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a b s t r a c t

Most commercial dental implants are made of titanium (Ti) because Ti possesses excellent properties
such as osseointegration. However, many types of Ti products still suffer from insufficient antibacterial
capability and bacterial infection after surgery remains one of the most common and intractable com-
plications. In this study, a dual process encompassing anodization and silver plasma immersion ion
implantation (Ag PIII) is utilized to produce titania nanotubes (TiO2-NTs) containing Ag at different sites
and depths. The concentration and depth of the incorporated Ag can be tailored readily by changing the
PIII parameters. The Ag-embedded TiO2-NTs which retain the nanotubular morphology are capable of
sterilizing oral pathogens as opposed to pure Ti plates and pristine TiO2-NTs. Biological assays indicate
that the in vitro and in vivo biocompatibility of the sample plasma-implanted at a lower voltage of 0.5 kV
(NT-Ag-0.5) is significantly compromised due to the large amount of surface Ag. On the other hand, the
sample implanted at 1 kV (NT-Ag-1.0) exhibits unimpaired effects due to the smaller surface Ag accu-
mulation. Sample NT-Ag-1.0 is further demonstrated to possess sustained antibacterial properties due to
the large embedded depth of Ag and the technique and resulting materials have large potential in dental
implants.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Titanium (Ti) and Ti alloys which have good mechanical prop-
erties, high corrosion resistance, excellent biocompatibility [1,2] are
commonly found in orthopedic prostheses, orthodontics, joint re-
placements, and so on [1,3e5]. Although Ti products account for a
large proportion of the commercial dental market, their antibac-
terial properties are inadequate in many applications and despite
thorough disinfection in advance, microbial infection remains one
of the intractable problems [6,7]. Microorganisms are abundant in
the oral environment and the trans-gingival abutment of the im-
plants is an important portal for bacterial infection [8]. The surgical

trauma after implantation can also compromise the host defense
consequently facilitating bacterial invasion. Implant failure can be a
direct consequence of serious microbial attack and hence, new Ti-
based biomaterials with the desirable antibacterial properties are
essential for high quality dental care.

There havebeen studies about incorporating antibacterial agents
into the surface of biomedical implants [9e12]. However, most of
these attempts fail to deliver sustained antibacterial effects as the
surface layers and coatings are prone to rapid degradation in the
oral environment. In fact, fast release of antibacterial agents causes
safety concerns and the emergence of resistant strains is another
issue when excessive antibiotics are administered [8]. In contrast to
antibiotics, silver (Ag) is a non-specific bactericide that acts against a
broad spectrum of bacterial and fungal species. Ag is attractive on
account of the good stability in the physiological environment and
the difficulty to develop resistant strains [6e8,13e16], although it
has been documented that the therapeutic window of Ag is rather
small [17,18] and Ag is cytotoxic above a certain dose. Nevertheless,
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by introducing the proper amount of Ag into the implants and
controlling its release, excellent antibacterial properties can be
attained without compromising the original biological functions of
the substrate [14e16].

Titania nanotubes (TiO2-NTs) have attractedmuch attention due
to their low elastic modulus [19] and unique topography [20e22].
The dimensions of TiO2-NTs can be controlled and TiO2-NTs with
certain dimensions do not impair and even promote the biological
properties of the Ti substrate [20e22]. Furthermore, the “half-
open” structure of TiO2-NTs can serve as the reservoir to store
antibacterial agents such as Ag [7,23] to produce sustained anti-
bacterial effects. In this study, TiO2-NTs are fabricated on Ti by
anodization and low-voltage Ag plasma immersion ion implanta-
tion (PIII) is conducted to embed Ag at different depths without
breaking the nanotubular structure. The different antibacterial
characteristics rendered by the different Ag depth distributions and
subsequent biocompatibility are assessed systematically both
in vitro and in vivo.

2. Materials and methods

2.1. Sample preparation

Commercial pure Ti plates (10 mm � 10 mm � 1 mm) were polished and ul-
trasonically cleaned in acetone, ethanol, and deionized water. Table 1 lists the
different processing parameters together with sample designations. PT denotes the
untreated pure Ti as the control. Sample NT underwent anodization at a constant
voltage of 20 V for 30min [24] and samples NT-Ag-0.5 and NT-Ag-1.0were subjected
to Ag PIII at different voltages. Ag PIII was conducted on a plasma ion implanter
equipped with a filtered cathodic arc plasma source made of 99.99% pure Ag. A
curved magnetic duct was inserted between the plasma source and main chamber
to remove macro-particles produced from the cathodic arc [16] and during Ag PIII,
the pulse of cathodic arc was synchronized with that of the target voltage.

