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Abstract

Titanium (Ti) with nanoscale structure on the surface exhibits excellent biocompatibility and

bone integration. Once implanted, the surgical implantation may lead to bacterial infection and

inflammatory reaction, which cause the implant failure. In this work, irregular and nanorod-

shaped ZnO nanoparticles were doped into TiO2 nanotubes (TNTs) with inner diameter of about

50 nm by electro-deposition. The antibacterial properties of ZnO incorporated into TiO2

nanotubes (TNTs/ZnO) were evaluated using Staphylococcus aureus (S. aureus). Zn ions

released from the nanoparticles and the morphology could work together, improving

antibacterial effectiveness up to 99.3% compared with the TNTs. Macrophages were cultured on

the samples to determine their respective anti-inflammatory properties. The proliferation and

viability of macrophages were evaluated by the CCK-8 method and Live&Dead stain, and the

morphology of the cells was observed by scanning electron microscopy. Results indicated that

TNTs/ZnO has a significant inhibitory effect on the proliferation and adhesion of macrophages,

which could be used to prevent chronic inflammation and control the inflammatory reaction.

Besides, the release of Zn ions from the ZnO nanoparticles is a long-term process, which could

be beneficial for bone integration. Results demonstrate that ZnO deposited into TNTs improved

the antibacterial effectiveness and weakened the inflammatory reaction of titanium-based

implants, which is a promising approach to enhance their bioactivity.
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1. Introduction

Titanium and its alloys are widely used for orthodontic and

orthopedic implants because of their excellent biocompat-

ibility and mechanical properties [1, 2]. Early bone formation

and osseointegration are essential for the implantation suc-

cess. To achieve appropriate tissue acceptance and rapid bone

formation during and after implantation, surface modification

is crucial for interaction between the implant and the sur-

rounding tissue. During the last decade, several surface

modification approaches have been reported to improve the

bioactivity on Ti implants [3, 4]. Current research is becom-

ing increasingly focused on fabrication of anodic TiO2

nanopores/nanotubes, which simulate the size and the

arrangement of collagen fibrils in bone tissues [5]. Addi-

tionally, nanostructures are characterized by a high aspect
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ratio, proving abundant sites for cells to adhere and pro-

liferate. Several groups have shown that TiO2 nanotubes

promoted the spread, proliferation and migration of bovine

epithelial cells and the proliferation of osteoblasts in vitro [6].

Detailed research on TiO2 nanotubes with different diameters

showed that small diameter (<30 nm) is conducive to human

mesenchymal stem cells (MSCs) proliferation and adhesion,

while the large size (>70 nm) may promote osteoblastic dif-

ferentiation [7, 8].

However, similar to osteoblast cells and MSCs, nano-

tubular structures can also accelerate bacterial adhesion.

Bacterial infections, such as Staphylococcus aureus (S. aur-

eus) and Escherichia coli, always resulted in blocking bone

formation and leading to implant failure. It was shown that S.

aureus increased adhesion and proliferation along with MSCs

[9]. Thus, improving antibacterial properties of nanotubular

structures is crucial. Various antibacterial agents were incor-

porated into nanotubes to achieve bacterial inhibition

[10–12]. For example, antibiotic [13–15], antibacterial pep-

tides [16] and metallic elements, including Ag [17–19], Zn

[18–22] and Se [23, 24] were embedded to enhance the

antibacterial properties. Among those antibacterial pharma-

ceutical agents, Zn, especially ZnO nanoparticles have shown

excellent capability of inhibiting S. aureus in vitro and in vivo

[20, 25].

Another consideration is that success of metallic implants

is often limited by macrophage-related inflammation [26].

