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A B S T R A C T   

To endow Ti-based orthopedic implants with strong bactericidal activity, a ZnO nanorods-patterned coating 
(namely ZNR) was fabricated on Ti utilizing a catalyst- and template-free method of micro-arc oxidation (MAO) 
and hydrothermal treatment (HT). The coating comprises an outer layer of ZnO nanorods and a partially crys-
tallized inner layer with nanocrystalline TiO2 and Zn2TiO4 embedded amorphous matrix containing Ti, O and Zn. 
During HT, Zn2+ ions contained in amorphous matrix of the as-MAOed layer migrate to surface and react with 
OH− in hydrothermal solution to form ZnO nuclei growing in length at expense of the migrated Zn2+. ZNR 
exhibits intense bactericidal activity against the adhered and planktonic S. aureus in vitro and in vivo. The crucial 
contributors to kill the adhered bacteria are ZnO nanorods derived mechano-penetration and released reactive 
oxygen species (ROS). Within 30 min of S. aureus incubation, ROS is the predominant bactericidal contributor 
with quantitative contribution value of ~20%, which transforms into mechano-penetration with prolonging time 
to reach quantitative contribution value of ~96% at 24 h. In addition, the bactericidal contributor against the 
planktonic bacteria of ZNR is relied on the released Zn2+. This work discloses an in-depth bactericidal mechanism 
of ZnO nanorods.   

1. Introduction 

Titanium (Ti)-based endosseous implants are clinically used for 
repair of bone fracture, due to their good mechanical property, corrosion 
resistance and biocompatibility. However, implant-associated infection 
caused by bacteria, especially by Staphylococcus aureus (S. aureus) seri-
ously impairs osseointegration and extremely shortens life-span of Ti- 
based implants [1–3]. 

To endow Ti-based orthopedics implants with bactericidal capa-
bility, surface modification coatings containing antibiotics, antibacterial 
organic (such as macromolecules, peptides), and inorganic components 
(such as Ag+, Cu2+, CuO and ZnO) were immobilized on Ti substrates 
[4]. Compared to the antibiotics and organic bactericide, inorganic 

bactericidal substance exhibits strong broad-spectrum antibacterial ac-
tivities without inducing bacterial resistance [5]. Therein, 
nano-structured ZnO have been widely investigated, including the fields 
of anti-bacteria [4], fluorescence emission [6], photocatalysis [7] and 
photoelectrocatalysis [8,9]. More importantly, nano-sized ZnO exhibits 
negligible toxicity towards mammalian cells according to Federal Drug 
Administration (FDA) [10], but displays bactericidal capability. In 
addition, bactericidal activity of ZnO does not rely on other physical 
stimulation, such as photo- and/or sono-irradiation [11]. Notably, the 
bactericidal activity of nano-structured ZnO dependents on geometric 
morphologies, and nanorod-shaped ZnO shows higher bactericidal ac-
tivity than nanodisk- and nanosphere-shaped ZnO [12,13]. Therefore, it 
is indicated the great potential of constructing ZnO nanorods-arrayed 
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coating (ZNR) on Ti to realize bactericidal function against S. aureus. 
For constructing ZNR, many methods have been tried in previous 

works, but these methods exhibit limitations. For instance, vapor-liquid- 
solid transition and thermal chemical vapor deposition (TCVD) require 
high temperature (>950 ◦C) to form ZnO nanorods during these pro-
cesses, giving rise to formation of thermal stress in the coatings to 
weaken its adhesion strength [11]; when pulsed laser deposition (PLD) is 
employed to grow ZnO nanorods, the underlying substrates are required 
to have a small lattice mismatch relative to ZnO [14]. In addition, cat-
alysts are usually needed during CVD and PLD for preparing ZnO 
nanorods [15,16], leading to the relatively high cost and risk of 
biosafety. Hydrothermal treatment (HT) can also be employed to syn-
thesize ZnO nanorods at relatively low temperature (<200 ◦C) without 
additional of catalysts, while structure-directing template and ZnO seeds 
are needed during HT processes [17], and hydrothermally grown ZnO 
nanorods from the as-prepared ZnO seeds always exhibit weak adhesion 
to their underlying substrates [18]. Alternatively, it has been reported 
that nanoplate-like ZnO can be formed on micro-arc oxidized (MAOed) 
TiO2 coating at 200 ◦C in Zn2+ contained alkaline aqueous solution 
using HT without catalysts, template and ZnO seeds [19]. More impor-
tantly, micro-arc oxidation (MAO) and HT derived nanorods-patterned 
arrays composed of inorganic components, such as hydroxyapatite, 
exhibit firm adhesion to its underlying MAOed matrix, ascribing to the 
embedded roots of the nanorods into the matrix [20–22]. Although MAO 
and HT show great superiority in preparing nanorods-patterned arrays, 
fabrication of ZNR on Ti-based substrates by means of MAO and HT has 
not been explored yet. 