2.2. Surface characterization

Scanning electron microscopy (SEM, S-4800, Hitachi High Technologies) and
atomic force microscopy (AFM, NanoScope V MultiMode system, Veeco) were
employed to evaluate the surface morphology. The samples were dried and sputter-
coated with platinum prior to SEM examination and the surface roughness was
determined by AFM. X-ray photoelectron spectroscopy (XPS) was conducted on a
Physical Electronics PHI 5802 equipped with a monochromatic Al Ka source. A
constant pass energy (11.75 eV) was employed and all the data were collected at a
take-off angle of 45� . The static contact angles were measured by the static sessile
drop method on the EasyDrop Standard instrument (KRUSS) at ambient humidity
and temperature. Distilled water, formamide, and diiodomethane were used as the
media (10 ml per drop) and 6 measurements were performed on each specimen for
statistical accountability.

2.3. Bacteria culture

Porphyromonas gingivalis (Pg, ATCC33277) and Actinobacillus actino-
mycetemcomitans (Aa, ATCC29523) were cultivated in the brain heart infusion (BHI,
Oxoid) broth medium supplemented with blood. Both kinds of bacteria were
involved in the assays of various samples. The specimens were placed on 24-well
culture plates and separately incubated in 1 ml of the bacteria-containing me-
dium (106 CFUml�1) under standard anaerobic conditions (80% N2, 10% H2, 10% CO2,
at 37 �C) [25] for different time durations. Before bacteria incubation, the substrates
were sterilized with 75% alcohol overnight and rinsed three times with a sterile
phosphate buffered saline (PBS) solution.

2.3.1. Fluorescence staining
After exposure to bacteria for 1 day, the specimens were rinsed three times with

PBS, stained with SYTO 9 and propidium iodide dyes (LIVE/DEAD� BacLight� Bac-
terial Viability Kits, Molecular Probes) for 15 min in darkness, and examined by laser

scanning confocal microscopy (FV1000, Olympus). The fluorescence intensity was
monitored by the Olympus software kit (OLYMPUS FLUOVIEW Ver.3.1 Viewer).

2.3.2. SEM observation
After bacteria incubation for 1 day, the substrates were rinsed thrice with PBS,

fixed with 3% glutaraldehyde at 4 �C for 2 h, and dehydrated sequentially in a series
of ethanol solutions for 10 min each. Prior to SEM observation, the specimens were
dried and sputter coated with platinum.

2.3.3. Antibacterial assay
After culturing for 1, 4, and 7 days, the bacteria on the various specimens were

gently rinsed with PBS and ultrasonically detached in 1 ml of the PBS solution for
5 min. The bacteria suspensions were re-cultivated on agar plates for colony
counting. The antibacterial rates were determined by the following relationship:
Antibacterial rate (%) ¼ (CFU of control � CFU of experimental groups)/CFU of
control � 100%, where PT served as the control and NT, NT-Ag-0.5, and NT-Ag-1.0
constituted the experimental groups.

2.4. Ag release test

The 28-day Ag release from NT-Ag-0.5 and NT-Ag-1.0 was monitored in 5 ml of
PBS solution at 37 �C under agitation (60 revolutions per minute) and periodic re-
placements of the PBS. The Agþ concentration of each harvested specimen was
quantitatively determined by inductively-coupled plasma mass spectrometry (ICP-
MS, Thermo X series 2).

2.5. Cell culture

Both the epithelia-like cell line Tca-8113 and fibroblast-like cell line HT1080
were used. Tca-8113 and HT1080 were cultured in RPMI-1640 medium (Sigma) and
Dulbecco’s modified eagle medium (DMEM, Gibco) supplemented with 10%
newborn bovine serum, respectively, in a humidified atmosphere of 5% CO2 at 37 �C.
The cells were seeded onto the specimens at a density of 2 � 104 cells per sample by
using 24-well tissue culture plates as the holders. Before cell seeding, the substrates
were sterilized with 75% alcohol overnight and rinsed three times with sterile PBS.

2.5.1. Cell viability assay
After incubation for 1, 4, and 7 days, the samples were rinsed three times with

sterile PBS and incubated with a 1 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Sigma) solution at 37 �C for 4 h to allow for-
mazan formation. The formazanwas dissolved by dimethyl sulfoxide and the optical
density (OD) was determined spectrophotometrically at 570 nm.

2.5.2. Morphological determination
After culturing for 1 day, the substrates were rinsed three times with PBS, fixed

with 3% glutaraldehyde at 4 �C for 2 h, and dehydrated in a series of ethanol solu-
tions for 10 min each. The dehydrated samples were dried, platinum coated, and
examined by SEM.