Cytokines, chemokines and growth factors caused by mac-

rophages could affect the progress of inflammation and

healing [27]. For example, the secretion of tumor necrosis

factor-alpha by macrophages could regulate the surrounding

cells and control wound healing [28]. Thus, it is important to

find an effective way to suppress immune response in limiting

inflammation and preventing implant failure. It was found that

the size of nanotubular arrays had significant effect on the

behavior of macrophages. It was also reported that ZnO could

influence proliferation, viability and migration of macro-

phages to retard immune response [29–31]. Additionally, Zn

is an important trace element in the human body and

can improve DNA synthesis, enzyme activity, and nucleic

acid metabolic activity [32]. Zn ions have the ability to pro-

mote osteoblast proliferation and enhance biomineraliza-

tion [33, 34].

Herein, to achieve bacterial and inflammatory inhibition

on the TiO2 nanotubular surface, two types of ZnO nano-

particles (irregular shaped and nanorod-type) were incorpo-

rated into TiO2 nanotubes by electrodeposition with

optimizing chemical concentration in electrolytes and the

reaction time. S. aureus proliferation and viability were used

to evaluate the antibacterial properties. RAW 264.7 cells were

cultured on TNTs and ZnO incorporated TiO2 nanotubes

(TNTs/ZnO) to determine immune inhibition.

2. Materials and methods

2.1. Sample preparation and characterization

2.1.1. Fabrication of TNTs. TiO2 nanotubular arrays (TNTs)

were fabricated by anodization as in previous work [35]. Pure

Ti discs (>99.7% pure, Φ14.5 mm×1mm) were mechanically

polished with different abrasive papers (from 600 to 2000 grit).

All the samples were sonicated in acetone, ethanol and

deionized water for 15 min, respectively. Before the

anodization, all discs were acid-etched in a mixture solution

(volume ratio of HF:HNO3:H2O is 1:4:2) for 3 s, then washed

with deionized water and dried in air. A two-electrode

configuration was used for the anodization. The Ti discs were

used as the anode, and Pt foil was the cathode. The nanotubular

arrays on the Ti surface were fabricated in ethylene glycol with

2 vol% H2O and 2.5 g l−1 NH4F at 40V. In order to strictly

control the diameter of nanotubes, two-step anodization

approach was selected. In the first step, the samples were

anodized at 40 V for 2 h. After the first-step anodization, the

oxide layer on the surface of Ti sheets were removed by treating

with a reverse voltage of 4 V in 0.5M H2SO4 and sonicated in

distilled water. Subsequently, the samples were anodized for the

second step through the same electrolyte and voltage as the first

one for 1 h.

2.1.2. Fabrication of TNTs/ZnO. ZnO nanoparticles were

incorporated into the TNTs by electrodeposition similar to the

previous work [36]. The electrodeposition was carried out in a

three-electrode configuration. The TNTs served as the

working electrode. A saturated calomel electrode (SCE) and

a Pt foil served as the reference and the counter electrodes,

respectively. Two different concentrations of Zn(NO3)2
electrolyte bath solution (5 mM and 1 mM) were used to

fabricate ZnO with a potential of −0.9 VSCE at 65 °C. As

shown in table 1, samples were named TNTs/ZnO-1, TNTs-
ZnO-2 and TNTs/ZnO-3, according to the differences in

experimental conditions. Prior to cell and bacterial studies, all

Table 1. Elemental content of TNTs/ZnO.

EDS atomic ratio
ICP ppm, total

Sample Electrolyte concentration mM Time min Ti O Zn Zn

TNTs/ZnO-1 5 5 44.05 53.86 2.09 1.7

TNTs/ZnO-2 5 20 43.35 54.19 2.46 3.4

TNTs/ZnO-3 1 100 38.19 56.27 5.54 5.8
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the samples were annealed at 450 °C for 1 h in air with

1 °Cmin−1 heating rate.

