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A B S T R A C T   

A titania nanotubes layer was prepared as an intermediate layer on pure Ti via anodic oxidation, and subse-
quently, a Zn-containing coating was electrochemically deposited. The influence of the deposition parameters on 
the Zn content was studied using an orthogonal experiment. The obtained coatings were characterized using 
scanning electron microscopy, energy-dispersive spectroscopy, X-ray diffraction, and X-ray photoelectron spec-
troscopy, and their adhesion was measured using a scratch test. The deposition time had the greatest effect on the 
Zn content of the electrodeposited samples, whereas the deposition temperature had the smallest effect. After the 
electrodeposition, Zn was uniformly distributed on the surface and existed mainly as a simple substance. The 
adhesion was only 10.9 N in the Zn-free sample; it increased with increasing Zn content of the samples, and 
reached a maximum value of 22.4 N in the sample with a Zn content of approximately 16%. The samples with Zn- 
containing coatings exhibited strong antibacterial effects against E. coli and S. aureus, and the antibacterial effect 
increased with increasing Zn content. Cell viability was above 80%, indicating that the Zn-containing coating is a 
good candidate as an antibacterial coating for biomedical applications.   

1. Introduction 

Ti and its alloys have been widely used in dental and orthopedic 
implants owing to their excellent mechanical properties, good corrosion 
resistance, and high biocompatibility [1]. However, some implant fail-
ures occur primarily because of peri-implant inflammation caused by 
bacterial infection, which significantly influences patient health and 
medical costs [2]. Therefore, bacterial infections can be reduced by 
endowing implants with antibacterial and osteogenic properties [3]. 

Several antiseptics have been loaded with surface modifications to 
enhance the antibacterial activity of implants. Natural antimicrobial 
agents were first used on humans. Their sources are mainly animal and 
plant bodies, which are highly compatible with living organisms [4]. 
However, their poor antimicrobial effects, low stability, and low 
long-lasting release considerably limit their widespread application in 
the biomedical field [5,6]. Organic antimicrobial coatings containing 
antibiotics, such as vancomycin and gentamicin, exhibit effective anti-
microbial effects [7,8]; however, antibiotics have a limited range of 
activity and may induce antibiotic resistance [9]. Nonantibiotic organic 

antibacterial agents have overcome these drawbacks. For example, 
chlorhexidine is widely used in dentistry and can be easily adsorbed 
onto unmodified surfaces, which is clinically relevant [10]. However, 
several reports have indicated that nonantibiotic organic antimicrobial 
agents may cause cell damage [11,12]. Inorganic antimicrobial agents 
possess several advantages, such as high antibacterial activity and 
satisfactory stability [10]. Ag-doped calcium TiO2 coatings exhibit high 
antibacterial activity [13]; however, Ag is expensive and cytotoxic. 
Silver nanoparticles have been shown to impair cellular mitochondria 
and lysosomes, and the potential mechanisms involved in oxidative 
stress, autophagy, and apoptosis are via the PI3K/AKT/mTOR signaling 
pathway [14]. Zn is an essential trace element in human bone, and plays 
crucial roles in growth, protein synthesis, and cell proliferation [15]. Zn 
can promote the osteogenic function of osteoblasts by stimulating cell 
proliferation, alkaline phosphatase activity, collagen synthesis, and 
protein synthesis [16–18], and enhances the expression of osteoblast 
marker genes [19]. In addition, when used as an antibacterial agent, Zn 
exhibits several advantages, such as safety, fewer side effects, and 
long-lasting antibacterial effects. 
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Numerous techniques, such as physical vapor deposition, chemical 
vapor deposition, sol-gel, and electrochemical deposition, have been 
employed to deposit coatings [20–22]. Among these, electrochemical 
deposition is an increasingly popular and frequently used approach, 
owing to its simplicity, ease of parameter control, uniform coating 
thickness, and applicability to multidimensional implant surfaces [23]. 
Electrochemical deposition allows good control over coating properties, 
such as crystal structure, micro/nanostructure, and composition, and 
provides flexibility for designing and producing several features, such as 
ion-substituted coatings on biomedical metal substrates [24]. However, 
the adhesion of directly deposited coatings is relatively low [25]. 
Nanostructured TiO2 has been demonstrated to improve the adhesion 
properties of the substrate considerably and promote bone cell func-
tionality in vitro [26] and bone implant osseointegration in vivo [27]. 