2.5.3. Real-time polymerase chain reaction (RT-PCR)
After culturing with cells for 7 days, the specimens were rinsed three times with

PBS, and the total RNA of the cultured cells was extracted by a TRIZOL reagent
(Invitrogen). One mg of RNA from each specimen was reverse transcribed into cDNA
by a PrimeScript� RT reagent kit (TaKaRa) according to the manufacturer’s pro-
tocols. RT-PCRwas performed on a Bio-Rad iQ5 real time PCR system using amixture
of SYBR� Premix Ex Taq II (TaKaRa), cDNA templates, and the primers. Vascular
endothelial growth factor (VEGF) and fibronectin (FN) of the cultured epithelial cells,
and type I collagen (Coll-I) and intercellular adhesion molecule-1 (ICAM-1) of the
cultured fibroblasts were analyzed with glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) serving as an endogenous house-keeping gene for normalization. The
primer sequences of the genes are shown in Table 2. Quantification of the gene
expressions was based on the comparative cycle-threshold method.

2.6. Animals and surgery

The animal experiments were approved by Institutional Animal Care and Use
Committee of the FourthMilitaryMedical University, and a total of 12male Sprague-
Dawley rats (weighing 200e250 g) were used. The animals were housed under a

Table 1
Main parameters of the anodization and plasma immersion ion implantation processes.

Sample name Anodization Ag plasma immersion ion implantation

Voltage (V) Treatment time (min) Pulse duration (ms) Pulse frequency (Hz) Pressure (Pa) Treatment time (min) Voltage (kV)

PT e e e e e e e

NT 20 30 e e e e e

NT-Ag-0.5 20 30 3000 10 1.8 � 10�4 90 �0.5
NT-Ag-1.0 20 30 3000 10 1.8 � 10�4 90 �1.0
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12 h light/dark cycle with free access to water and food. Prior to surgery, the rats
were anesthetized by inhaling 1.25e2.5% isoflurane with 100% oxygen. Thereafter, 2
parallel incisions (8 mm long) were made through the shaved and cleaned back skin
of each rat, and then 4 small openings in themuscle sheath were made by dissection
on both sides of the spine. All 4 types of samples were inserted into each rat and the
implants were placed randomly in the openings with the modified surface placed
toward the muscle tissue. The surgical wounds were closed with two sutures to
secure the position of each implant. After surgery, the animals received intramus-
cular injections of gentamicin (2 � 105 U) to avoid postoperation infection.

2.6.1. Morphometry
At 12 days after implantation, the rats were sacrificed by an overdose of

pentobarbital and the implants with the surrounding tissue attached were removed
en bloc. After rinsing thrice in PBS, frozen at �80 �C, and immersing in 4% para-
formaldehyde for 24 h, the specimens were dehydrated in a series of ethanol and
embedded in paraffin. The embedded tissue was sectioned (6 mm thick) and stained
by hematoxylin and eosin for light microscopy (DMI6000B, Leica). The thickness of
the fibrotic capsule around each implant was determined at five equally located
points on the side of modified surface for statistical accountability.

2.6.2. Immunohistochemistry
At 12 days after implantation, the rats were sacrificed and the tissue section

(6 mm thick) of each implant was prepared following the above procedures. For
macrophages staining, non-specific binding was initially removed by incubation in
goal serum for 30min and the sections were incubatedwith themouse anti-rat cd68
monoclonal antibody (AbD Serotec) at 4 �C for 12 h. After threewashes with PBS, the
biotinylated secondary antibody (goal anti-mouse IG-FITC) was added and the
sections were incubated at room temperature for 2 h in darkness. The specimens
were washed thrice with PBS, counterstained by 40 ,6-diamidino-2-phenylindol
(DAPI), and mounted on slides for confocal microscopy (FV1000, Olympus). An
Image-Pro Plus 6.0 software was utilized to determine the ratio of cd68-positive
cells to total cells in each fibrotic capsule.

2.7. Statistics

The in vitro assays were performed in triplicate and values were expressed as
mean � standard deviation. Each in vitro experiment was repeated three times with
data from a typical experiment shown. Six animals were involved in each in vivo
assay with the data expressed as mean � standard deviation. A one-way ANOVA
combined with a Student-Newman-Keuls (SNK) post hoc test was utilized to
determine the level of significance. In all the statistical evaluations, p < 0.05 was
considered significant and p < 0.01 was considered highly significant.

