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ABSTRACT: A nanostructured film composed of one-dimensional
titanate nanowires (TNWs) was employed as a carrier of Ag
nanoparticles and chitosan (CS) to improve the surface antibacterial
activity and biocompatibility of titanium implants. A TNWs film was
produced on a Ti substrate by an alkali hydrothermal reaction and
subsequently doped by Ag nanoparticles through an ultraviolet light
chemical reduction. The CS nanofilm was deposited on the Ag
nanoparticles through a spin-assisted layer by layer assembly method.
The results disclosed that Ag nanoparticles were successfully carried
by TNWs and homogeneously distributed on the entire surface.
Moreover, a CS nanofilm was also successfully deposited on the Ag
nanoparticles. Antibacterial tests showed that the samples modified
with a higher initial concentration of AgNO3 solution exhibited better
antibacterial activity, and that a CS nanofilm could further improve the
antibacterial activity of the TNWs. Cell viability and ALP tests revealed that the release of Ag+ was detrimental for the growth,
proliferation, and differentiation of MC3T3, and that CS could lower the negative effects of Ag gradually as the incubation time
increased.
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1. INTRODUCTION

Titanium (Ti) based alloys are standard biomaterials used
extensively in the field of orthopedics and dentistry due to their
desirable properties, such as corrosion resistance, better
mechanical properties, and good biocompatibility.1 Moreover,
compared with human bone, they also possess superior fatigue
strength, high wear resistance, and similar Young’s modulus.2

Although they can support weight and are biocompatible, it
often takes a long time to form new bone tissues to directly
contact with an implant due to their bioinert nature.3

Fortunately, some surface techniques can be employed to
improve the biological properties of Ti-based metallic implants
and enhance the osteointegration as well as retain their
favorable mechanical properties.4−6 The surface modifications
can be achieved through different methods, such as sol−gel,7
sputtering,8 electrophoretic,9 chemical vapor deposition,10

anodization,11 and hydrothermal methods.12−14 Among these
reported methods, a hydrothermal process is often utilized to

functionalize the surface of biomaterials due to the facile route
to prepare one-dimensional nanomaterials on the substrate
despite the shape and topography.15

Although bioactivity can be improved by the methods
mentioned above, bacterial attachment will cause a deleterious
effect on the result and success ratio of Ti-based implants.16,17

In order to avoid infection, it is necessary to endow Ti-based
implants with self-antibacterial ability. Therefore, surface
modification by incorporating with antibacterial agents to
inhibit the adhesion of bacteria and microbes on the Ti-based
implants should an effective route to enhance the success ratios
of clinical treatments for Ti-based metallic implants.18−21 Ti-
based implants have been endowed with self-antibacterial
properties via various strategies which include titanate nano-
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wires (TNWs) loaded with antibiotics,22,23 inorganic bacter-
icide doped TNWs,24−26 bioactive antibacterial polymer-
ization,27,28 nonantibiotic organic bactericide loaded
TNWs,29,30 and adhesion-resistant TNWs.31

However, the fast release of the antibacterial agent would
cause safety concerns, and the emergence of resistance strains is
another issue when excessive antibiotics are administered.32

Compared with antibiotics, silver (Ag) is a nonspecific and
inorganic bactericide agent that displays an obvious effect on a
broad spectrum of microbial species. Ag is also attractive on
account of the good stability in the physiological environment
and the difficulty to develop resistant strains.33,34 So Ag has
always been used as a bactericide to cure various infection
related diseases, and it was also employed as an antiseptic and
antimicrobial agent against different bacteria (Gram-positive
and Gram-negative) due to its low cytotoxicity in the past.35 In
recent years, Ag nanoparticles are very attractive to be adopted
as inorganic antimicrobial agents. This will open up a whole
new direction to fight against a series of bacterial pathogens.36

Moreover, Huang et al. have reported that Ag nanoparticles
have a positive effect on wound and burn healing.37 So excellent
antibacterial properties can be achieved without compromising
the original biological functions of the Ti through introducing
the proper amount of Ag into the implants and controlling its
release.38

There are many studies reporting that various techniques
have been developed to obtain Ag nanoparticles decorated Ti-
based implants. Particularly, the surface modification for Ag
nanoparticles can be classified into three categories: (1) surface
enrichment of Ag nanoparticles on the Ti-based implant while a
layer is not introduced, (2) doping of Ag nanoparticles on the
oxide layer (TiO2) grew on the surface, and (3) doping of Ag
nanoparticles on a coating (TiO2 and foreign matter, e.g.,
hydroxyapatite) deposited on the surface.39 In detail, Ag
nanoparticles can be incorporated onto the Ti surfaces through
ion implantation,40 electrochemical techniques,41 in situ
preparation of Ag nanoparticles,33 the sol−gel technique,42

sputtering,43 and so on.44 Among these methods, in situ
preparation of Ag nanoparticles has been proved to be a useful
and simple way to modulate the amount of deposited
nanoparticles and control the size of Ag nanoparticles on the
surface.39