In this study, a titania nanotubes (TNs) layer was prepared as an 
intermediate layer on a pure Ti surface via anodic oxidation, and Zn- 
containing coatings were electrochemically deposited. The surface 
characteristics, antibacterial properties, and cell compatibility of the 
prepared coatings were also investigated. 

2. Materials and methods 

2.1. Preparation and anodization 

Ti sheets (purity of 99.5%) with the dimensions of 10 × 10 × 1 mm3 

were polished with 200–1200# sandpaper and then ultrasonically 
cleaned in each of acetone, anhydrous ethanol, and distilled water for 
600 s. The sheets were acid-etched in a mixture of HF and HNO3 (VHF: 
VHNO₃:VH₂O = 1:3:10) for 30 s, ultrasonically cleaned in deionized water, 
and then dried in a drying oven at 60 ◦C. 

For anodization, a double-electrode system was adopted, with a Ti 
sheet as the anode and a Pt sheet as the cathode; the distance between 
the two electrodes was 20 mm. Anodization was performed at a voltage 
of 30 V for 1 h in an ethylene glycol solution (VH₂O:VCH₂OH = 3:97) 
containing 0.3% NH4F at room temperature (~25 ◦C). Subsequently, the 
sample was ultrasonically cleaned in ethanol and deionized water for 
600 s, and then naturally dried in air. The anodized samples were 
denoted as TNs. 

2.2. Electrodeposition 

The electrolyte was prepared by dissolving ZnCl2 (analytical pure) in 
deionized water. Pt and the TNs were used as the anode and cathode, 
respectively. The distance between the two electrodes was 20 mm, and 
the deposition voltage was 3 V. The beaker containing the electrolyte 
was placed in a water bath to maintain the deposition temperature. The 
electrodeposited samples were ultrasonically cleaned in deionized water 
for 600 s and dried naturally in air. 

The effects of three selected factors—ZnCl2 concentration in the 
electrolyte, deposition time, and temperature—on the Zn content of the 
samples were studied using orthogonal experiments. The factor levels of 
the orthogonal experiment are listed in Table 1, and an L9(33) orthog-
onal experiment table (Table 2) was constructed with the three factors 
and three levels using the Zn content of the electrodeposited sample as 
the evaluation index. 

2.3. Characterizations of surface layer 

The morphology was observed using scanning electron microscopy 
(SEM) at an acceleration voltage of 30 kV, and the chemical composition 
was analyzed using energy-dispersive spectroscopy (EDS). The phase 
composition was analyzed via X-ray diffraction (XRD) using Cu Kα ra-
diation at a voltage of 40 kV, a current of 40 mA, and a scanning speed of 
4◦/min. The chemical states of Ti and Zn were further analyzed using X- 
ray photoelectron spectroscopy (XPS) with a monochrome Al Kα (hν=
1486.6 eV) X-ray used as the radiation source. An automatic scratch 
tester containing a diamond indenter with a tip radius of 0.2 mm was 
used for the adhesion of the coatings under a vertically applied load of 
40 N/min. After immersing the sample in a phosphate-buffered saline 
(PBS) solution at 37 ◦C for 24 h, the concentration of Zn2+ in the solution 
was detected using inductively-coupled plasma mass spectrometry. 