3. Results

3.1. Surface characterization

The control, as-anodized, anodized and Ag PIII at 0.5 kV, and
anodized and Ag PIII at 1 kV samples are designated as PT, NT, NT-
Ag-0.5, and NT-Ag-1.0, respectively (Table 1). As shown in the SEM
images in Fig. 1a, the typical nanotube array structure has a
diameter of 80 nm and length of 270 nm. After Ag PIII at 0.5 and
1.0 kV, the nanotubular structure is preserved although the features
are different. Ag is randomly deposited on the surface of NT-Ag-0.5
(Fig. 1b) but is found mainly on the inner nanotube wall of NT-Ag-
1.0 (Fig.1c). As a result, the nanotubular morphology of NT-Ag-0.5 is
more obscure and the tube thickness of NT-Ag-1.0 increases. The 3-
dimensional AFM images acquired from an area of 2.0 mm � 2.0 mm
are displayed in Fig. 1deg. In contrast to PT which has a planar

microtopography, the samples after anodization are more rugged
and the size of the granular structures (Fig. 1eeg) follows the
following order: NT-Ag-0.5 > NT-Ag-1.0 > NT. The results are
consistent with the SEM images that Ag is deposited randomly on
NT-Ag-0.5 but mainly on the inner nanotube wall of NT-Ag-1.0. The
sample surface roughness is also evaluated by AFM and the results
are shown in Table 3. The roughness depends on the size of the
granular structures and has the same order of NT-Ag-0.5 > NT-Ag-
1.0 > NT. The difference in roughness originates from the absence
as well as different locations of Ag.

XPS is performed to determine the Ag chemical states and depth
profiles. As shown in Fig. 1h and i, the Ag3d peaks (368.25 eV and
374.25 eV) do not shift with depths and can be assigned to 3d5/2 and
3d3/2 of metallic Ag0, indicating that the embedded Ag has the
metallic (Ag0) state. Ag is mainly located in the top 20 nm (about 76
at%) in NT-Ag-0.5 and the concentration diminishes rapidly to
about 5 at% at a depth of 50 nm and less than 1 at% beyond 100 nm
(Fig.1h and j). On the other hand, the Ag concentration in NT-Ag-1.0
is 27 at% at 20 nm and decreases slowlywith depth (Fig.1i and j). Ag
is detected from NT-Ag-1.0 throughout the entire nanotube length
(270 nm). XPS, SEM, and AFM furnish evidence that Ag is incor-
porated at different depths without breaking the nanotubular
structure. There is a larger amount of surface Ag on NT-Ag-0.5 than
NT-Ag-1.0 but Ag penetrates more deeply in the latter sample.

The surface hydrophilicity affects bio-functions such as bacteria/
cell adhesion and spreading. Here, it is evaluated by the static
sessile drop method using distilled water, formamide and diiodo-
methane. As shown in Fig. 2, NT is more hydrophilic than PT, but Ag
PIII undermines the surface hydrophilicity with the largest contact
angles observed from NT-Ag-1.0. Among the 4 types of samples,
only NT-Ag-1.0 is hydrophobic with a water contact angle >90�

(Fig. 2).

3.2. Effects on oral pathogens

Dental implants are subjected to a variety of microbial strains in
the oral environment, especially anaerobes and facultative anaer-
obes. In this study, two of these oral pathogens, Pg (Gram-positive
bacteria) and Aa (Gram-negative bacteria) are utilized in the anti-
bacterial evaluation. It has been documented that implants are
most susceptible to surface bacteria colonization during the initial
6 h after implantation [26,27] and so the antimicrobial effects in the
first day are critical to implant success. Fig. 3a depicts the repre-
sentative images of re-cultivated bacteria after culturing for 1 day.
The amounts of viable Pg and Aa on PT and NT are large, but those
on NT-Ag-1.0 are few and those on NT-Ag-0.5 are even fewer.
During the same time frame, the samples with bacteria incubation
are evaluated by SYTO 9 and propidium iodide staining. The green-
fluorescent SYTO 9 and red-fluorescent propidium iodide differ in
their ability to penetrate bacterial cells. When both dyes are
employed, the live bacteria with intact membranes fluoresce in
green (stained by SYTO 9) and the dead bacteria with damaged
membranes fluoresce in red (stained by propidium iodide). As
shown in Fig. 3b, large amounts of live bacteria are detected from
PT and NT. On the contrary, the vast majority of bacteria on NT-Ag-
0.5 and NT-Ag-1.0 are dead as the viable bacteria that fluoresce in
green are very few. The fluorescence intensities of the live,
dead, and total (live and dead) bacteria are presented together in
Table 4. In spite of the strongest sterilizing effect of NT-Ag-0.5, the
smallest amount of total bacteria is observed from NT-Ag-1.0
instead of NT-Ag-0.5, possibly because the hydrophobic surface of
NT-Ag-1.0 is less favorable to bacteria attachment.