More crucially, although current works have already identified the 
bactericidal effects of ZNR against S. aureus, the underling bactericidal 
mechanisms of ZNR also have not been elucidated [23,24]. Recently, 
three kinds of possible bactericidal mechanisms of rod-like ZnO nano-
particles were disclosed: (1) ZnO rod-like nanoparticles tend to puncture 
bacterial cell membrane during direct nanoparticle/bacteria contact 
[11,25]; (2) reactive oxygen species (ROS, including •O2− , H2O2, and 
•OH) derived by the Zn–O bond contained in ZnO rod-like nanoparticles 
destroy cell membranes and deactivate cellular surface proteins to 
induce cell death [11]; (3) Zn2+ released from the rod-like nanoparticles 
penetrates into bacterial cytoplasm to induce oxidative stress [26], 
leading to the inhibition of enzymes function and inactive of proteins 
and DNA [27,28]. However, regarding to ZNR, in spite of the speculation 
that physical puncture, ROS formation, and Zn2+ release possibly play 
important roles in killing S. aureus, but there lacks of sufficient experi-
mental evidence [23,24]. It is further noteworthy that among the 
aforementioned contributors, quantitative contribution of each 
contributor to the synthetical bactericidal activity of ZNR has not been 
investigated, and their variation trend with incubation time of S. aureus 
on ZNR is also needed to be illuminated. 

In the present work, a ZNR with firm adhesion to Ti-based substrate 
was fabricated by means of MAO and HT, as schematically illustrated in 
Fig. 1. The hydrothermal grown mechanism of ZnO nanorods was 
detailedly investigated, and the bactericidal activity against S. aureus of 
the coating was characterized in vitro and in rat bone shaft. Especially, at 
different time points of S. aureus cultured on ZNR, quantitatively 

evaluated contribution of physical puncture, ROS and released Zn2+ to 
the bactericidal activity of ZNR were elucidated. 

2. Materials and experimental methods 

2.1. Microarc oxidation and hydrothermal treatment 

φ 14 × 2 mm and φ 1.4 × 4 mm sized commercial pure Ti discs and 
pillars were respectively applied as substrates for micro-arc oxidation 
(MAO), using a home-made pulse power supply (Xi’an Jiaotong Uni-
versity, China). The detailed process was described in our previous work 
[26]. Briefly, the Ti discs or pillars were ground, washed and used as 
anodes, the stainless steel plates were used cathodes. Thereafter, the 
discs and pillars were received MAO one by one in 0.2 M zinc acetate 
contained aqueous electrolyte at 530 V applied voltages, 100 Hz pulse 
frequency and 26% duty ratio for 1 min. The obtained coating was 
termed as MAO0, and the coating coated Ti was named as M-Ti. 

For the hydrothermal treatment (HT), each of the M − Ti discs or 
pillars was put into a 60 mL volumetric Teflon-lined autoclave, followed 
by adding 10 mL aqueous solution containing 0.01 M NaOH into the 
autoclave to immerse the M-Ti. Subsequently, the sample contained 
autoclave underwent HT at 140 ◦C for 1, 2, and 4 h. The hydrothermally 
treated (HTed) MAO0 were overall referred as HT coatings. The obtained 
coating which HT for 4 h was termed as ZNR, and the coating coated Ti 
discs and pillars, namely ZNR-Ti, were cleaned with deionized water and 
dried in an oven overnight at 60 ◦C. 

2.2. Al–O contained layers deposition on each ZnO nanorods using ALD 

An ALD equipment (F-100-41, MNT Micro and Nanotech Co., LTD, 
China) was used to coat Aluminum (Al) and Oxygen (O) (Al–O) con-
tained layers on ZnO nanorods. Trimethylaluminum and 40 vol% 
hydrogen peroxide (H2O2) aqueous solution were used as precursors of 
Al and O, respectively, and high-purity N2 was used as the purged gas. 
The ZNR-Ti discs were put into chamber of the ALD equipment, followed 
by vacuating the chamber to 10− 3 Pa and heating the chamber up to 
150 ◦C. Subsequently, Al and O precursors and N2 were sequentially 
auto-injected into the chamber following the sequence of 1 s TMA 
expose/20 s N2 purge/0.2 s H2O2 expose/40 s N2 purge for each depo-
sition cycle. After 200 deposition cycles, Al–O coated ZNR-Ti were ob-
tained and termed as Al–O@ZNR-Ti. 

2.3. Structure analyses of the coatings on Ti discs 

Phases identifications of MAO0 and HT coatings were carried out by 
X-ray diffractometer (X’Pert PRO, Netherland) in θ-2θ geometry using 
Cu-Kα (λ = 0.15406 nm) radiation over 2θ angles of 20–60◦ at a step of 
0.02◦ with 40 kV scanning voltage and 40 mA scanning current, and the 
phases obtained from the XRD spectra were identified by the ICDD cards. 
A field emission scanning electron microscope (FE-SEM; FEI QUANTA 
600F, U.S.A.) equipped with an energy-dispersive X-ray spectrometer 
(EDX) was used for examining the morphologies and elemental com-
positions of the coatings. Transmission electron microscopy (TEM; JEM- 

Fig. 1. Schematic illustration of the fabrication process for the ZNR-patterned coating on Ti.  
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2100F, JEOL, Japan) operating at 200 kV was employed to observe the 
cross-sectional structure of the coatings and individual nanorod. In 
addition, the exact elemental compositions within nanoscale regions of 
the coating cross-section were analyzed using EDX with an approximate 
1 nm-diametric electron beam spot under STEM mode equipped in the 
TEM [29]. 

2.4. Evaluation of bond strengths and Zn2+ release of the coatings on Ti 
discs 

Scratch tests were carried out to identify the bond strength of ZNR on 
Ti discs utilizing an auto scratch coating tester, which consists of a 
spherical diamond indenter sliding at a constant speed across a coating 
surface under various loads to generate a scratch. The critical load, Lc, 
was defined as the smallest load at which a recognizable failure 
occurred, and was determined from the curve of acoustic output versus 
load. Three coated discs were tested and the obtained Lc were averaged. 