2.4. Antibacterial test 

Gram-negative E. coli (ATCC 25922) and gram-positive S. aureus 
(ATCC 29213) were selected for antibacterial performance testing. The 
antibacterial properties of the coatings were evaluated using a plate- 
counting method. After all the samples were sterilized at 121 ◦C for 
20 min in an autoclave, they were added to a 24-well plate. The bacterial 
solution was diluted to 106 CFU/mL with Luria–Bertani liquid medium, 
and 0.2 mL of the diluted bacterial solution was added to each sample 
surface. The 24-well plate was incubated at 37 ◦C for 18 h, and then the 
co-culture solution was diluted 105 times with a sterile PBS solution. 
Then, 100 μL diluent was evenly coated on the solid medium. After in-
cubation at 37 ◦C in a constant-temperature incubator for 18 h, the 
colony number was recorded, and the antibacterial rate of each coated 
sample was calculated using a previously described formula [28]. 

2.5. Cytocompatibility test 

MC3T3-E1 cells (iCell Bioscience Inc., Shanghai, China) were used to 
evaluate the cytotoxicity. α-MEM supplemented with 10% fetal bovine 
serum was used as the culture medium. All the samples were solid sheets 
with a surface area of 1 cm2. After being sterilized under a high tem-
perature and pressure, they were added to a complete medium (ISO 
10993–12) at an extraction rate of 1.25 cm2/mL, and extraction was 
performed at 37 ◦C for 24 h. Each sample extract (100 μL) was placed in 
separate 96-well plates, and three parallel wells were set up for each 
sample. The MC3T3-E1 cells were seeded in each well at a density of 6 ×
103 cells/well. The culture medium was removed after being incubated 
for 24, 96, and 168 h in a constant-temperature incubator at 37 ◦C in a 
5% CO2 atmosphere. Each well was rinsed three times with PBS. Then, 
100 μL of a culture medium containing 0.5 mg/mL MTT was added to 
each well, and then incubated in the constant-temperature incubator at 
37 ◦C in a 5% CO2 atmosphere for 4 h. The supernatant was discarded, 
100 μL of dimethyl sulfoxide was added to each well, and the absorbance 
was measured at 570 nm after shaking the mixture for 600 s 

Table 1 
Factor levels of the orthogonal experiment.  

Level Factor 

ZnCl2 concentration / mol/L Deposition time / s Temperature / ◦C 

1 0.02 20 30 
2 0.04 40 40 
3 0.06 60 50  

Table 2 
Orthogonal experiment scheme and results.  

Number ZnCl2 

concentration / 
mol/L 

Deposition 
time / s 

Temperature / 
◦C 

Zn content / 
mass% 

1 0.02 20 30 1.02 
2 0.02 40 40 5.23 
3 0.02 60 50 9.87 
4 0.04 20 40 4.16 
5 0.04 40 50 8.59 
6 0.04 60 30 16.16 
7 0.06 20 50 6.35 
8 0.06 40 30 12.09 
9 0.06 60 40 20.34  
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3. Results and discussion 

3.1. Characterization of TNs 

The preparation and characterization of TNs have been extensively 
studied [29,30]. In this study, the surface morphology exhibits a uni-
formly distributed circular nanotube with a diameter of approximately 
60 nm, as shown in Fig. 1a. The side-view suggested that the length of 
the TNs was approximately 2 µm (Fig. 1b). The characteristic peaks of Ti, 
O, F, C, and N were observed using XPS, as shown in Fig. 1c. The 
appearance of C and N is related to CO2 and N2 in air, respectively [31], 
whereas F is derived from the electrolyte solution during anodic 
oxidation [32]. A small amount of F ions can promote cell growth but 
hardly affect the antibacterial activity [33,34]. The binding energies of 
Ti 2p1/2 and Ti 2p3/2 are approximately 464.5 eV and 458.8 eV, 
respectively, matching the typical binding energies of TiO2 [35]. The 
diffraction peaks of Ti were observed using XRD, as shown in Fig. 1d. No 
other diffraction peaks were observed, indicating that the layer was thin 
and the TNs were amorphous [36]. In situ anodized TNs can consider-
ably improve the coating adhesion strength, and TNs with the diameters 
of 30–100 nm can promote the growth of osteoblasts, improve the sur-
face biological activity, and form strong chemical bonds with bone 
[37–39]. Therefore, the prepared TNs are suitable as intermediate layers 
for the subsequent electrodeposition process. 