SEM is performed to examine the morphology of the attached
bacteria. Fig. 3c shows that Pg and Aa maintain their normal shape
on PT and NT after incubation for 1 day. In the meantime, the

Table 2
Sequences of the primers for cell RT-PCR.

Gene Primers

VEGF 50-GAGCCTTGCCTTGCTGCTCTAC-30

50-CACCAGGGTCTCGATTGGATG-30

FN 50-ACCTACGGATGACTCGTGCTTTGA-30

50-CAAAGCCTAAGCACTGGCACAACA-30

Coll-I 50-TCTAGACATGTTCAGCTTTGTGGAC-30

50-TCTGTACGCAGGTGATTGGTG-30

ICAM-1 50-TGAGCAATGTGCAAGAAGATAGC-30

50-CCCGTTCTGGAGTCCAGTACA-30

GAPDH 50-GCACCGTCAAGGCTGAGAAC-30

50-TGGTGAAGACGCCAGTGGA-30

S. Mei et al. / Biomaterials 35 (2014) 4255e4265 4257



Fig. 1. Featuresof the samplescharacterizedbySEM,AFMandXPS. (aec)TopandobliqueSEMobservationsof the samplesdesignatedas (a)NT, (b)NT-Ag-0.5and(c)NT-Ag-1.0, blackarrows
referred to the introduced Ag. (deg) 3-dimensional AFM images of (d) PT, (e) NT, (f) NT-Ag-0.5 and (g) NT-Ag-1.0, note the granular structures of NT, NT-Ag-0.5 and NT-Ag-1.0. (h, i) High-
resolution Ag3d XPS spectra at different depths of (h) NT-Ag-0.5 and (i) NT-Ag-1.0, note the much deeper Ag impregnation of NT-Ag-1.0. (j) Ag depth profiles of NT-Ag-0.5 and NT-Ag-1.0.
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adherent bacteria on NT-Ag-0.5 and NT-Ag-1.0 are rarely intact,
indicating that most of these pathogens are inactivated. The seeded
samples are further investigated by RT-PCR. The fimbrillin
(encoding the distinct fimbriae of Pg, playing a key role in peri-
odontal and peri-implant Pg invasion) [8,28] gene of Pg and cyto-
lethal distending toxin B (a heat-labile protein cytotoxin produced
by several Gram-negative bacteria including Aa, regulating the
morphology of cultured bacteria) [29] gene of Aa are down-
regulated by both NT-Ag-0.5 and NT-Ag-1.0 after 1 day (Fig. 4).
The bactericidal activity of NT-Ag-0.5 and NT-Ag-1.0 is confirmed.

To monitor the sustained antibacterial effects, the bacteria in-
cubation time is extended to 7 days. After different culturing time
durations of 1, 4, and 7 days, the viable bacteria are detached from
the samples and re-cultivated on agar plates to count the colonies.
The antibacterial rates of NT, NT-Ag-0.5, and NT-Ag-1.0 are quan-
titatively referenced to PT and as shown in Fig. 5a and b, NT is better
than PT in supporting bacterial survival. It is probably due to the
nanotubular structure and excellent hydrophilicity of NT. On the
other hand, NT-Ag-0.5 and NT-Ag-1.0 exhibit antibacterial effects to
Pg and Aa, and NT-Ag-0.5 is more effective than NT-Ag-1.0 after 1
and 4 days. However, the antimicrobial activity of NT-Ag-0.5 de-
creases gradually with incubation time but that of NT-Ag-1.0 is
nearly constant. Eventually, NT-Ag-1.0 is more antibacterial than
NT-Ag-0.5 after 7 days.

As aforementioned, NT-Ag-0.5 and NT-Ag-1.0 are antibacterial
but NT is not. The antimicrobial properties of NT-Ag-0.5 and NT-Ag-
1.0 originate from the Ag introduced by PIII. It is generally accepted
that the bactericidal activity of Ag-incorporated materials stems
from leaching of Ag ions from the surface. NT-Ag-0.5 and NT-Ag-1.0
are separately immersed in a PBS solution and the concentration of
leached Ag is determined by ICP-MS. The results in Fig. 5c indicate

Table 3
Surface roughness (mean � SD) of the various samples determined by AFM. In the
same column, values with different lowercase letter superscripts mean significant
differences.