However, the biocompatibility of the Ti-based implants
should not be ignored, especially the release of Ag+ that we
should pay attention to, as many works attributed the toxicity of
Ag NPs to the Ag+ release45,46 and Ag+ is very toxic to the
human body.18 Because of its nontoxicity and biodegradability,
as a natural organic material, chitosan (CS) is usually employed
to improve the bioactivity of biomaterials with a bioinert nature.
In order to reduce the bioavailability and alleviate the toxicity of
Ag+, CS was introduced onto the Ti surface.
In this study, a nanostructured film composed of one-

dimensional TNWs is employed as a carrier of Ag nano-
particles, and a CS nanofilm on the surface of Ag nanoparticles
was fabricated. A TNWs film is produced on the Ti substrate by
alkali hydrothermal reaction and subsequently doped by Ag
nanoparticles through an ultraviolet light chemical reduction.
The CS nanofilm was deposited on the Ag nanoparticles
through spin-assisted layer by layer assembly methods. This
course can be schematically illustrated by Scheme 1. Their
antibacterial effect has also been studied. Finally, we have
studied the influence of TNWs, and Ag and Ag/CS TNWs on
the proliferation and differentiation of osteoblasts.

2. EXPERIMENTAL PROCEDURE
2.1. Materials. Medical pure titanium (MP-Ti) was purchased

from Fu-Tai Metal Materials Co. (China). HCl, NaOH, NaCl,
NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2, Na2SO4,
ethanol, methanol, and acetone were purchased from Sinopharm
Chemical Reagent Co. (China). AgNO3 was purchased from Shang-
Hai fine chemical industry material institute (China). Peptone, yeast
extract, and agar were purchased from Thermo Fisher Oxoid (UK). CS
(visicosity: 100−200, 179.17 MW) were purchased from Sigma-
Aldrich.

2.2. Preparation of samples. MP-Ti with dimension about 2 cm
× 2 mm were employed as substrates. Prior to alkali-heat treatment,
the Ti plates were successively polished to a mirror side by different
grid abrasive paper and then they were ultrasonically rinsed in ethanol
and deionized water successively.

Then the Ti plates were placed in a 100 mL Teflon-sealed autoclave
containing 60 mL NaOH solution with different concentrations (0.2
mol/L, 0.5 mol/L, 1 mol/L, 2.5 mol/L). The vessel was hydro-
thermally treated at 180 °C for 72 h, and then cooled to room
temperature in air. Then the samples was washed with deionized
water, immersed in 0.05 mol/L HCl for 12 h and washed with
deionized water to neutral conditions. These could be denoted as c-
0.2, c-0.5, c-1, c-2.5, respectively.

The c-1 was immersed in AgNO3 solution with different
concentrations (0.01 mol/L, 0.02 mol/L). The samples were treated
under ultrasonication for 30 min. Then the samples were immersed in
0.1 mol/L methanol and irradiated with 12 W UV-light (λ = 253 nm)
for 40 min. Finally, the samples were washed with deionized water.
These samples could be denoted as Ag-0.01 and Ag-0.02.

Methodology of spin-coating was used to prepare CS coating.
Solutions of 2 mg/mL CS 1% (v/v) acetic acid were deposited onto
the Ag-0.01 and Ag-0.02, followed by spinning at 800 rpm for 20 s to
allow uniform spreading of the solution on the surface of substrates,
then at 4000 rpm for 30 s to thin the solution layer, and finally dried in
the air. Each sample repeats the spin process three times. These
samples could be denoted as Ag/CS-0.01, Ag/CS-0.02.

2.3. Characterization. Scanning electronic microscopy (SEM)
images were recorded on JSM-6510LV electron microscope (JEOL,
JP). Transmission electron microscopy (TEM) images were recorded
on a Tecnai G20 electron microscope (FEI, USA). Infrared (IR)
spectroscopy was measured by NICOLET iS10 IR spectrophotometer
(Nicolet, USA). X-ray diffraction (XRD) was recorded on D/Max-RB
X-ray diffractomer (Rigaku, JP). Field emission scanning electron
microscopy (FE-SEM) was recorded on JSM7100F (JEOL, JP).
Inductive coupled plasma atomic emission spectrometry (ICP-AES)
was carried out to determine the Ag release behaviors on an Optimal
8000 (PE, USA).