Immersion tests were used to evaluate the Zn2+ release from the 
coatings. Briefly, the coated Ti discs were immersed in 50 ml PS solu-
tions (i.e., 0.9 wt% NaCl aqueous solutions) at 37 ◦C for 1, 3, 7, 14, 21, 
30, 45 and 60 days, respectively and six samples were used at each time 
point for each kind of the coated discs. Zn2+ concentration of each 
coated disc immersed solution was examined by an inductively coupled 
plasma atomic emission spectrometry (ICP-AES; PerkinElmer, Optima 
3000 Dv, U.S.A.), and the obtained values were averaged. 

2.5. Analysis of extracellular reactive oxide species (ROS) formation 

Superoxide (O2
− ⋅) and hydroxyl radical (HO⋅) formed in the bare Ti, 

ZNR-Ti and Al–O@ZNR-Ti discs immersed Mueller Hinton broth (MHB), 
which was used to culture bacteria, were examined by electron spin- 
resonance (ESR) spectroscopy (EMXplus, Bruker, Germany). As 
described in other work [30], 2, 2, 6, 6-tetramethylpiperidine (TEMP, 
39.5 mM; Labotec, Tokyo, Japan), and 5, 5-dimethy-1-pyrolline-N-oxide 
(DMPO, 8.80 mM; Labotec, Tokyo, Japan) were used as spin traps for 
O2

− ⋅ and HO⋅, respectively. Briefly, the bare and coated Ti discs were 
placed centrally in 24-well tissue culture plates (TCP), each well was 
added 500 μL MHB to immerse the disc for 20 s, followed by pipetting 
24 μL of the MHB to mix with 1 μL TEMP or DMPO. The mixture was 
transferred to a quartz tube for ESR measurements. 

The hydrogen peroxide (H2O2) assay kits (Beyotime Biotech, China) 
were used to detect the H2O2 concentrations in the bare Ti, ZNR-Ti and 
Al–O@ZNR-Ti discs immersed MHB. Briefly, each disc was immersed in 
500 μL MHB for 20 min, and then 50 μL of the MHB was pipetted to mix 
with 100 μL chromogenic regents in the assay kits. After 30 min of in-
cubation at room temperature, the absorbance value of the mixture was 
measured at 560 nm, and the concentrations of H2O2 in the MHB were 
drawn from a standard curve of absorbance versus known standards of 
H2O2 concentrations run in parallel with the experimental mixture. All 
the above mentioned tests were independently repeated three times. 

2.6. In vitro antibacterial assays 

2.6.1. Antibacterial activities of ZNR-Ti 
In the antibacterial tests in vitro, Gram-positive bacteria, Staphylo-

coccus aureus (S. aureus, ATCC 25293) and gram-negative bacteria, 
Escherichia coli (E.coli, ATCC25922) were used as model bacteria, which 
were inoculated twice to obtain bacteria in the mid-logarithmic phase of 
growth for the tests. For the plate-counting tests, the sterilized bare Ti, 
ZNR-Ti and Al–O@ZNR-Ti discs were placed in 24-well TCP, 1 mL 
bacterial suspension (i.e., 1 × 105 CFU bacteria contained MHB) was 
added into each well to incubate for 24 h at 37 ◦C. Then, the planktonic 
viable bacteria in the obtained suspensions were counted using the 
National Standard of China GB/T 4789.2 protocol. Meanwhile, the 
aforementioned bare Ti, ZNR-Ti and Al–O@ZNR-Ti cultured with bac-
teria suspension were rinsed with phosphate-buffered solution (PBS), 

followed by 5 min of ultrasonic vibration in 1 mL PBS for detaching the 
bacteria adhered on the discs [31], and the resultant bacterial suspen-
sions were used to count the viable bacteria according to GB/T 4789.2 
protocol. Each test was repeated four times. 

Live/Dead Baclight Bacterial Viability Kits (Thermofisher, U.S.A.) 
were employed for detecting the viable bacteria adhered on the bare Ti 
and ZNR-Ti discs. After incubation for 24 h, each bacteria-adhered disc 
was rinsed three times with PBS, and then 500 μL PBS containing 10 μM 
SYTO 9 and 60 μM propidium iodide dyes was added to each well and 
incubated at 37 ◦C for 15 min. After fluorescence staining, the images of 
the stained bacteria were captured by a laser confocal microscope 
(FV1200, Olympus, U.S.A.). 

To observe the morphologies of bacteria cultured on the bare Ti and 
ZNR-Ti discs, after 24 h of incubation in the bacterial suspension, the 
bacteria-adhered discs were rinsed with PBS, fixed in 2.5% glutaralde-
hyde at 4 ◦C for 1 h, dehydrated in ethanol, dried, and coated with 
platinum prior to morphology observation by FE-SEM (FEI QUANTA 
600F, U.S.A.). 

The microscopic interface structures between S. aureus and ZnO 
nanorods were analyzed via TEM. The ZNR-Ti disc subjected to bacteria 
incubation for 4 h was ultrasonically vibrated in PBS to detach the 
seeded bacteria together with the underlying ZnO nanorods. The 
resultant suspension was centrifuged to collect the precipitate, followed 
by fixing with 2.5% glutaraldehyde at 4 ◦C for 1 h. The obtained pre-
cipitation pellet was washed twice with PBS and dehydrated with 
graded ethanol prior to embedding in Procure 812 resin, and then the 
embedded resin was cut into ultrathin slices with a thickness of about 
100 nm for Bio-TEM (Philips EM 201, U. S. A.) observation. 