2.1.3. Characterization of TNTs/ZnO. The surface and cross-

sectional morphology of TNTs and ZnO-incorporated TNTs

was observed using filed-emission scanning electron

microscopy (FEI Nava450). All the samples were sputter-

coated with a layer of nanoscale Au before observations. The

samples were further characterized by making cross-sections

and analyzing them by transmission electron microscopy

(TEM, FEIF20). Elemental analysis was carried out using

energy dispersive spectra (EDS, FEI Nava450) detector

attached to the TEM. The total Zn element concentration

was also determined by ICP-AES after the samples were

dissolved in 1% HF and 1.5% HNO3. In order to detect the

presence of Zn element, x-ray photoelectron spectroscopy

(XPS, Al target, PHI Quantera SXM) was used to determine

the bonding states of the surface constituents.

2.1.4. Zn ion release. To monitor the amount of released Zn

ions, all the samples were immersed in 40 ml phosphate-

buffered saline (PBS) for 14 d. The concentration of Zn ions

was measured by inductively coupled plasma atomic emission

spectrometry (ICP-AES, MKIIM6) at different time points (2,

4, 6, 8 and 14 d).

2.2. Bacterial assays

2.2.1. Antibacterial test. Antibacterial capability of the

TNTs/ZnO specimens was evaluated by examining the

number of S. aureus (MRSA252; ATCC) during culturing.

TNTs was selected as the control. Lysogeny broth (LB)

medium was used to culture the bacteria. To access the

antibacterial properties of released Zn ions in the supernatant,

the bacteria with a density of 104CFUml−1 were seeded on

all samples and then cultured at 37 °C for 24 h. The amount of

surviving microorganisms was measured by ultraviolet

spectrophotometer at a wavelength of 300 nm after dilution

10-folded steps with LB medium.

To determine the adhesion of bacteria on the tested

materials, each sample was also incubated in 1 ml of the S.

aureus at a concentration of 104 CFUml−1. After 24 h

culturing, the samples were gently rinsed with PBS three

times to remove the non-adhered bacteria. The adhered S.

aureus on each sample were detached into 5 ml of PBS by

ultrasonic vibration for 5 min, and were diluted 1000-fold

with PBS. Then, 100 μl of the diluted S. aureus suspension

was inoculated onto TSA agar plates. After incubation for

24 h at 37 °C, bacterial colonies were counted by eye

observation. The antibacterial effectiveness for the adhered

S. aureus in the medium was calculated based on the

following formula:

A B AAntibacterial effectiveness% 100%, 1 ! "( ) ( )/

where B represents the bacterial count after contacting with

experimental samples (TNTs/ZnO-1, TNTs/ZnO-1 and

TNTs/ZnO-3), and A represents the TNTs group.

2.2.2. Bacterial morphology. The bacterial morphology on

all samples was observed by SEM (FEI, Nava450) after 24 h

culturing. 2.5% glutaraldehyde was used to fix the bacteria on

the surface for 2 h at 4 °C before dehydration. The

dehydration was according to graded concentrations of

ethanol (30%, 50%, 60%, 70%, 80%, 90%, 95% and

100%), and finally dried with CO2 prior to observation. All

samples were sputter-coated with Au.

2.3. Macrophage cell culture

Macrophage-like RAW 264.7 cells (murine leukemic mono-

cyte cell line) purchased from China Infrastructure of Cell

Line Resources were used in this work. The cell growth

medium used to culture containing 10% fetal bovine serum

(Gibco) and 1% penicillin/streptomycin (Invitrogen) in Dul-

becco’s Minimal Essential Medium (Hyclone). The cells were

seeded at a density of 1×104 cells cm−2 in 24-well tissue

culture plates (TCPs). Prior to macrophage seeding, all the

samples were sterilized by soaking in 75% ethanol overnight,

and washed three times for 30 min in distilled water, then

exposed to ultraviolet light for 30 min.

2.3.1. Observation of the cell morphology. The morphology

of macrophages adhering to the samples were observed by

SEM. The cells were fixed with 2.5% glutaraldehyde for 2 h

at room temperature. Before critical point dried with CO2, all

the samples were dehydrated through graded concentrations

of ethanol (30%, 50%, 60%, 70%, 80%, 90%, 95% and

100%). The cells morphology were observed with a field-

emission SEM (Zeiss, Germany) after being sputter-coated

with a layer of Au.