2.4. Contact angle. The contact angles of Ti plates were
determined at room temperature by a contact angle instrument (OCA
40 Filderstadt, Germany). Deionized water was utilized as the medium

Scheme 1. Preparation Process Diagram of a TNWs/Ag/CS
System on Ti Implants
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to determine the contact angles. All the values are the average of 3
drops at 3 different positions on Ti plates surface.
2.5. In vitro bioactivity in simulated body fluid (SBF). The

bioactivity of different Ti plates, in terms of apatite forming capability,
was evaluated by soaking in SBF. The SBF was prepared according to
standard ingredient.15 All the Ti plates were immersed in SBF for 14
days at 37 °C.
2.6. Antibacterial study. Escherichia coli (E. coli) and Staph-

ylococcus aureus (S. aureus) were employed to evaluate the antibacterial
activity of the different Ti plates. They were cultured in standard
Luria−Bertani (LB) culture medium. Sterile LB broth and LB agar
plates were prepared in deionized water according to the standard
procedure.26

LB agar plates seeded with bacteria were used to measure the zones
of inhibition. The bacteria were diluted with melted LB agar plates to

OD = 0.001. Then they were poured onto watch glass. All the Ti plates

were lay on the surface of seeded LB agar plate and incubated at 37 °C
for 12 h with E. coli and S.aureus.

Bacterial growth can be reflected by determining optical density

(OD) at 600 nm of the culture medium. And bactericidal ratio can be

applied to estimate the antibacterial activity of different Ti plates,

which was determined by the following equation:47

=
−

×

Bacterial ratio (%)
OD of control group OD of experimental group

OD of control group

100% (1)

Figure 1. Surface morphologies of a Ti plate treated with different concentrations of NaOH. (a) 0.2 mol/L, (b) high-magnification of (a); (c) 0.5
mol/L, (d) high-magnification of (c); (e) 1 mol/L, (f) high-magnification of (e); (g) 2.5 mol/L, (h) high-magnification of (g).
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For the SEM observation, the bacterial suspension was incubated
with the different Ti plates for 4h. Then the Ti plates were fixed with
2.5% glutaraldehyde (Sinopharm Chemical Reagent Co. China) for 4h,
then they were dehydrated sequentially in a series of ethanol
concentration gradient of 30, 50, 75, 90, 95, and 100 v/v %, and
freeze-dried. The morphologies of bacteria on Ti plates were examined
by SEM.
2.7. Cytotoxicity evaluation. 2.7.1. MTT assay. The preosteo-

blast MC3T3 Cell of Mice was cultured by dulbecco’s modified eagle
medium (DMEM) supplemented with 10% fetal bovine serum, 1%
penicillin and 1% amphotericin at 37 °C in 5% CO2. The treated and
untreated Ti plates were placed in 24-well plate. The cells were seeded
into 24-well plate. After incubation for different periods (1 day, 3 days,
7 days), MTT (Aladdin Reagent Co., China) with a concentration of
0.5 mg/mL was added, the cells were allowed to incubated with MTT
for 4 h until a purple precipitate was visible. The MTT solution was
then removed and 150 μL DMSO was added to completely dissolve
the crystals through vibrating for 10 min. Finally, the absorption at 490
nm was measured by Micropalte reader (SpectraMax I3MD USA).
2.7.2. Cell morphology. The cells were seeded onto the different Ti

plates. After incubating for 24h, the seeded cells were rinsed with PBS
(pH 7.4) three times and 4% formaldehyde (Sinopharm Chemical
Reagent Co. China) solution in PBS (pH 7.4) was added to fix the
cells for 10 min at room temperature, followed by rinsing with PBS
three times. Then they were stained with FITC-phalloidin (YiSen,
Shanghai) at room temperature for 30 min in the absence of light
illuminated. Subsequently, they were rinsed with PBS for three times
and further staining with DAPI (YiSen, Shanghai) for 30s. The
cytoskeletal actin, and cell nuclei were observed by fluorescent
microscopy (IX73, Olympus, USA).
2.7.3. Detection of intracellular ALP. The treated and untreated

samples were placed in 24-well plate. The cells were seeded into 24
well-plate. After incubation for different periods (3 days, 7 days, 14
days), the cells were lysed in 1% Triton X-100 (Sinopharm Chemical
Reagent Co. China) dissolved in PBS and stored in 4 °C for 30 min.
Then they were centrifuged (1100 rpm/min) for 10 min and 10 μL
supernatant was transferred into 96-well plate. Finally, the intracellular
ALP activity was detected by ALP detection kit (Jiancheng Biotech,
China).

