after culturing

for | and 2h.
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Figure 13. (a) Proliferation of MC3T3-El cells on the cp-Ti, Ti (CT) and Ti—Ag (CT) samples after culturing for one, three and
seven days; (b) ALP activity of MC3T3-E| cells cultured on the cp-Ti, Ti (CT) and Ti—Ag (CT) samples after osteogenic induction for

seven days. *p < 0.05.

Table 3. RGRs of the cp-Ti, Ti (CT) and Ti-Ag (CT) samples.

Sample One day Three days Seven days
cp-Ti 100% 100% 100%

Ti (CT) 91.25% + 3.86% 94.55% +£2.27% 95.05% +3.37%
Ti-1Ag (CT) 91.93% 4 5.68% 88.55% +5.65% 91.93% +2.68%
Ti-3Ag (CT) 94.77% + 3.98% 88.45% + 4.64% 93.67% +£3.16%
Ti-5Ag (CT) 102.73% £ 3.52% 90.32% £ 5.14% 92.58% +4.10%

micro/nanotopography formation. In this study, the pH
value differences between the cp-Ti and chemically
treated samples were not statistically significant; all pH
values were between 6 and 7, i.e. optimum pH values for
S. aureus growth,?” demonstrating that the pH values of

the Ti-Ag (CT) samples had little effect on antibacterial
activities. In contrast to the results of Li et al..>® who
found that micro/nanotopography inhibited S. aureus
adhesion and proliferation, the Ti (CT) samples with
micro-, submicro- and nanotopography in our study
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were more beneficial for S. aureus adhesion and prolif-
eration than the cp-Ti sample because their roughness
was higher than that of the machined cp-Ti sample.***’
This difference may be attributed to the different control
groups. The relatively rough cp-Ti with acid etching was
chosen as the control group in Li et al.,*® whereas the
relatively smooth cp-Ti sample with 2000 grit SiC paper
grinding was chosen as the control group in our study.
Kang et al.'® reported results similar to ours, showing
that Ag particles formed on the surfaces of Ti-Ag alloys
after grit blasting and acid etching; further, the concen-
trations of Ag ions released from SLA-treated Ti-Ag
alloys were lower than the MIC of Ag ions. Therefore,
Kang et al.'> attributed the antibacterial activities of
Ti-Ag alloys to Ag ion release and Ag particles.
In our previous study”> and in a study by Chen
et al,'” Ag ion release and direct contact between the
Ag-containing particles and bacteria were two antibac-
terial mechanisms of Ag-containing titanium-based
materials. Taking these results together, in addition to
Ag ion release, the Ag-containing particles also contrib-
uted to the strong antibacterial activities of the Ti-Ag
(CT) samples.

The roughness and hydrophilicity of the Ti-Ag (CT)
samples were improved by the presence of micro-, sub-
micro- and nanotopography. This special topography
has been shown to enhance cellular bioactivity,
osteoconduction, osteoinduction and osseointegra-
tion.2021:22:3049 Ce]] adhesion is the first stage of cell/
biomaterial interaction, which influences cell prolifera-
tion and differentiation.*! Cell adhesion is positively
but non-linearly correlated with cell proliferation.
Cell proliferation capacity was highest when the adhe-
sion strength between the cell and material surface
was intermediate.*? A similar phenomenon was also
observed in our assays: the chemically treated surfaces
improved cell adhesion in the initial 1 and 2 h, but the
proliferation capacity did not improve. Although Ag
has been applied in clinical settings as an antibacterial
agent, its cytocompatibility remains a concern®; Ag ion
concentrations below 1.20 ppm have been reported to
show no cytotoxicity.**** In this research, the Ag ions
released from the Ti-Ag (CT) samples were all below
the reported toxicity threshold during the 28-day
immersion period. It is worth noting that the RGR
values of the Ti (CT) and Ti-Ag (CT) samples were
all >70%, indicating that the chemical treatment and/
or Ag (1-5wt.%) added to the cp-Ti sample were
noncytotoxic. The relatively low proliferation capacity
of the Ti (CT) and Ti-Ag (CT) samples was also
attributed to the differentiation promotion due to the
reciprocal relationship between proliferation and
differentiation.'®*>  Osteoblast ~differentiation was
enhanced by the chemical treatment, indicating that
the Ti (CT), Ti-1Ag (CT) and Ti-3Ag (CT) samples

had osteoinductive properties and provided an impor-
tant signal to enhance the osseointegration.?*4¢47
However, the antibacterial activities and osscointegrative
properties of the Ti-Ag (CT) samples require further
investigation in vivo because the in vivo environment
in humans cannot be completely simulated by in vitro
experiments.

Conclusions

CT modification on casted Ti-Ag alloys enhanced their
antibacterial activity, bioactivity and osteoinduction.
Hybrid micron and submicron porosities, sponge-like
nanostructures and Ag-containing particles formed on
the surfaces of the Ti-Ag alloys after the CT. The
Ti-1Ag (CT), Ti-3Ag (CT) and Ti-5Ag (CT) samples
showed strong antibacterial activities dependent on Ag
ion release and Ag-containing particles. Moreover, the
Ti-1Ag (CT) and Ti-3Ag (CT) samples showed better
cell responses with respect to adhesion and osteogenic
differentiation due to their special topographies.
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