In parallel, the structural integrities of the S. aureus cultured on the 
bare and ZNR-Ti discs were tested by the protein leakage assay. As 
described in previous work [26], S. aureus were incubated on bare Ti and 
ZNR-Ti discs for 3, 12 and 24 h. At each time point, the MHB culturing 
bacteria seeded on the discs were collected and centrifuged to get the 
supernatant, followed by detecting the total amounts of protein con-
tained in the obtained supernatant using BCA protein assay kit (Ther-
mofisher, U. S. A.) in the light of the manufacturer’s instruction. In this 
experiment, blank MHB, MHB culturing bacteria seeded on TCP and 0.1 
M H2O2 contained MHB culturing bacteria seeded on TCP were used as 
control groups. 

2.6.2. Analyses of intracellular ROS of S. aureus cultured on the bare and 
ZNR-Ti discs 

Intracellular ROS of S. aureus cultured on the bare Ti and ZNR-Ti 
discs were tested using intracellular ROS assay kits (Beyotime). After 
4 h of incubation, the bacteria-seeded discs were rinsed with PBS twice. 
500 μL PBS containing 10 μM 2′,7′-dichloroflorofluorescin diacetate 
(DCFH-DA) was added to each well for loading the fluorescence probe 
into the bacteria, followed by incubating at 37 ◦C for 30 min in darkness. 
The fluorescence stained bacteria were observed by the laser confocal 
microscope (FV1200, Olympus). In the test, S. aureus cultured on bare Ti 
in 0.1 mM H2O2 contained MHB was used as positive control. 

2.7. Anti-bacterial capability of the ZNR-Ti pillar in vivo 

2.7.1. Implantation of the bare and ZNR-Ti pillars in bacteria infected 
tibias of rats 

Sprague-Dawley rats with average 200 g weight were used for the 
following in vivo experiments, which were approved by the Institutional 
Animal Care and Use Committee (IACUC) of Xi’an Jiaotong University. 
4% chloral hydrate was intraperitoneally injected by weight-adopted 
(0.3 mL/100g) to anesthetize the rats. For each rat, both lower limbs 
were shaved and disinfected with povidone iodine, followed by making 
a 5 mm skin incision at each of the tibial diaphyses to drill a φ 1.5 mm 
hole on each diaphysis. Subsequently, 20 μL S. aureus suspensions with 
the concentration of 1 × 106 CFU mL− 1 were injected into the holes 
using a microsyringe prior to the φ 1.4 × 4 mm sized bare Ti or ZNR-Ti 
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pillars being parallelly inserted into the marrow cavity from the pre- 
drilled hole, and then the muscle, subcutaneous tissue, and skin were 
sutured. After surgery, the rats were housed in separate cages and 
allowed to move freely. No antibiotic was administered. 

2.7.2. Radiographic evaluation 
After 4 weeks of implantation, lateral radiographs of the tibias con-

taining the bare Ti and ZNR-Ti pillars were taken using radiographic 
meter (ALOKA, Hitachi, Japan). 

2.7.3. Microbiological examination 
The rats were sacrificed after 4 weeks post-surgery, and the 

explanted bare Ti and ZNR-Ti pillars and pulverized peri-implant bone 

were rolled over on blood agar plates, which were incubated for 24 h at 
37 ◦C to quantify the viable bacteria adhered on the bare Ti and ZNR-Ti 
pillars as well as peri-implant bone by means of the GB/T 4789.2 pro-
tocol. For each kind of the pillars, six samples were repeated in the 
experiment. 

2.8. Statistical analysis 

The data were expressed as mean ± standard deviation (SD) from 
repeated independent experiments. The data were analyzed using SPSS 
16.0 software (SPSS, U.S.A.). One-way ANOVA followed by a least- 
significant-difference (LSD) post hoc test was used to determine the 
level of significance. Here, p < 0.05 and 0.01 were considered to be 

Fig. 2. Microstructures of MAO0 and ZNR. (A) SEM morphologies and TEM analyzed cross-sectional structure of MAO0: the panoramic bright field image depicted 
cross-sectional morphological outline of MAO0, for the detailed structure of I-marked surface layer in the panoramic bright-field image, I-1, I-2 and I-3 showing the 
corresponding SAED pattern along with the HRTEM image and EDX spectrum, respectively; taken from II-marked underlying layer in the panoramic bright-field 
image, II-1 and II-2 showing the magnified image (the inset showing the EDX spectrum detected with the red line square-marked region) and SAED pattern, II-3 
showing the HRTEM image of the blue dotted-square marked region in II-1, respectively; (B) SEM surface and cross-sectional morphologies, along with EDX pro-
files as well as TEM analyzed cross-sectional structure of ZNR: the panoramic bright field image depicted cross-sectional morphological outline of ZNR, for the 
detailed structure of III-marked an individual nanorod in the panoramic bright-field image, III-1, III-2 and III-3 showing the corresponding SAED pattern along with 
the HRTEM image and EDX spectrum, respectively; taken from IV-marked underlying layer in the panoramic bright-field image, IV-1 showing the magnified image, 
and IV-2 showing the HRTEM image of the red line square-marked region in IV-1 (the inset showing the corresponding SAED pattern), IV-3 showing the SAED pattern 
of the green line square-marked region in IV-1, and IV-4 showing the dark-field image corresponding to R (110) together with Z (311) in IV-3, IV-5 showing the 
HRTEM image of the blue line square-marked region in IV-1, IV-5 showing the EDX spectrum detected with the red and blue arrows-marked region in IV-1, 
respectively. The abbreviations R and Z denote Rutile and Zn2TiO4, respectively. 
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significant and highly significant, respectively. 