3. RESULTS AND DISCUSSIONS
3.1. Characterization of Ti plate after hydrothermal

treatment (HT Ti). 3.1.1. Micromorphology. After hydro-
thermal treatment, the Ti plates display different micro-
morphology. As shown in Figure 1, a lower concentration of
NaOH induces a small needle-like microstructure on the
surface of the Ti plate, which is uniformly distributed on the
whole surface (c-0.2, Figures 1a and 1b). As the NaOH
concentration increases to 0.5 mol/L, flower-like nanoclusters

are formed on the entire surface (c-0.5, Figure 1c), and each
cluster is composed of petal-like nanosheets (c-0.5, Figure 1d).
In addition, when the NaOH concentration increases to 1 mol/
L, clusters of dandelion-like microstructure appear on the
whole surfaces (Figure 1e). It can be observed from the high
resolution image (Figure 1f) that these dandelion-like micro-
structures consist of crossed nanowires. Compared with c-0.2,
the aspect ratio of c-1 is much larger. As the concentration of
NaOH increased to 2.5 mol/L, the surface is covered with a
sheet-like structure (Figure 1g), and the sheet size is very large
and seems like a band or bulk material (Figure 1h).

3.1.2. Composition of TNWs. IR was employed to study the
surface composition of TNWs on the Ti substrate. As shown in
Figure 2a, the absorption peak at 3390 cm−1 can be assigned to
the stretching vibrations of O−H, which indicates that Ti−OH
exists on the surface of TNWs. And the peaks at 3700 and 1626
cm−1 can be attributed to the stretching vibrations and bending
vibration of O−H in hydrate water, respectively. The peak at
1400 cm−1 may stem from the stretching vibration of the Ti−
O−Ti. In addition, the peak for the stretching vibration of the
Ti−OH at 925 cm−1 is observed. The elemental composition of
TNWs was analyzed by X-ray energy dispersion spectroscopy
(EDS). The EDS spectrum of TNWs is shown in Figure S1; the
results disclose that the surface of TNWs is composed of Ti, O,
and Na (Figure S1). So the surface of TNWs is converted to
titanate after hydrothermal treatment and hydrate water also
exists on the surface of TNWs (NayH2−yTinO2n−2·xH2O).
The crystal structures of the prepared TNWs were

characterized by XRD. The diffraction peaks at 24.2° and
48.5° can be assigned to (110) and (114) of H2Ti3O7, while the
peak centered between 23°−25° is associated with (111) of
Na2Ti3O7 (Figure 2b). The XRD spectra further prove that
both H2Ti3O7 and Na2Ti3O7 exist in the nanofilm on the Ti
substrates. The reason for the much weaker diffraction intensity
of Na2Ti3O7 may be due to the fact that the HT Ti plate has
been immersed into diluted HCl for 12 h. So the surface of
TNWs was functionalized with Ti−OH, which could attract the
Ca2+ and then PO4

3− to form the bone-like apatite layer. In a
word, a nanostructured film composed of one-dimensional
TNWs can be successfully fabricated through this method.

3.1.3. Wettability of the HT Ti. The degree of surface
wettability of the desired materials is characterized by contact
angle analysis. The value of the contact angle can be employed
as an indicator of the surface wettability of the material when
employed as a biomedical implant.

Figure 2. Surface composition and crystalline structures of TNWs. (a) IR spectra of the TNWs; (b) XRD spectra of the TNWs.
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Images of water droplets lying on HT Ti surfaces are shown
in Figure S2. And the corresponding contact angle values are
listed in Table S1. Deionized water dropped on an MP Ti plate
shows an angle of 63.3°, which indicates some amount of
hydrophobicity. As shown in Figure S2, the contact angle is
decreased significantly as the concentration of NaOH increased.
When the concentration is up to 2.5 mol/L, drops of water
spread out rapidly on the surface of Ti plates and the contact
angle is close to 0°.
Our measured results on MP Ti were in agreement with

other reports.15 The improvement of the surface wettability for
HT Ti may partially stem from the gradual increase of the
oxygen content. When the NaOH solution reaches 2.5 mol/L,
the values of the contact angles turn to 0°, i.e., super-
hydrophilicity. However, in this case, the morphology of the
nanostructures should also not be underestimated. In addition,
it is very clear that the one-dimensional TNWs also display
superhydrophilicity.
The surface hydrophilicity affects the biological functions of

biomaterials such as bacteria/cell adhesion and spreading.
Several works have reported that fibroblast cells like to attach
and spread on the hydrophilic surface compared with the
hydrophobic surface.48 However, unlike the case of a fibroblast,
a superhydrophilic surface favors the attachment of osteo-
blasts.49 So the prepared samples with better wettability favor
the formation of the tissue fragments and are easier to
incorporate with the surrounding biological environment.50