2.3.2. Cell proliferation assays. Cell Counting Kit-8 (CCK-8,

Dojin, Japan) was used to quantify the cell proliferation

behavior. Briefly, after 2, 4 and 6 d of culture, the growth

medium was removed and CCK-8 work solution (10% CCK-

8 solution in serum free culture medium) was added into the

plate for 1 h at 37 °C. Afterward, the absorbance was

measured at a wavelength of 450 nm and recorded using a

multi-mode plate reader (EnSpire, PerkinElmer). The cells

cultured on TCP as the blank group.

2.3.3. Cell live/dead stain. The cellular viability cultured on

the samples was identified through live/dead stain according

to the manufacturer’s instructions. After 2 d of culture,

samples were stained with a calcein acetoxymethyl ester

(calcein AM): propidium iodide (PI) solution (2M: 10 μM,

Dojin, Japan) for 10 min in the dark at room temperature.

Then, the stain were terminated by washing the samples with

PBS. Subsequently, the samples were visualized by an

inverted fluorescence microscope (Zeiss, Germany).

2.4. Statistical analysis

All experiments were carried out in triplicate. Data are pre-

sented as the mean±standard deviation. Statistical comparison
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was performed using ANVOA, and p-values<0.05 are sta-

tistically significant.

3. Results and discussion

3.1. Characterization of TNTs/ZnO

As shown in figures 1(a)–(c), the TNTs with a length of

∼4 μm and ∼50 nm inner diameter were prepared on the pure

Ti surface. By varying electrolyte bath solution and reaction

time, ZnO particles with different morphology and amount

were deposited onto the TNTs. Irregular ZnO particles were

observed on both of the TNTs/ZnO-1 and TNTs/ZnO-2
samples (figures 1(d) and (e)), and the particles density on the

TNTs/ZnO-2 surface was higher and more homogeneous

than TNTs/ZnO-1 surface. Nanorod ZnO particles were

obtained by increasing the reaction time in low concentration

of Zn(NO3)2 aqueous solution (figure 1(f)).

To further observe the distribution of the ZnO nano-

particles in the TNTs, TEM was used to identify the ZnO

nanoparticles. With the incorporation of ZnO nanoparticles

into the TNTs, a large amount of irregular nanoparticles was

presented in the inner wall and the surface of the TNTs

(figures 2(a) and (b)). Titania nanotubes were straight and the

wall was smooth, as shown in figure 2(d). EDS analysis

indicated that both Zn and O elements were observed in

selected area (as shown in the red square frame), demon-

strating the existence of irregular ZnO nanoparticles in the

nanotubular cavities (figure 2(c)). The amount of deposited

ZnO nanoparticles in the TNTs is listed in table 1. The

average atomic percentage of Zn element was 2.09, 2.46 and

5.54 in TNTs/ZnO-1, TNTs/ZnO-2 and TNTs/ZnO-3 sam-

ples, respectively. The total Zn content that was measured by

ICP showed that the concentration of Zn was1.7 ppm and

3.4 ppm in TNTs/ZnO-1 and TNTs/ZnO-2, and reached

5.8 ppm in TNTs/ZnO-3 (table 1).

XPS was applied to detect the elements distribution. The

XPS results revealed the presence of Ti, O, and Zn in all

TNTs/ZnO samples (figure 3(a)). In the XPS spectra of Zn 2p

from TNTs/ZnO (figure 3(b)), the Zn 2p1/2 peak position is

located at 1044.8 eV and the binding energy of the Zn 2p3/2
peak position is 1021.7 eV, which fits with the Zn ion in ZnO.

The XPS results also demonstrated the presence of ZnO in all

groups of the TNTs/ZnO surface.