Ra (nm) Rq (nm) Rz (nm)

PT 20.04 � 2.25a 25.18 � 3.17a 4.10 � 0.25a

NT 16.95 � 1.86b 21.40 � 2.29b 12.6 � 1.95b

NT-Ag-0.5 28.54 � 3.34c 35.33 � 4.10c 55.2 � 6.84c

NT-Ag-1.0 20.98 � 2.61a 26.59 � 2.95a 19.2 � 2.12b

Fig. 2. (a) Water, formamide, and diiodomethane contact angles measured on various samples, note the excellent hydrophilicity of NT and the hydrophobicity of NT-Ag-1.0. One-
way ANOVA followed by SNK post hoc test is utilized to determine the level of significance, **p < 0.01. (b) Typical water droplet images on various samples.
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that NT-Ag-0.5 is better than NT-Ag-1.0 initially. However, the cu-
mulative Ag release from NT-Ag-1.0 rises faster with time. When
the immersion time is 14 days or longer, the total Ag delivery from
NT-Ag-1.0 is more dominant. In other words, although Ag release
from NT-Ag-1.0 is not as substantial as that from NT-Ag-0.5 in the
early stage, NT-Ag-1.0 fares better in terms of sustained Ag delivery.

3.3. In vitro and in vivo evaluation

The interactions between biomaterials and surrounding tissues
are crucial to post-surgery recovery. With regard to dental im-
plants, the trans-gingival parts face both epithelial and fibrous
tissues and tight and healthy integration with these soft tissues is
desirable. The samples are incubated with epithelial cells and fi-
broblasts to assess the roles in supporting cell functions. A colori-
metric assay is first employed to measure the time-dependent
viability of cells after 1, 4, and 7 days. As shown in Fig. 6a and b, NT
is the most positive sample to both cell types whereas NT-Ag-0.5 is
more unfavorable to the cells than PT. In spite of the hydrophobic
surface which is generally considered to be negative to mammalian
cells, NT-Ag-1.0 is better than PT in supporting epithelial cell
viability. Proliferation of the seeded fibroblasts on NT-Ag-1.0 after 7

days is improved as well. After 1 day, the attached cells are
observed by SEM and as shown in Fig. 6cef, the epithelial cells
adhere tightly to the substrates except NT-Ag-0.5 with dense filo-
podia. The cells on NT-Ag-1.0 even secrete abundant extracellular
matrix to benefit cell proliferation. Fig. 6g, h, and j reveal that the
fibroblasts on PT, NT, and NT-Ag-1.0 spread extensively and have a
spindle shape. On the contrary, NT-Ag-0.5 is unfavorable to the
spreading of fibroblasts for the adherent cells are still spherical in
shape (Fig. 6i).

The gene expressions of cultured cells are sensitive to the un-
derlying materials [30,31]. The change in cellular genes is objective
and may take place earlier than other cellular alterations. The cells
after culturing for 7 days are quantitatively determined by RT-PCR
for genes of epithelial cells as VEGF (a glycoprotein inducing the
microvascular permeability and angiogenesis during the wound
healing stage) [32] and FN (a major component of serum and the
periodontal tissues, playing an important role in the early wound
healing events such as cells migration and adhesion) [33] and for
genes of fibroblasts as Coll-I (the main component in gingival tis-
sues which are associated with wound healing and peri-implant
soft tissue sealing) [23,34] and ICAM-1 (an adhesion molecule
belonging to the Ig super family, maintaining local hosteparasite

Fig. 3. Short-term bacteria incubation on the samples. (a) Typical images of re-cultivated Pg and Aa colonies from the samples after 1 day incubation, note that the re-cultivated
bacteria colonies from PT and NT are numerous but those from NT-Ag-0.5 and NT-Ag-1.0 are scarce. (b) Confocal micrographs of bacteria cultured on various samples for 1 day with
the green fluorescence referred to live bacteria and red fluorescence referred to dead bacteria and noting that the vast majority of bacteria on PT and NT are viable but those on NT-
Ag-0.5 and NT-Ag-1.0 are inactivated. Scar bars for insets ¼ 25 mm. (c) SEM images of bacteria on samples after incubation for 1 day noting that the bacteria on PT and NT have
mainly the normal shape but those on NT-Ag-0.5 and NT-Ag-1.0 are rarely intact. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 4
The green, red and total fluorescence intensities (Mean values� SD) of Pg and Aa bacteria on various samples after culturing for 1 day. In the same column, values with different
lowercase letter superscripts mean significant differences.