3.2. Characterization of Ag doped and Ag/CS capped
TNWs. 3.2.1. Micromorphology. First, SEM and TEM were
used to study the micromorphology of a Ag doped TNWs
coating. As shown in the SEM images (Figure 3), compared

with undoped samples (Figure 3a), many white small dots are
attached to the TNWs (Figure 3b). In addition, as shown in the
TEM images (Figure 3c), TNWs are attached by small black
dots while these black dots cannot be observed in the undoped
samples. In addition, the SAED pattern (inset of Figure 3c) of
Ag nanoparticles prepared by UV light chemical reduction
showed several diffraction rings, which stem from the random
orientation of the crystal. This suggested that the sample was
nanocrystalline in nature. So these black dots distributed
uniformly on the TNWs are speculated to be Ag nanoparticles,
and their sizes are between 3 and 5 nm. The morphology of
Ag/CS capped TNWs is shown in Figure 3d, it is obvious that a
thin layer of nanofilm made up of CS molecules is deposited on
the surface of TNWs. Ag nanoparticles identified by white small
dots can also be observed in the images. The existence of Ag
could be further identified by the EDS spectra.

3.2.2. Composition and structure analysis. The elemental
analysis is carried out by EDS. The EDS spectra of Ag doped
samples are shown in Figure S3a. The Ag doped TNWs consist
of Ti, Ag, Na, and O. The content of Ti derived from the
substrate is the highest while the signal of Ag element is also
intensive, indicating that the Ag is doped onto TNWs
successfully. In addition, as shown in Figure S3b, the Ag/CS
capped TNWs contain Ti, Ag, N, Na, and O. The content of Ag
in Ag/CS capped TNWs is smaller than that of Ag doped
TNWs.
The XRD spectra of doped and undoped TNWs are given in

Figure S4. Compared with undoped samples, extra peaks (2θ =
44.96°) are observed in the Ag doped and Ag/CS capped
TNWs. This characteristic diffraction peak is consistent with
the peak of metallic Ag. The peaks at 45.59° can be assigned to

Figure 3. Surface morphologies of undoped, Ag doped, and Ag/CS capped TNWs. (a) SEM images of undoped TNWs; (b) SEM images of Ag
doped TNWs; (c) TEM images of Ag doped TNWs (Inset: SAED pattern of Ag nanoparticles); (d) SEM images of Ag/CS capped TNWs.

Figure 4. Images of water droplets lying on flat Ag doped and Ag/CS capped TNWs.
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(104) of metallic Ag. So it is very clear that the Ag was doped
onto the TNWs successfully in this work.
3.2.3. Wettability of the Ag doped and Ag/CS capped

TNWs. The wettabilities of the Ag doped and Ag/CS capped
TNWs have also been studied. Images of water droplets and the
corresponding values of the contact angle are exhibited in
Figure 4 and Table 1, respectively. As shown in Figure 4, in

comparison with TNWs modified Ti plates (Figure S2), the
contact angles increase obviously for Ag/TNWs modified Ti,
which indicates that the Ag doping on TNWs can change the
surface hydrophilicity of TNWs modified Ti. Interestingly,
when the CS nanofilm was deposited on the Ag nanoparticles,
the contact angle decreased significantly close to nearly 0°,
enhancing the superhydrophilicity of the modified surface,
which is possibly ascribed to the superior hydrophilicity of the
CS molecule. Since surface hydrophilicity favors the adhesion
of osteoblasts on biomaterials,49 the CS capped Ag/TNWs with
better wettability will benefit the bone cell growth on Ti plates
and consequently be conducive for the osteointegration of
implants within the surrounding biological system.50

3.2.4. In vitro bioactivity. The SEM images of Ag doped and
Ag/CS capped TNWs before and after soaking in SBF for 14
days are displayed in Figure 5. A rod apatite-like structure is
observed on the Ag doped TNWs (Figure 5c), and spherical
globules are formed on Ag/CS capped TNWs (Figure 5d).
However, the area of the apatite-like structure on the Ag/CS
capped TNWs is much larger than that of Ag doped TNWs.
This can be further verified by the EDS spectra (Figure S5).