Compared with conventional metal implants, materials

with nano-topographical surface coupled with a favorable

surface chemistry, promoted adsorption of selective proteins

such as vitronectin and fibronectin, and enhanced new bone

formation. TNTs prepared by electrochemical anodization

showed excellent biocompatibility, and their nanotubular

structure was similar to the natural bone, which also improved

the surface osteogenesis. However, the nanotubular topo-

graphy on the surface also increased the bacterial adhesion

and proliferation that may cause bacterial infection and

implant failure. Thus, the nanotubular surface should be

modified for the inhibiting or reducing bacterial attachment.

Nanoparticles with antibacterial element incorporation into

the TNTs was an effective and enduring method to improve

the antibacterial properties compared with the antibiotic-loa-

ded biodegradable polymers incorporation. Therefore, ZnO

nanoparticles, which contained Zn ions, could reduce bacteria

survival, and were incorporated into the TNTs to research the

antibacterial activity.

Figure 1. SEM images of the samples: (a) surface morphology of TNTs; (b) cross-section of TNTs; (c) bottom view of TNTs; surface
morphology of: (d) TNTs/ZnO-1, (e) TNTs/ZnO-2 and (f) TNTs/ZnO-3.
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3.2. Zn ion release

It is well accepted that regulation of bacteria and cell behavior

with ZnO nanoparticles highly relied on the release of Zn ions

[37]. Nevertheless, the amount of Zn ions has to be strictly

controlled to avoid cytotoxicity to the surrounding tissue. In

this work, the released Zn ion concentration was measured by

ICP-AES, shown in figures 4(a) and (b). During the immer-

sion in PBS for 14 d, all the cumulative profiles show similar

release characteristics, i.e. a burst release followed by a low

level continuous release. The measured Zn ion concentration

released from TNTs/ZnO-2 is greater than from TNTs/ZnO-

1 at each time point. Meanwhile, it was also found that the

released concentration of Zn ions from TNTs/ZnO-3 was

similar to TNTs/ZnO-2. These results demonstrated that the

Zn ions release behavior was controlled by both Zn content

and ZnO morphology. For the ZnO nanoparticles with irre-

gular morphology, the release concentration highly depended

on the Zn content. With the morphology change from

irregular nanoparticles to nanorods, Zn ions release rate

decreased. Thus, the morphology also affects the release

behavior of Zn ions from the ZnO particles. In figure 4(b),

the accumulated amount of Zn ions steadily increased during

Figure 2. TEM images of: (a) top view and (b) cross-sectional view of the TNTs/ZnO-1; (c) EDS spectra of TNTs/ZnO-1 showing excited

Zn on TNTs; (d) comparison of TNTs cross-sections.

Figure 3. XPS spectra of elements in the samples: (a) the overall spectra; (b) XPS spectra of Zn2p with samples of ZnO-incorporated TNTs.

5
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Figure 4. Zn ions concentration with respect to the immersion time. (a) The cumulative concentrations and (b) the average cumulative ion
release ratio.

Figure 5. Short term bacteria incubation on the surface of TNTs/ZnO. (a) Typical image of S. aureus colonies from the samples after 1 d

incubation; (b) the antibacterial effectiveness of TNTs/ZnO; SEM images of bacteria on: (c) TNTs, (d) TNTs/ZnO-1, (e) TNTs/ZnO-2 and

(f) TNTs/ZnO-3.
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the first 14 d. As expected, the amount of released Zn ions

diminished with time.

3.3. Antibacterial activity

Bacterial infections highly affect the success of orthodontic/
orthopedic implants [38]. Thus, it is expected that implant has

the capability for the inhibition of bacterial adhesion and

biofilm formation. ZnO nanoparticles, as one of the anti-

bacterial agents on Ti-based implants, were proven to have an

inhibitory effect on several kinds of Gram-positive and Gram-

negative bacteria [33].