3.2. Orthogonal experimental analysis 

The Zn contents of the electrodeposited samples were determined 
using EDS, as shown in Table 2. Range analysis was used to calculate the 
averages (K1, K2, and K3) and range values (RK) of the Zn content in the 
coatings at each factor level, as shown in Table 3. The range reflects the 

influence of various factors on the experimental indicators [40]. The 
range value of the deposition time was 11.62, which was greater than 
those of the ZnCl2 concentration and deposition temperature. Therefore, 
the order of influence of the various factors on the Zn content was 
deposition time > ZnCl2 concentration > deposition temperature. Sub-
sequently, a variance analysis was conducted, as shown in Table 4. The 
smaller the significance value, the greater is the influence of the corre-
sponding factors on the Zn content of the coating [41]. The deposition 
time showed the smallest significance value of less than 0.05, suggesting 
that it had the greatest influence on the Zn content. The deposition 
temperature had the smallest influence on the Zn content because its 
significance value was the highest and greater than 0.1. Good consis-
tency was obtained in the range and variance analyses, which suggested 
that the deposition time had the greatest influence on the Zn content, 
and the deposition temperature had the smallest influence. Therefore, 
changing the deposition time and ZnCl2 concentration is a feasible way 
to control the Zn content of the coating. 

Fig. 1. Characterizations of the sample after anodic oxidation: (a) surface morphology, (b) side view of TNs, (c) XPS spectrum, and (d) XRD pattern.  

Table 3 
Range analysis of the Zn content of the samples.  

Calculated 
value 

Factor 

ZnCl2 

concentration 
Deposition 
time 

Deposition 
temperature 

K1 5.37 3.84 9.76 
K2 9.64 8.64 9.91 
K3 12.93 15.46 8.27 
RK 7.56 11.62 1.64  
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3.3. Characterization of the coatings 

To obtain a gradient variation in the Zn content, the electrodeposi-
tion parameters were set according to Table 5 together with the Zn 
contents measured using EDS. The sample with the lowest Zn content 
was named Zn-TNs-L, that with the highest Zn content was named Zn- 
TNs-H, and that with medium Zn content was named Zn-TNs-M. Sur-
face morphologies were observed using SEM, as shown in Fig. 2. Small 
blocks were observed in all the samples under low magnification 
(Fig. 2a, c, and e). The high-magnification images suggest that a new 
layer grew around the walls of the TNs, covering the gaps between the 
nanotubes (Fig. 2b, d, and f). The separated nanotubes changed to a 
nanomesh structure, with the average diameter of the tubes decreasing 
to 48 nm. The nanomesh structure was similar to the shape of natural 
human bone and facilitated osteoblast growth [42]. 

The elemental distribution of Zn-TNs-L is shown in Fig. 3. Ti, O, Cl, 
and Zn were uniformly distributed on the surface of the sample (Fig. 3b), 
and the segregation of Zn was hardly observed (Fig. 3c). As shown in the 
side-view image (Fig. 3d), the tops of the TNs were partially dissolved, 
and the electrodeposited coating was formed mainly around the top 
area. The elemental distribution in the side view shows that the elements 
were uniformly distributed from the bottom to the top of the TNs 
(Fig. 3e), suggesting that electrodeposition also occurred inside the TNs 
besides the top of the TNs. 