According to EDS analysis, the Ca/P ratios of two TNWs for
the agglomerates are basically close to the theoretical ratio of
Ca/P in hydroxyapatite. However, the content of Ca in Ag/CS
capped TNWs is slightly larger than that in Ag doped TNWs.
So the Ag/CS capped TNWs are more beneficial to the
deposition of Ca−P, which is in good agreement with
wettability results.
It is well accepted that if the surfaces of biomaterials can be

helpful for the formation of hydroxyapatite on surfaces in SBF;
they are beneficial for the formation of new bone tissues in vivo
as well as accelerating the bone integration.15 As the ingredient
of this apatite layer is similar to the mineral phase in bone, so it
can be recognized by the living body.51

3.3. Antibacterial study. During the course of surgery,
metallic orthopedic implants very easily suffer bacterial
infections, which may cause serious microbial attack and the
subsequent final failure of the implants. Some antimicrobial
strategies have been developed to overcome bacterial infection.
In this work, an antibacterial agent (Ag nanoparticles) can be
doped into the TNWs by UV light chemical reduction to study
the antibacterial activity of the implant. Moreover, an
antibacterial and biocompatible polymer (CS) is deposited on
the coatings to improve the antibacterial activity and
biocompatibility of the implants.
The Ag doped and Ag/CS capped TNWs show strong

antibacterial activities against both E. coli and S. aureus. Figure 6
shows the antibacterial activity of MP Ti, TNWs, and Ag doped
and Ag/CS capped TNW coatings against E. coli and S. aureus.
As shown in Figure 6, an MP Ti plate does not show any
antibacterial activity. The MP Ti plates are attached by the E.
coli cells, and the whole Petri dish is covered with E. coli. In
addition, an undoped TNW sample also does not show any
antibacterial activity. However, Ag doped and Ag/CS capped
TNWs show a clear bacterial inhibition zone to E. coli and S.
aureus. The sizes of the inhibition zone increase with the

Table 1. Contact Angle Values of Ag Doped and Ag/CS
Capped TNWs

Ag-0.01 Ag-0.02 Ag/CS-0.01 Ag/CS-0.02

Angles (deg) 54 53 13 16

Figure 5. Surface morphologies of Ag doped and Ag/CS capped TNWs before and after soaking in SBF for 14 days. SEM images of Ag doped
TNWs before (a) and after (c) soaking in SBF for 14 days. SEM images of Ag/CS capped TNWs before (b) and after (d) soaking in SBF for 14
days.
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increase of Ag content. Interestingly, the inhibition zone sizes
of Ag/CS capped TNWs are larger than that of Ag doped
TNWs.
Bacterial growth can also be reflected by the change of OD at

600 nm. Quantitative analysis also indicates that both Ag doped
and Ag/CS capped TNWs exhibit strong antibacterial activities
against both E. coli and S. aureus (Figure 7a). The antibacterial
activities increase with the increase of Ag content, and CS can
also improve the antibacterial effect of the hybrid coatings.
The morphologies of bacteria attached on the Ti surface are

examined by SEM. As shown in Figure S6, E. coli and S. aureus
display regular morphology and intact surface on MP Ti
substrates after 4 h of incubation. And both the bacteria would
not attach to the surface of TNWs. However, the bacteria

obviously exhibit impaired structure on Ag doped TNWs and
Ag/CS capped TNWs. E. coli on Ag doped TNWs and Ag/CS
capped TNWs lose their smooth and long-chain structures, and
cell membranes begin to fester, which indicate that these
bacteria are inactivated. Likewise, S. aureus on Ag doped TNWs
and Ag/CS capped TNWs exhibit a shrinkage cell membrane
shape from a round smooth shape. In a word, Ag doped and
Ag/CS capped TNWs can display an obvious negative effect on
the morphologies of E. coli and S. aureus.
These results indicated that Ag TNWs actually had an

antibacterial effect and CS capped on TNWs could further
increase the antibacterial activity of TNWs. These coatings
could display broad-spectrum antibacterial properties against S.
aureus (Gram-positive) and E. coli (Gram-negative).