3.3.1. Contact-killing antibacterial activity. After 24 h

culturing, the adhered bacteria survival on the samples were

collected for the bacterial colony count experiment, as shown in

figure 5(a). Compared with the TNTs group, all TNTs surfaces

with ZnO nanoparticles could statistically and significantly kill

the majority of bacteria, showing satisfactory antibacterial

ability. The antibacterial effectiveness for different groups is

summarized in figure 5(b). With the TNTs surface as the control

group, average antibacterial effectiveness of all the ZnO

samples was over 90% and the highest value reached 99.3%,

showing excellent antibacterial ability. The SEM results

(figures 5(c)–(f)) also demonstrated that the ZnO incorporated

samples could significantly reduce the bacteria adhesion. As

shown by the SEM images, the cell density on TNTs was the

highest, which was in line with the colony count experiment.

On the TNTs surface, the membrane of the bacteria was smooth

and the shape of cells was spherical (figure 5(c)). With the

incorporation of ZnO nanoparticles into the TNTs, the cell

density decreased and the cell morphology became deformed.

Especially on the TNTs surface with nanorod ZnO particles, the

membrane of the cells was damaged, causing intracellular

material efflux, shown with an arrow in figure 5(f). Therefore,

not only the released Zn ions could inhibit the activity of

bacteria, but also the morphology of the ZnO particles could

affect the bacterial behavior.

3.3.2. Zn ion release antibacterial activity. The released Zn

ion not only decided the amount of bacteria on the samples

surface, but also affected the morphology of the bacteria. S.

aureus, a typical gram-positive bacteria, showed low activity

once exposed to the ZnO environment. That may be because

of Zn ion that was released from ZnO nanoparticles reacted

with the plasma membrane, and even some Zn ion entered

into the cells to damage the intracellular balance of ions and

lead to bacteria death. Moreover, Zn ion could be freed from

the death bacteria and then act on others, which led to a long-

term antibacterial process. The TNTs incorporated with ZnO

showed excellent antibacterial properties, which were

improved with the increasing ZnO content. The TNTs/
ZnO-3 showed similar Zn ion release profile with the TNTs/
ZnO-2, and showed better bactericidal performance that

may be due to the nanorod shape easier penetrated into

the bacterial membranes compared with the irregular

nanoparticles. Thus, the morphology of the nanoparticles

could have an additional effect with the Zn ions in

antibacterial activity.

To further evaluate the released Zn ion antibacterial

activity, the density of S. aureus in the supernatant was

detected by ultraviolet spectrophotometer at a wavelength of

300 nm. Results are presented in figure 6. All TNTs with ZnO

nanoparticles showed significantly low bacteria density in the

supernatant compared with both polished Ti and TNTs. Zn

ions released into the culture medium could obviously reduce

the amount of surviving bacteria. Both surviving bacteria

density on TNTs/ZnO-2 and TNTs/ZnO-3 had similar Zn

ions release profiles, significantly lower than the TNTs/ZnO-
1 group, which proved that the released Zn ions concentration

decided the survival of bacteria in the supernatant.

3.4. Macrophage cells assay

Macrophages, a class of myeloid leukocytes with phagocytic

activity and inflammatory signaling properties, play a pivotal

role in antibacterial defense and tissue homeostasis. However,

uncontrolled cytokines and inflammatory mediators may lead

to excessive, even self-destructive cellular responses, which

can be detrimental to dental/orthopedic implants [39]. After

2, 4 and 6 d, the macrophages proliferation was evaluated by

the CCK-8. As shown in figure 7, the number of cells did not

significantly increase at 4 and 6 d, which demonstrated that

the samples with ZnO nanoparticles could inhibit the pro-

liferation of macrophages RAW 264.7. The number of cells

on TNTs/ZnO-2 and TNTs/ZnO-3 was significantly lower

than the TNTs/ZnO-1 group at each time point, which proved

that the higher ZnO content may cause cell apoptosis.