3. Results and discussion 

3.1. Microstructures of the as-MAOed coating and hydrothermally grown 
nanorods-patterned array 

MAO0 reveals a micro-porous topography with 2–15 μm diametric 
micropores uniformly distributed on the surface. MAO0 has a uniform 
thickness of ~20 μm, as identified by the EDX profiles of Ti, O, and Zn 
detected on the cross-section of the coating. From the surface and cross- 
sectional views, the micropores’ walls and the outmost part of the 
coating matrix show a smooth and quite dense structure (left image in 
Fig. 2A), comprising rutile TiO2 (r-TiO2) and Zn2TiO4 as identified by 
XRD spectrum in Fig. S1 (Supplementary data). The hyperfine structure 
of MAO0 was carefully examined using TEM (right image in Fig. 2A). 
Obviously, two layers with different crystallinity are contained in the 
coating. I-marked upper-layer with thickness of ~500 nm consists of 
complete amorphism (Fig. 2A–I1 and I2) and contains elements of Ti, O 
and Zn (Fig. 2a–I3), while the II-marked sub-layer is partially crystal-
lized with r-TiO2 and a small fraction of Zn2TiO4, which embedded into 
the amorphous matrix (Fig. 2a-II1~II3). Moreover, Zn, Ti and O are also 
detected by EDX in the amorphous matrix of the sub-layer (inserted EDX 
spectrum). Given that Zn element contained in amorphous matrix of an 
as-MAOed layer presents in the form of Zn–O bond [26], it is clear that 
the contained Zn element in MAO0 presents in two forms of Zn–O bond 
and Zn2TiO4, respectively. 

After HT for 4 h, the surface of as-MAOed layer still appears porous in 
low magnification, while the high amplifying views reveal that the 
nanorods with a mean rod diameter of ~72 nm and an inter-rod spacing 
of ~81 nm hydrothermally grown on the surface of the layer (surface 
view in Fig. 2B). Based on the cross-sectional views and EDX profiles of 
Ti, O and Zn detected on the cross-sections (left image in Fig. 2B), 
together with XRD spectrum (Fig. S1, Supplementary data), it is revealed 
that the MAO and HT derived coating comprises a nanorods-arrayed 
outer layer composing of ZnO and showing a thickness of ~900 nm as 
well as a microporous inner layer adjacent to Ti substrate containing r- 
TiO2 and Zn2TiO4, and the coating is consequently termed as ZNR. 
Notably, the roots of ZnO nanorods embed into the matrix of the inner 
layer to ensure a strong adhesion between the nanorods and their un-
derlying layer. The bilayer structure of ZNR is further identified by the 
TEM images in Fig. 2B (right image). Based on the selected area electron 
diffraction (SAED) pattern (III-1), high resolution TEM image (HRTEM) 
(III-2) and the EDX (III-3) taken from III-marked micro-area in the 
panoramic TEM bright-field image, it is further confirmed that the 
nanorods in ZNR comprises ZnO single crystal, growing along the c-axis 
of the hexagonal crystal. Moreover, the bright-field image (IV-1), 
HRTEM images (IV-2 and 5), SAED pattern (IV-3) and dark-field image 
(IV-4) taken from IV-marked micro-area in the panoramic TEM bright- 
field image reveal that the inner layer underlying ZnO nanorods com-
prises an upper-layer of completely amorphism and a sub-layer with 
nanocrystalline TiO2 and Zn2TiO4 to embed into the amorphous matrix. 
Although the hyperfine-structure of the inner layer of ZNR is similar 
with that of MAO0, the Zn contents in both amorphism contained in the 
upper- and sub-layer are much less than those in the corresponding 
layers of MAO0, as revealed by Fig. 2A–I3 showed and II1 inserted EDX 
spectra vs. Fig. 2B–IV6 depicted EDX spectra. 

Current works have shown that ZnO arrays derived by HT always 
formed in the hydrothermal solution containing Zn2+, which acts as the 
source of Zn to form ZnO [32,33], however, Zn-free hydrothermal so-
lution was used to grow ZnO nanorods in situ on the as-MAOed layer in 
our present work. Thus, to identify the origination of Zn to form ZnO 
nanorods and investigate the growth process of these ZnO nanorods on 
the MAOed layer during HT, MAO0 were hydrothermally treated (HTed) 
for 1 and 2 h, respectively, and the phase components of the resultant 
coatings were identified (Fig. S1, Supplementary data). Both the HTed 