Pg Aa

Green Red Total Green Red Total

PT 17.06 � 1.99a 0.21 � 0.02a 17.27 � 2.02a 18.11 � 0.65a 0.40 � 0.02a 18.51 � 0.63a

NT 27.78 � 1.88b 0.14 � 0.01a 27.92 � 1.86b 24.50 � 2.13b 0.50 � 0.04a 24.99 � 2.17b

NT-Ag-0.5 0.04 � 0.01c 7.08 � 0.29b 7.12 � 0.27c 0.02 � 0.00c 12.56 � 0.94b 12.57 � 0.93c

NT-Ag-1.0 0.08 � 0.01c 1.39 � 0.02c 1.47 � 0.02d 0.10 � 0.02c 3.93 � 0.36c 4.03 � 0.34d
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equilibrium and limiting tissue damage via routing poly-
morphonuclear neutrophils to the gingival sulcus) [23,35]. The re-
sults are presented as histograms in Fig. 7a and b. Fig. 7a shows that
NT and NT-Ag-1.0 up-regulate VEGF and FN expressions of the
epithelial cells compared to PT and NT-Ag-0.5. The VEGF and FN
levels on NT-Ag-0.5 are even lower than those on PT but the dif-
ference is not statistically significant (p > 0.05). Regarding the gene
expressions of the incubated fibroblasts, the Coll-I level follows the
order: NT > NT-Ag-1.0 > PT > NT-Ag-0.5 (Fig. 7b). Although the
ICAM-1 expression on NT-Ag-1.0 is not as good as that on PTand NT,
it is still much better than that on NT-Ag-0.5 and the difference is
significant (p < 0.01).

In addition to in vitro tests, the samples are subjected in vivo
assays to evaluate the foreign-body reactions. At 12 days after
subcutaneous implantation into rats, the specimens with sur-
rounding tissues are sectioned to determine the peri-implant
conditions. Implants may elicit inflammatory responses in adja-
cent tissues leading to the formation of fibrotic capsules [36,37]. As
shown by the hematoxylin and eosin staining results in Fig. 8a, the
fibrotic capsule elicited by NT is significantly thinner than that
induced by PT. This is strong evidence that the nanostructured

Fig. 5. Antibacterial effects and Ag release behaviors of various samples. (a,b) Time-dependent antibacterial rates of various samples against (a) Pg and (b) Aa up to 7 days, note that
NT-Ag-0.5 and NT-Ag-1.0 are effective at sterilizing oral pathogens whereas NT is even more favorable to bacterial survival as compared to PT. One-way ANOVA followed by SNK post
hoc test is utilized to determine the level of significance, **p < 0.01. (c) Cumulative Ag release profiles from NT-Ag-0.5 and NT-Ag-1.0 by dynamic PBS immersion, note that NT-Ag-
0.5 is better than NT-Ag-1.0 at early burst Ag release and NT-Ag-1.0 is more outstanding than NT-Ag-0.5 for sustained Ag delivery.

Fig. 4. RT-PCR analysis of selected genes for bacteria (Fim A for Pg, and Cdt B for Aa)
after culturing on various samples for 1 day. One-way ANOVA followed by SNK post hoc
test is utilized to determine the level of significance, **p < 0.01.
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surface can lower the evoked tissue response such as capsule for-
mation [37,38]. The reactive capsule thickness on NT-Ag-0.5 is
higher compared to NT (Fig. 8a and c). Meanwhile, the fibrotic
capsule elicited by NT-Ag-1.0 is slightly thinner than that on NT but
without statistical significance (p > 0.05). The reactive capsules
contain some inflammatory cells such as macrophages and the

inflammatory cells are further assessed by immunofluorescence
staining. The results reveal that the macrophages (cd68-positive
cells) are abundant in the fibrotic capsules elicited by PT and NT-
Ag-0.5 (Fig. 8b). On NT-Ag-0.5, the percentage of macrophages in
relation to total cells is even higher than that on PT (Fig. 8c,
p < 0.05), implying that the nanotubular sample with high-dose

Fig. 6. Cell culture on the samples. (a, b) Time-dependent viabilities of (a) human epithelial cells and (b) fibroblasts on the samples up to 7 days. One-way ANOVA followed by SNK
post hoc test is utilized to determine the level of significance, **p < 0.01. (cej) SEM observations of human epithelial cells (cef) and fibroblasts (gej) after culturing on PT (c, g), NT (d,
h), NT-Ag-0.5 (e, i),m and NT-Ag-1.0 (f, j) for 1 day noting the difference in cellular morphologies between NT-Ag-0.5 and the other samples.

Fig. 7. RT-PCR analysis of (a) VEGF and FN for human epithelial cells and (b) Coll-I and ICAM-1 for fibroblasts after culturing on various samples for 7 days noting the down-
regulations of all genes for cells on NT-Ag-0.5 with one-way ANOVA followed by SNK post hoc test utilized to determine the level of significance, **p < 0.01.
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superficial Ag is more inflammatory than PT in vivo. In contrast, the
cd68-positive cells recruited by NT and NT-Ag-1.0 are rare in the
much thinner fibrotic capsules (Fig. 8b). These morphometry and
immunohistochemistry results demonstrate that NT and NT-Ag-1.0
are much more acceptable than PT and NT-Ag-0.5 in vivo.