The XPS and XRD spectra of Zn-TNs-L, Zn-TNs-M, and Zn-TNs-H are 
shown in Fig. 4. Peaks corresponding to Ti, O, Zn, C, N, and F were 
observed in the full spectrum (Fig. 4a). Compared with Fig. 3c, the 
appearance of the Zn peaks also proves that Zn was successfully 
deposited. The high-resolution spectra of Zn2p (Fig. 4b) show that the 
binding energies of Zn2p3/2 and Zn2p1/2 were located near 1021.8 eV 
and 1044.9 eV, respectively, which correspond to Zn2+ of ZnO [43]. 
Only the diffraction peaks of Ti were observed in the XRD pattern of 
Zn-TNs-L (Fig. 4c), which was similar to that of the TNs (Fig. 1d). Beside 
the Ti peaks, the weak peaks corresponding to Zn around the 2θ of 
36.19◦ and 43.17◦ were observed in the XRD pattern of Zn-TNs-M, and 
the peaks became sharper and stronger in the XRD pattern of Zn-TNs-H, 
indicating an increase in the Zn content and its crystallinity. The 
diffraction peak of the Zn compound was barely observed in the XRD 
spectra, indicating that Zn mainly existed as a simple substance in the 
Zn-containing coatings. The chemical reaction for the deposition process 
is Zn2++2e–→Zn. The XRD results were inconsistent with the XPS results 
because they suggested that Zn existed in the form of ZnO. The detection 
depth of XRD is usually greater than 10 µm, and the substrate can be 
detected [44]. Thus, the Ti substrate and a certain amount of Zn in the 

coatings exhibited diffraction peaks in their XRD patterns. However, the 
detection depth of XPS is 5–10 nm, and the chemical states of the surface 
atoms can be determined [45]. ZnO is usually formed on the Zn surface 
in air according to the chemical reaction 2Zn + O2 → 2ZnO [46]. 
Therefore, both Ti4+ and Zn2+ were detected via XPS, whereas Ti and Zn 
were hardly detected as simple substances. 

Owing to the disordered nature of the amorphous states, the Zn–O 
bonds in the surface amorphous layer of the coating were relatively 
weaker than those in crystalline ZnO [47]. The solubility of ZnO is much 
higher than that of the simple substance Zn, and the Zn–O bond can 
induce the formation of reactive oxide species (ROS) on the surface of 
ZnO [48]. Therefore, the weak Zn–O bond in amorphous ZnO is not only 
the main contributor to the release of Zn2+ from Zn-containing coatings, 
but also the producer of ROS, which is beneficial for enhancing the 
antibacterial performance of the coatings. 

3.4. Adhesiveness 

The scratch method was used to determine the adhesion between the 
coating and the substrate. The variations in the friction and acoustic 
signals with respect to the applied load are shown in Fig. 5. At the 
beginning of the scratch, the friction increased linearly with an increase 
in the load. When the indenter contacted the substrate, the friction force 
suddenly increased as the slope of the curve increased and noise was 
generated, suggesting that the coating had peeled off. The corresponding 
load was regarded as the critical load. The applied load corresponding to 
the first acoustic peak in Fig. 5a was recorded as the bonding force of the 
TNs, which was approximately 10.9 N. However, the acoustic peak was 
hardly generated in the samples with the Zn-containing coating because 
the coating became soft after the deposition of Zn [49]. The bonding 
force of the Zn content was then determined by judging the inflection 
point of the slope of the friction curve (Fig. 5b, c, and d). As the Zn 
content increased, the bonding force and corresponding friction also 
increased, which is consistent with Gao’s results [50]. The Zn coating 
was predominantly physically bonded to the TNs. The reinforcement of 
the cohesive strength of Zn with TNs as a roughened surface provides a 
more compatible scaffolding for adhesion via mechanical interlocking 
compared with the available conventional smooth surface. Additionally, 
as Zn was deposited not only on the top of TNs but also along the TNs 
with the gaps filled, the increase in Zn content led to a denser coating 
with improved adhesion properties. The bonding force of Zn-TNs-H 
(22.4 N) was higher than those of Zn-TNs-L and Zn-TNs-M. 

3.5. Antibacterial properties 

The Zn2+ concentration of the samples after immersion in the PBS 
solution for 24 h is shown in Fig. 6a. The increase in Zn2+ concentration 
suggests that the release amount of Zn2+ increased with increasing Zn 
content in the coating. It has been indicated that 10 ppm Zn2+ causes 
50% of cell death [51] and the optimal concentration range of Zn2+ is 
10–4–10–6 mol/L (6.5–650 μg/L), which ensures both antibacterial 
properties and little damage to mammalian cells [52]. The amount of Zn 
released from all the prepared samples was not only within the safe 
range but also within the optimal concentration range. 