coatings consist of r-TiO2, Zn2TiO4 and ZnO, indicating the formation of 
ZnO during HT; moreover, with prolonging the duration of HT, the 
contents of ZnO in the coatings tend to increase. The surface and 
cross-sectional morphologies of the HTed coatings were also observed as 
shown in Fig. 3A. After HT for 1 h, ZnO nanogranules with a size of ~20 
nm are observed to nucleate and grow on the MAOed layer. At 2 h of HT, 
these ZnO nanogranules grow longer and coarser, transitioning into 
nanorods with length of ~400 nm, diameter of ~72 nm and interrod 
spacing of ~81 nm. With prolonging the time to 4 h, these nanorods 
continually undergo significant growth in length, but exhibit almost no 
changes in diameter (Fig. 2B). Fig. 3B reveals the changes in depth 
profile of Zn element on the cross-section of the MAOed layer before and 
after HT for 2 and 4 h, respectively. The contents of Zn in the MAOed 
layer at the same distance from the ZnO nanorods/MAOed layer in-
terfaces decreased with prolonging HT-duration time, revealing the 
Zn2+ incorporated in the MAOed layer migrating out to its surface 
during HT. Based on the fact of Zn decrease in the amorphism contained 
in the MAOed layer after HT (Fig. 2B vs. 2A) and much higher decom-
position temperature of Zn2TiO4 than the HT temperature [34], it can be 
inferred that the migrated Zn2+ for nucleation and growth of ZnO 
nanorods derived from the Zn–O bonds contained in amorphous matrix 
rather than Zn2TiO4 contained in the MAOed layer. When the migrated 
Zn reaches supersaturation relative to ZnO on the surface of the MAOed 
layer, it reacted with hydroxyl groups in the hydrothermal solution to 
form ZnO nuclei [35] and grew in length into nanorods with prolonging 
HT time (Fig. 3A). The formation mechanism of ZnO nanorods during 
HT is schematically shown in Fig. 3C. 

3.2. Evaluation of structural stability of ZNR 

Strong bond strength between coatings and substrates can ensure a 
long-span service life of endosseous implants [36,37]. The bond strength 
of ZNR was examined using scratch test, as shown in Fig. 4A. The critical 
load (Lc) of the coating is 22.5 ± 1.4 N that causes initial delamination of 
ZNR (magnified I-marked area in Fig. 4A). As identified by the inserted 
EDX spectra, the delamination occurs in the interior of as-MAOed layer, 
rather than the interfaces of ZnO nanorods/MAOed layer or MAOed 
layer/Ti substrate. The results indicate that Lc characterizes the cohesive 
strengths of the coating and that the adhesive strengths between the 
coating and substrate as well as ZnO nanorods and as-MAOed layer are 
higher than the Lc. Notably, the Lc value of ZNR is far higher than the 
precipitation derived ZnO nanorod-like arrays on steel substrates [38]; 
moreover, the Lc value of ZNR is similar to that of HT derived TiO2 
nanorods-patterned coating on Ti (25.4 ± 0.9 N) that is not delamination 
even after 3.85 × 106 cycles at a cyclic load of 354.1 MPa [36]. 
Collectively, MAO and HT derived ZNR exhibits strong bond strength to 
ensure their long-life span in clinic. 

The Zn2+ release profiles of M − Ti and ZNR-Ti in physiological sa-
line (PS) are depicted in Fig. 4B, displaying that Zn2+ concentrations of 
the PS solution immersing M − Ti and ZNR-Ti tend to increase with 
immersion time. At each time point, M − Ti releases far more Zn2+ in 
amount than ZNR-Ti (Fig. 4B). Moreover, Zn2+ exhibits a burst release 
from ZNR-Ti within 24 h of immersion, resulting in higher Zn2+ con-
centration in the ZNR-Ti immersed PS compared to the minimum 
bactericidal concentration (MBC) of Zn2+, which is 0.65 ppm [39,40]. 
Given the disorder nature of amorphism and almost insolubility of 
Zn2TiO4 [26], the released Zn2+ of M − Ti originates from the Zn–O 
bonds contained in the amorphous matrix of MAO0. Regards to ZNR, 
besides of the Zn–O bonds contained in the amorphous matrix of the 
inner MAOed layer, Zn–O bonds contained in the ZnO nanorods are also 
the contributor for Zn2+ release of ZNR-Ti, due to the solubility of ZnO 
[41]. The results are identified by Fig. 4C and D, although no obvious 
change in morphology appearing in the immersed ZNR at low magni-
fication (SEM image), the high amplifying view (TEM image) reveals the 
edge of the immersed ZnO nanorod is etched compared to that before 
immersion (Fig. 4D). However, the Zn–O bonds contained in amorphous 
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Fig. 3. (A) Surface and cross-sectional SEM morphologies of the 1 and 2 h HTed MAO0; (B) in-depth distribution profiles of Zn in M − Ti, 2 h and 4 h HTed M-Ti; (C) 
schematic diagram showing the growth of ZnO nanorods during HT. 

Fig. 4. (A) Bond strength of ZNR evaluated with scratch tests: curves of acoustic output versus load, scratch morphology, and the amplified view of the initial failure 
area caused by critical load (Lc) together with the inserted EDX spectrum detected on the ①-marked surface and ②-marked delaminating region of the coating; (B) 
Zn2+ concentrations of the PS solutions immersing M − Ti and ZNR-Ti discs as a function of immersion time (MBC: minimum bactericidal concentration); (C) surface 
morphology of ZNR after 60 days of immersion in PS solution; (D) TEM images of an individual ZnO nanorod before and after 60 days of immersion in PS solution. 
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matrix of the MAOed layer are thought to be relatively weaker than 
those in crystallized ZnO [26], together with the fact of Zn2+ migration 
out of MAOed layer to form ZnO nanorods during HT (Fig. 3B), it is 
easier to understand the lower release amount of Zn2+ from ZNR-Ti than 
M-Ti. 

3.3. Antibacterial abilities of ZNR in vitro and in vivo 

The release- and contact-killing manners of ZNR-Ti against Gram- 
positive bacteria, S. aureus and Gram-negative bacteria, E. coli in vitro 
and in vivo were tested, together with the control group of bare Ti 
without antibacterial activity [26]. The results are shown in Figs. 5 and 
S2 (Supplementary data), respectively. 