4. Discussion

In modern dentistry, dental implants made of Ti are widely used
to treat edentulous patients [39,40] due to the excellent osseoin-
tegration with jaw bones. Nonetheless, infection prevention is a
continuous challenge as pathogens are abundant in the oral envi-
ronment and Ti is non-antibacterial inherently. All the dental

implants today are root-form endosseous implants but parts of
them (trans-gingival parts) are beyond the jaw bones in contact
with epithelial and fibrous tissues. In this respect, integration be-
tween the trans-gingival parts and connective soft tissues is
essential to the formation of peri-implant soft tissue seals. A
healthy and tight peri-implant soft tissue seal is of prime impor-
tance since it can serve as the protective barrier to prevent implants
from mechanical damage and microbial invasion. Biomaterials are
artificial or natural materials made into specific structures to
replace lost or diseased biological structures in order to restore bio-
functions. With regard to the higher expectation of life quality and
human longevity, the advancement of biomaterials is imperative
and the related studies are growing fast. Specific to Ti dental

Fig. 8. In vivo biocompatibility of the samples: (a) Light micrographs of hematoxylin and eosin stained soft tissues previously in contact with the samples at 12 days post-
implantation noting the difference in thickness for the fibrous capsules elicited by various samples. Scale bars for insets ¼ 50 mm. (b) Confocal micrographs of cd68 positive
cells and counterstained cells from soft tissues previously in contact with the samples at 12 days post-implantation noting the abundance of cd68 positive cells from soft tissues
previously in contact with PT and NT-Ag-0.5. Scale bars for insets ¼ 50 mm. (c) Thickness of fibrous capsules elicited and the ratio of cd68 positive cells recruited by various samples.
One-way ANOVA followed by SNK post hoc test is utilized to determine the level of significance, *p < 0.05, **p < 0.01.
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implants, endowing the trans-gingival parts with the proper anti-
bacterial ability as well as better compatibility with soft tissues is
desirable. To attain this goal, anodization and Ag PIII are proposed
and described here.

Anodization is a convenient technique to fabricate TiO2-NTs onTi
and the size of the TiO2-NTs can be varied from tens to hundreds of
nanometers by adjusting the parameters [20e22]. Here, the TiO2-
NTs with a diameter of 80 nm have excellent properties in vitro and
exhibit less inflammatory responses in vivo. To enhance the anti-
bacterial capability, Ag PIII is performed after anodization. By
adopting the suitable PIII instrumental parameters, the TiO2-NTs
retain the nanoscalemorphology and are dopedwith Ag at different
sites and depths. BothAg PIII samples (NT-Ag-0.5 andNT-Ag-1.0) are
effective in sterilizing oral pathogens and the latter sample shows a
better Ag leaching profile due to the deeper distribution. NT-Ag-0.5
and NT-Ag-1.0 also vary in other bio-functions as NT-Ag-1.0 has less
surface Ag accumulation and a large amount of surface Ag can be
detrimental to cells and soft tissues. NT-Ag-1.0 is more favorable to
epithelial cells and fibroblasts in vitro and in vivo. The thinner
fibrotic capsule elicited byNT-Ag-1.0 is less inflammatory compared
to NT-Ag-0.5. As a new type of surface-modified Ti nanostructures,
NT-Ag-1.0 combines excellent antibacterial ability and biocompat-
ibility and has large potential in dental implants.

5. Conclusion

Nanotubular structures are fabricated on Ti plates by anodiza-
tion and ensuing Ag PIII under optimal conditions produces
excellent antibacterial effects and biocompatibility both in vitro and
in vivo. Unlike conventional chemical techniques which introduce
the largest amount of Ag to the near surface, the concentration and
depth of the embedded Ag can be altered readily by adjusting the
PIII parameters to attain the optimal performance. NT-Ag-0.5
shows a larger burst of Ag release in the beginning but NT-Ag-1.0
produces better and more sustained Ag delivery. NT-Ag-0.5 is
more antimicrobial than NT-Ag-1.0 in the early stage, but NT-Ag-1.0
outperforms NT-Ag-0.5 in sustained antibacterial experiments.
Although NT-Ag-0.5 can inactivate oral pathogens, its in vitro and
in vivo biocompatibility is impaired by the large amount of surface
Ag. On the other hand, NT-Ag-1.0 is as good as NT in terms of
functionalization of epithelial cells and fibroblasts in vitro and
elicits less inflammatory responses in vivo. NT-Ag-1.0 is thus very
attractive in trans-gingival abutment of dental implants.
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