3.4. Ag release. The antibacterial activity of Ag nano-
particles derived from the release of Ag+ from the nanoparticles.
The Ag+ is more easily released from Ag nanoparticles when
immersed in a practical biological system, such as practical body
fluid.46

The Ag doped samples were separately immersed in a SBF
solution, mimicking human body conditions, and the content of
leached Ag was determined by ICP-AES. The released Ag+

possesses high activity, and it can endow a deleterious effect on
multiple sites within bacteria. For example, Ag+ could interact
with nucleic acids and DNA molecules became condensed and
lost their replication ability after treatment with Ag+.52 Another
study reported that Ag+ could also inhibit respiratory enzymes,
accelerate the production of reactive oxygen species (ROS),
and interfere with the membrane permeability, consequently
leading to bacterial death.18

The influence of immersion time on the content of Ag+

released in SBF is shown in Figure 7b. The release rate of Ag
doped TNWs is very fast in the first 5 days, and the rate
gradually slows down in the following days. So continuous Ag+

released from the coatings can be realized for the Ag/TNWs
modified Ti implants. In addition, as the content of AgNO3 is
increasing in the initial UV light reduction system, the Ag
content released from the materials obviously increases. The
release behavior of Ag+ from TNWs displays the same trend

Figure 6. Disk diffusion test for MP Ti, TNWs, and Ag doped and Ag/
CS capped TNWs against E. coli (a and b) and S. aureus (c and d).

Figure 7. (a) In vitro E. coli and S. aureus antibacterial activity of different coatings (mean ± SD, n = 3). (b) Ag+ release from Ag doped and Ag/CS
capped TNWs in SBF.
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while the corresponding Ag+ concentration is a little smaller
than that of Ag doped TNWs.
The mechanism for Ag+ release can be studied by fitting the

releasing curves through classic drug releasing models. Then
the releasing curves presented in Figure 7b are fitted by a
simple Peppas model (eq 2):53

=Q ktn
(2)

where Q represents the proportion of total Ag+ released from
the Ag nanoparticles. The kinetic constant and releasing
exponent can be denoted by k and n, respectively. The values of
n can be employed to illustrate the mechanism of Ag+ release.
As for the thin film model, when n < 0.5, Fickian type release
dominates, while if 0.5 < n < 1, the release is non-Fickian type.
When the releasing mechanism is zero order type, the releasing
exponent is equal to 1. The values of n of the Ag releasing
curves are listed in Table 2. They are all less than 0.5, which
indicates that Ag+ release is dominated by Fickian type.

So it is very clear that the initial concentrations of released
antimicrobial agents (Ag+) from Ag doped and Ag/CS capped
TNWs is very high. As the implants very easily suffer from the
adhesion of bacteria after the implantation surgery, this
releasing behavior can prevent bacterial adhesion.54 Moreover,
long-term and sustained release of Ag+ after implantation
surgery is also very essential to prevent bacterial biofilm
formation on Ti-based metallic implants.
3.5. Biocompatibility of TNWs. The cytotoxicity of MP Ti

plates, TNWs, and Ag doped and Ag/CS capped TNWs was
determined by MTT assay against preosteoblast MC3T3 cells
of mice (Figure 8a). The effects of Ti plate and HT Ti on the
proliferation rate of MC3T3 cells are shown in Figure 8a. When
the cells were cultured with samples, the cell viability of cells

cultured on TNWs was comparable with the MP Ti. However,
the Ag doped TNWs were toxic to MC3T3-E1 and the cell
viability was close to 0. Interestingly, the Ag/CS capped TNWs
increased the cell viability obviously. In addition, with the
increasing of culture time, the cell viability of MC3T3 on Ag/
CS capped TNWs increased obviously. When the cells were
cultured with samples for 7 days, the cell viability reached 68%
and 54% for Ag/CS-0.01 and Ag/CS-0.02 TNWs, respectively.
There was an interesting phenomenon needed to be paid

attention to, namely, when the Ag doped and Ag/CS capped
TNWs were immersed in SBF for 7 days, the released Ag+

showed a much higher concentration than that of TNWs
immersed in SBF for 1 day. Nevertheless, when the incubation
time increased from 1 to 7 days, the cell viability of MC3T3
obviously increased (Figure 8a). Xiu et al. have assigned the
toxicity of Ag NPs to the Ag+ release alone, and morphologies
of Ag NPs affect their antibacterial properties, primarily
through affecting release of Ag+.46 Moreover, the bioavailability
and toxicity of Ag+ can be reduced via binding of ligands in the
medium to the Ag+.55 CS (C6H11NO4)n can be used as an
effectient absorbent to remove the metal ions from the
environment or living body. The polymer chains of CS are
functionalized with abundant amino and hydroxyl which can be
employed as binding sites for metal ions.56 The molecular
structure and coordination process of CS to Ag+ have been
shown in Figure S7. So we speculate that CS nanofilms on the
TNWs can partially dissolve into the culture medium and the
release rate of CS is lower than that of Ag+. Then the CS can
bind to the Ag+ via coordination and the bioavailability of Ag+