As shown in Fig. 5A, the number of planktonic S. aureus colonies in 
the MHB immersing ZNR-Ti significantly decreases compared to that in 
the bare Ti immersed MHB, as assessed by counting bacterial colonies 
formed by picking up bacteria suspension immersing bare Ti and ZNR-Ti 
for 24 h and re-cultivating on agar. It is indicated the intense release- 
killing ability of ZNR. 

Parallelly, the bactericidal effects of ZNR-Ti against the adhesive 
S. aureus after different incubation time were assessed by counting 
bacterial colonies (Fig. 5B), which formed by dissociating S. aureus from 
ZNR-Ti at each incubation time point and re-cultivating on agar. The 

bacterial colony number on ZNR-Ti significantly decreased compared to 
that on Ti within 5 min of incubation, and almost no viable bacteria are 
dissociated from ZNR-Ti after 24 h of incubation, while the bacteria 
cultured on bare Ti proliferate throughout the whole incubation period. 
Such bactericidal effect of ZNR-Ti is further identified by the live/dead 
staining images of S. aureus cultured on it, exhibiting significantly less 
viable bacteria (marked by green fluorescence) compared to those of 
bacteria cultured on bare Ti at each time point (Fig. 5C). The mor-
phologies of S. aureus cultured on bare Ti and ZNR-Ti after different time 
were observed, as shown in Fig. 5D. The bacteria on bare Ti appear an 
intact ball-shaped morphology with smooth surface and the numbers 
increases with incubation time, keeping in line with the plate-counting 
and fluorescence-staining results (Fig. 5B and C). Moving to ZNR-Ti, 
after 5 min of incubation, extracellular polymeric substance (EPS) is 
secreted by S. aureus to adhere onto ZnO nanorods, moreover, EPS- 
induced adhesive force of bacteria to ZnO drove the nanorods to punc-
ture bacterial cell wall (i.e., mechano-penetration, marked by red arrow 
in Fig. 5D). Due to the cell wall penetration induced distortion of the 
linkage between the bacterial outer membrane and peptidoglycan [42], 
the bacteria exhibits wrinkled surfaces. With prolonging incubation 
time, bacteria penetration becomes much deeper to induce severely 
damage of cell walls and plasma membranes, leading to the collapse of 
S. aureus and leakage of intracellular proteins, which is supported by the 

Fig. 5. The antibacterial activities of ZNR-Ti disc in vitro and in vivo. (A) Numbers of S. aureus colonies formed by picking up the bacteria suspensions from the MHB 
cultured with bare Ti and ZNR-Ti discs for 24 h and re-cultivating on agar for another 24 h, along with the inserted optical photograph of undiluted bacteria colonies 
formed by picking up S. aureus from the MHB immersing the bare Ti, ZNR-Ti discs and then re-cultivating on agar for 24 h; (B) numbers of undiluted bacteria colonies 
formed by dissociating S. aureus from the bare Ti and ZNR-Ti discs after different incubation time and then re-cultivating on agar for 24 h, along with the inserted 
optical photograph of undiluted bacteria colonies formed by dissociating S. aureus from the samples after 24 h of incubation and then re-cultivating on agar for 24 h; 
(C) fluorescent live/dead straining images and (D) SEM images of S. aureus cultured on the bare Ti and ZNR-Ti discs for different time; (E) protein concentrations of 
the MHB culturing S. aureus seeded on the bare Ti and ZNR-Ti discs for 5 min, 2 h and 24 h, together with the protein concentrations of blank MHB, the MHB 
culturing S. aureus seeded on tissue culture plate (TCP), and 0.1 mM H2O2 contained MHB culturing S. aureus seeded on TCP (namely TCP+0.1 mM H2O2) as controls; 
TEM images of S. aureus cultured on the (F) bare Ti and (G) ZNR-Ti discs for 2 h, together with the EDX spectra examined in the yellow dotted-circle marked areas in 
bacteria as well as the SAED pattern and EDX spectrum detected within the blue dotted-circle marked area of the nanorod; (H) laterally viewed X-ray images of 
S. aureus-infected tibias containing the bare Ti and ZNR-Ti pillars at 4 weeks of implantation (thin arrow showing an osteolysis-induced decrease in electron density 
and bold arrow showing an expansion of medullary cavity); photographs and the corresponding counted numbers of S. aureus colonies formed by rolling (I) the bare 
Ti and ZNR-Ti pillars implanted for 4 weeks together with (J) the peri-implant bone on blood agar plates and culturing for 24 h. All the data are expressed as means ±
SD (n = 3). (*p < 0.05, **p < 0.01). 
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protein leakage assays (Fig. 5E). Eventually, the bacteria on ZNR-Ti are 
broke into debris at 24 h. 

Progressively, to clarify the changes in morphologies of S. aureus 
cultured on the bare Ti and ZNR-Ti discs, the bacterial slices obtained 
from the bacteria cultured on bare Ti and ZNR-Ti for 2 h as represen-
tatives, were carefully observed by TEM (Fig. 5F and G). S. aureus 
cultured on the bare Ti disc displayed intact bacterial cell wall and 
plasma membrane as well as homogeneously distributed cytoplasm, 
containing C and O elements, as confirmed by EDX. Whereas, consis-
tently with the SEM observation in Fig. 5D, the bacterial cell wall and 
plasma membrane are pierced by an individual ZnO nanorod (marked 
by green arrow and identified by SAED pattern and EDX profile detected 
in the blue dotted circle-marked area in Fig. 5G). Owing to the leakage of 
intracellular protein (Fig. 5E) through the punctured cell wall and 
plasma membrane, inhomogeneous distribution of cytoplasm is 
observed (white arrow). In addition, besides C and O, Zn element was 
also detected by EDX in the bacterial cytoplasm, revealing the influx of 
Zn2+ released from ZNR (Fig. 4B) into bacterial cytoplasm. 