To confirm the macrophage cell status, live/dead stain

and SEM were used after 2 d culture, and the results are

shown in figure 8. In the fluorescence images in figures 8((a),

(c), (e) and (g)), live cells were labeled green because the non-

fluorescent calcein AM was converted to green-fluorescent

calcein in live cells, while dead cells were red due to DNA

binding of ethidium homodimer in cells with compromised

Figure 6. The bacteria density in supernatant after 24 h culture. Error
bars represent standard deviation for three specimens for each piece
of data. *Statistical significance (p<0.05).
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nuclear membranes. Although the cell density was similar in

all groups, the number of dead cells increased with the

amount of incorporated ZnO. Especially for the high dose of

ZnO groups (TNTs/ZnO-2 and TNTs/ZnO-3), there was a

large amount of dead cells labeled with red color, which was

consistent with the CCK-8 results. After 2 d culturing, SEM

was used to observe the morphology and adherence of mac-

rophage cells. As shown in figure 8(b), the cells on the surface

of TNTs had polygonal morphology and spread well, and

elongated pseudopodia on the edge of cells were observed.

For the TNTs/ZnO-1 surface, the adherent area of macro-

phages reduced and no obvious pseudopodium was observed.

Moreover, with the increased dose of ZnO (TNTs/ZnO-2 and

TNTs/ZnO-3), the membrane of the cells was damaged and

penetrated. Comparing to the irregular nanoparticles, the

macrophages did not show more sensitive to the nanorods

structure. The morphology of macrophages mainly depends

on the Zn ion concentration in the culture medium.

Compared to TNTs, the results of the CCK-8 and the

live/dead stain showed that there were fewer macrophage

cells on the TNTs/ZnO surface, and all cells were in lower

activity and proliferation, which demonstrated that ZnO

reduced the activity of macrophages in high concentration.

Moreover, the macrophages curled up into spherical shape,

which reduced the macrophages adhesion and extension,

leading to macrophages dysplasia and low levels of inflam-

matory cytokines secretion [40]. A similar result was noted by

Pati et al [39], who found dose-dependent decrease in the

number of live cells, along with inhibited macrophages

migration at higher ZnO nanoparticles concentration. Addi-

tionally, ZnO nanoparticles in high concentration would lead

to cytotoxicity, such as the rat mesenchymal stem cells

(rMSCs) remained 50% viable when the concentration of Zn

ions was over 10 ppm [33, 34] and human osteogenic sar-

coma (U-2OS) retained 50% viability at 11.7 ppm [41]. In our

work, the daily Zn ion release amount of all TNTs/ZnO
samples was lower than the reported, which could inhibit the

viability of macrophages with low cytotoxicity to other cells.

4. Conclusions

In this work, ZnO nanoparticles were incorporated into TiO2

nanotubes by the electro-deposition method. The TNTs/ZnO
samples could inhibit the proliferation and viability of S. aureus

through the release Zn ions and nanoscale structure. Compared

with the irregular ZnO nanoparticles, the nanorod ZnO particles

on the TNTs surface showed easier penetration into bacteria

membrane, and improved the antibacterial properties. Moreover,

the RAW 264.7 cultured on the TNTs/ZnO samples displayed

poor activity and all cells were curled up to be spherical shape

without pseudopodia extension, which decreased the immune

response. In summary, TNTs/ZnO in the present work showed

excellent antibacterial properties and positive behavior to

weaken immune response. Further experiment will be continued

Figure 7. Macrophage cells proliferation on various sample surfaces
evaluated by the CCK-8 assay. Error bars represent standard
deviation for three specimens for each piece of data. *Statistical
significance (p<0.05).

Figure 8. Fluorescence images showing the live/dead assays: (a)

TNTs, (c) TNTs/ZnO-1, (e) TNTs/ZnO-2 and (g) TNTs/ZnO-3; the
morphology of cell adherent at 2 d post-seeding: (b) TNTs, (d)
TNTs/ZnO-1, (f) TNTs/ZnO-2 and (h) TNTs/ZnO-3. Green=live
cells; red=dead cells.
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to optimize the promising properties and achieved lower cyto-

toxicity for wide applications in the future implantation field.
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