obviously reduces. Finally, the toxicity of Ag+ is hindered, which
contributed to the increase of cell viability for 7 days. So the
biocompatibility of metallic implants could be controlled by
modulating the bioavailability of released Ag+.
The initial cell adhesion and spreading activity of MC3T3

seeded on the samples is studied by fluorescence microscopy.
Cell nuclei and cytoplasmic actin skeletons are visualized under
fluorescence microscopy through DAPI and FITC-phalloidin
staining, respectively. As shown in Figure S8, the cell can
adhere and spread on the TNWs and Ag/CS capped TNWs.
However, the fluorescent micrographs show that the cells
cannot adhere on the Ag doped TNWs, which is in accordance
with the MTT assay (data not shown). Furthermore, the

Table 2. Ag Release Kinetics Parameters Obtained from the
Peppas Model

Sample k n R2

Ag-0.01 0.435 0.248 0.985
Ag-0.02 0.433 0.255 0.988
Ag/CS-0.01 0.421 0.258 0.989
Ag/CS-0.02 0.423 0.261 0.986

Figure 8. Effects of various coatings on the cell viability (a) and ALP activity (b) of preosteoblast MC3T3 cells of mice (mean ± SD, n = 3).
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relative number of cells adhered on the Ag/CS capped TNWs
is smaller than that on the TNWs. Moreover, the cell
morphology on the TNWs is more regular than that on the
Ag/CS TNWs. Several cells with irregular spherical morphol-
ogy are observed in the Ag/CS TNWs. In addition, more
filopodia is observed in the cells on TNWs, which illustrates the
better spreading activity of osteoblasts. All these results are in
great accordance with the MTT assay.
ALP activity is usually utilized as an indicator to evaluate the

early differentiation level of osteoblast cells, as it is an signficant
element to promote the formation of bone tissues at the surface
of implants.57 As illustrated in Figure 8b, the normalizd ALP
activity for the most samples increased from 3 and 14 days.
When the cells were cultured on Ag doped TNWs, the ALP
activity was very low. Interestingly, the Ag/CS capped TNWs
coatings obviously increased the ALP activity of the cells.
Comparison of the aforementioned in vitro results suggested
that the addition of CS could reduce the toxicity of Ag
nanoparticles in the coatings.

4. CONCLUSIONS
The NaOH concentration of hydrothermal treatment has a
great influence on the micromorphology of HT Ti plates.
When the concentration of NaOH was set as 1 mol/L, a
nanostructured film composed of one-dimensional titanate
nanowires (TNWs) was successfully obtained. Compared with
an untreated Ti plate, the wettability of TNWs modified Ti is
obviously improved. The metallic Ag can be incorporated into
HT Ti plates through a UV light reduction method. The Ag
nanoparticles with sizes between 3 and 5 nm distributed
uniformly on the TNWs. This Ag doped into the TNWs
actually has an antibacterial effect, and this effect increases with
the improvement of Ag dose. The CS nanofilm improves the
antibacterial activity of the TNWs. Both Ag doped and Ag/CS
capped TNWs can provide high initial concentration and the
continuous release of antimicrobial agent in surrounding
biological environments. Although the Ag doped TNWs are
toxic to the cells, the CS nanofilm can obviously improve the
biocompatibility of Ag/TNWs, which is very meaningful for the
clinical application of metallic implants.
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Table S1 Contact angle values of prepared samples surfaces 

 

  

 MP Ti C-0.2 C-0.5 C-1 C-2.5 

Angles (°) 63.3 9.6 10.4 14.7 2.7 



 
 

S-4 
 

 
Figure S1. EDS spectrum of TNWs. 
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Figure S2. Images of water droplets lying on MP-Ti and TNWs modified Ti plates 
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Figure S3. EDS spectra Ag doped (a) and Ag/CS capped TNWs (b). 
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Figure S4. XRD spectra of TNWs, Ag doped and Ag/CS capped TNWs 
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Figure S5 EDS spectra of (a) Ag doped TNWs, and (b) Ag/CS capped TNWs soaked in SBF for 
14 Days. 
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Figure S6. The morphologies of the E. coli and S. aureus attached on the MP Ti, Ag doped TNWs 

and Ag/CS capped TNWs. 
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Figure S7. The molecular structure of CS (a). The scheme for coordination process of CS to Ag+. 
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Figure S8. Fluorescent images of MC3T3 cells cultured on TNWs and Ag/CS TNWs for 24 h 

(scale bar: 100 μm). 

 