The antibacterial properties of CP-Ti, Zn-TNs-L, Zn-TNs-M, and Zn- 
TNs-H against E. coli and S. aureus are shown in Fig. 6b. A large 

Table 4 
Variance analysis of the Zn content of the samples.  

Variance source Sum of squares of deviations Free degree Mean square F-value Conspicuousness 

ZnCl2 concentration 86.053 2 43.026 34.922 0.028 
Deposition time 204.358 2 102.179 82.932 0.012 
Deposition temperature 4.923 2 2.462 1.998 0.334 
Error 2.464 2 1.232   
Total 297.8 8     

Table 5 
Deposition parameters and Zn contents of different Zn-containing coatings.  

Sample ZnCl2 

concentration / 
mol/L 

Deposition 
time / s 

Deposition 
temperature / ◦C 

Zn content 
/ mass% 

Zn-TNs- 
L  

0.04 30 30 4.84 

Zn-TNs- 
M  

0.06 30 30 10.62 

Zn-TNs- 
H  

0.04 60 30 16.16  
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number of E. coli and S. aureus colonies were observed in the Petri dish 
with CP-Ti, indicating the low antibacterial activity of CP-Ti, which is 
consistent with previous research results [53]. In the samples with 
Zn-containing coatings, the E. coli and S. aureus colonies were inhibited. 
Using CP-Ti as a control, the antibacterial rates of Zn-TNs-L against 
E. coli and S. aureus were determined to be 78.35% and 62.42%, 
respectively. Moreover, the samples showed a higher antibacterial ratio 
against E. coli than against S. aureus, mainly owing to the thicker cell 
walls of S. aureus [54]. 

The antibacterial properties of the samples were mainly attributed to 
the release of Zn2+ from the coatings because Zn2+ could combine with 
proteins to inactivate bacteria, and the ROS produced by the incorpo-
rated Zn can inhibit bacterial proliferation [55]. The number of E. coli 
and S. aureus colonies both decreased with increasing Zn content, indi-
cating an increase in the antibacterial properties. This could be attrib-
uted to the fact that the coating with a higher Zn content released more 

Zn2+ and generated a larger amount of ROS, resulting in an enhanced 
antibacterial activity. The antibacterial rates of Zn-TNs-H against E. coli 
and S. aureus increased to 97.53% and 96.63%, respectively, suggesting 
an excellent antibacterial performance compared with that of other 
samples. 

3.6. Cytocompatibility 

The absorbance (optical density (OD) value, which reflects the 
cytotoxicity of the samples) of the MC3T3-E1 cells at 570 nm after being 
cultured for 24, 96, and 168 h is shown in Fig. 7. The OD values of all the 
groups increased with increasing cultivation time. After 24 h of co- 
cultivation, the OD values of all the samples were significantly higher 
than that of the control. Similar results were obtained after 96 h of 
culture. Additionally, the OD values of the samples with Zn-containing 
coatings were all close to those of CP-Ti, without a statistically 

Fig. 2. Surface morphologies of the samples with different Zn contents: (a, b) Zn-TNs-L, (c, d) Zn-TNs-M, and (e, f) Zn-TNs-H.  
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significant difference. Certain concentrations of Ti and F ions can pro-
mote the cell division and proliferation [33,56], which is the main 
reason for the increase in OD value of the sample compared with that of 
control. After 168 h of co-cultivation, the OD values of all the samples 
increased significantly. Statistically significant differences were hardly 
observed in the OD values of CP-Ti and Zn-TNs-L compared with the 
control, whereas the OD values of the other groups were significantly 
lower than that of the control, suggesting that a large amount of Zn ions 
inhibited the cell proliferation after long time co-culture. The cell 
viability was expressed as a percentage by calculating the 
sample-OD-value to the control-OD-value ratio [57], and was an index 

to evaluate the cytotoxicity. The cell viabilities of Zn-TNs-M and 
Zn-TNs-L were 91.7% and 86.8%, respectively, which were both above 
80%, and thus they have preferable biological safety (ISO 10993–5). 

3.7. Discussion 

Thus, a Zn-TNs composite coating was successfully prepared on the 
surface of CP-Ti, and the adhesion was higher than that of previously 
reported coatings [58]. Surmenev reported that a magnetron-sputtered 
hydroxyapatite coating began to fall off at approximately 5.5 N. This 
significant increase in adhesion can be attributed to the following 

Fig. 3. SEM image, elemental distribution, and Zn maps of Zn-TNs-L: (a, b, c) surface and (d, e, f) side.  

Fig. 4. (a) XPS full spectra, (b) Zn 2p high-resolution spectra, and (c) XRD patterns of the samples.  
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Fig. 5. Friction force and acoustic signal variation curves of (a) TNs, (b) Zn-TNs-L, (c) Zn-TNs-M, and (d) Zn-TNs-H.  

Fig. 6. (a) Release amount of Zn2+; and (b) optical photos of the plate demonstrating antibacterial performance (E. coli and S. aureus).  
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reasons: (a) the TNs were oxidized in situ on the Ti surfaces, which had a 
stronger bonding force with the substrate than that of the deposited 
coating. (b) Zn was uniformly distributed on the top surfaces of the TNs 
and filled the gaps between the nanotubes. This enhanced the density 
and roughness of the coatings. 

The antimicrobial activity of Zn is mainly due to the release of Zn2+

from the implant surface according to a simple reaction: Zn − 2e → Zn2+. 
The mechanism of the bactericidal action of Zn2+ is as follows. First, 
Zn2+ is released from the coatings and attaches to proteins to inactivate 
them. Second, Zn2+ interacts with the bacterial cell wall, causing 
structural and permeability changes. Finally, these ions interact with the 
nucleic acids of bacteria, preventing their migration to other sites [59]. 

For safety, the release of Zn should be strictly controlled because 
high concentrations of Zn would cause cytotoxic reactions and inhibit 
the activity of some proteases [60]. The cytocompatibility tests also 
indicate excessive Zn2+ inhibits cell proliferation. According to the Zn2+

releasing results, the Zn2+ concentration in the solution is positively 
correlated with the Zn content of the sample. These results suggest that 
the Zn content of the samples can be conveniently and effectively 
regulated by changing the ZnCl2 concentration and deposition time. 
Therefore, antibacterial activity and cytocompatibility can be controlled 
by optimizing the deposition parameters to satisfy different application 
requirements. 

After electrical deposition, the porous structure of the TNs was 
almost completely retained, which is beneficial for osteoblast growth. 
Previous studies have shown that osteoblasts are the major organization- 
forming cells involved in osseointegration [61]. Bone matrix deposition 
on implant surfaces is mainly dependent on competitive adhesion be-
tween bacteria and osteoblasts. Osteoblast colonization effectively in-
hibits bacterial attachment and subsequent biofilm formation on the 
surface of biomaterials with antimicrobial properties [62]. MC3T3-E1 
cells are one of the most commonly used osteoblasts. Based on the 
antibacterial ratios and cytotoxicities of the samples, coatings contain-
ing TNs incorporated with Zn showed high antibacterial activity and 
acceptable cell viability, suggesting that they have considerable poten-
tial for application in bone implants. 

4. Conclusions 

Zn-containing coatings were prepared on Ti surfaces using TiO2 
nanotubes as the intermediate layer. The following conclusions were 

drawn. 
(1) Among ZnCl2 concentration in the electrolyte, the deposition 

time, and deposition temperature, deposition time showed the greatest 
effect on the Zn content in the electrodeposited samples, whereas the 
deposition temperature had the smallest effect. 

(2) After electrodeposition, Zn was uniformly distributed on the 
surface and in the tube well of the TiO2 nanotubes. It existed in the form 
of a simple substance in the coating and was easily oxidized to ZnO. 

(3) The adhesiveness and antibacterial properties were both 
enhanced with increasing Zn content. The cell proliferation was affected 
by Zn content, especially after long-time culturing. The cell viabilities of 
the samples with Zn-containing coatings were all higher than 80%, 
suggesting they have preferable biological safety. 
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