In addition, as shown in the plate-counting assessed bacterial colony 
numbers (Figs. S2a and b, Supplementary data), ZNR-Ti also exhibits 
bactericidal capability against the planktonic and the adhered E.coli in 
vitro with the respective bactericidal rates of 89.74% and 99.41%. 
Moreover, the live/dead staining were performed to examine the viable 
E. coli cultured on bare Ti and ZNR-Ti for 24 h and the results are shown 
in Fig. S2C. Intense green fluorescence is observed on bare Ti, indicating 
the large amount of live bacteria existing on Ti, while almost no viable 
bacteria exist on ZNR-Ti. The results are further confirmed by SEM 
images in Fig. S2D. Taken together, ZNR-Ti exhibits strong bactericidal 
activity against gram-negative E. coli, revealing a broad-spectrum 
bactericidal capability of ZNR. 

The bactericidal capability of ZNR-Ti was also evaluated in S. aureus- 
infected rat bone marrow cavities. The ZNR-Ti pillars with the identical 
surface morphology to the disc-shaped ZNR-Ti (Fig. S3, Supplementary 
data) were implanted in S. aureus-infected rat tibia, together with the 
bare Ti pillars as a control group. Fig. 5H shows the lateral view X-ray 
images of the bare and coated Ti post 4 weeks of implantation. Expan-
sion of the medullary cavity and osteolysis (marked by white arrows) are 
observed around the bare Ti pillar, suggesting the appearance of 

bacterial infection within bone due to the lack of antibacterial activity of 
bare Ti. However, in the case of the implanted ZNR-Ti pillar, bacteria 
infection induced osseous destruction is not observed within the peri- 
implant bone. Fig. 5I and J shows the photographs and the corre-
sponding counted numbers of S. aureus colonies formed by rolling the 
bare Ti and ZNR-Ti pillars and the peri-implant bone separately after 4 
weeks of implantation on blood agar plates and re-culturing for 24 h. 
S. aureus on the ZNR-Ti pillar and within the peri-implant bone exhibit a 
sharp reduce in amount compared to the respective ones corresponding 
to the bare Ti pillar, disclosing the still strong antibacterial activity of 
ZNR in vivo. 

A great deal of works have been conducted to investigate the anti- 
bacterial capability of ZnO nanorod-like particles or coatings fabri-
cated by various methods in vitro and in vivo [32,33,43–55]. To conve-
niently compare the antibacterial effects of our ZNR to that of ZnO 
contained nanoparticles or coatings mentioned in other works, their 
antibacterial rates together with bond strengths of ZnO coatings are 
summarized in Fig. 6. It is shown that ZnO nanorods-patterned coating 
fabricated in our work exhibit comparable or even higher antibacterial 
rate compared to ZnO nanorod-like particles [43,44] and coatings [32, 
45–47,54,55] with [54,55] or without physical stimulation [32,45–47], 
other elements doped ZnO [33,48,49] and ZnO contained compounds 
[50–53], exhibiting the convenient usage of our coating in achieving 
high antibacterial efficacy. More crucially, our ZnO nanorods-patterned 
array is fabricated without using templates, catalysts and ZnO seeds, 
leading to that the bond strength of our ZNR is far higher compared to 
those of hydrothermal grown ZnO coating using ZnO seeds [38,56]. The 
aforementioned advantages of our MAO and HT derived ZnO 
nanorods-patterned array ensure its antibacterial performance in clin-
ical application. 

3.4. Quantitative evaluation of the contribution of mechano-penetration, 
formed ROS and released Zn2+ to the bactericidal activity of ZNR 

Based on the aforementioned results, the bactericidal activity of ZNR 
is partially dependent on the mechano-penetration effect of ZnO nano-
rods against the adhered S. aureus. To identity whether ROS plays a role 
in the bactericidal activity of ZNR, the formation of ROS, including O2

− ⋅, 

Fig. 6. Antibacterial rates of ZnO nanorod-like particles and coatings in vitro and in vivo as well as bond strengths of ZnO nanorods-patterned coatings mentioned in 
literatures and our ZNR. 
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HO⋅ and H2O2 in the ZNR-Ti disc immersed MHB was firstly performed 
using ESR spectroscopy (for O2

− ⋅ and HO⋅) and H2O2 assay kits, 
respectively, together with the bare Ti disc immersed MHB as a negative 
control, as shown in Fig. 7A–C. No ESR adsorption peaks of O2

− ⋅ and HO⋅ 
are detected in the MHB immersing the bare Ti disc, and the concen-
tration of H2O2 in bare Ti immersed MHB was comparable to that in the 
blank MHB tested in our previous work [26], revealing no ROS were 
formed on bare Ti in this medium. However, conspicuous O2

− ⋅ and HO⋅ 
species as well as H2O2 are formed on ZNR-Ti. It has been reported that 
ZnO synthesized at relatively low temperature exhibits surface defects 
(e.g., oxygen vacancy with one electron) [57], which reacts with O2 to 
form O2

− ⋅. The formed O2
− ⋅ can react with aqueous solution to induce 

hydroperoxyl radical that recombines to form H2O2, which reacts with 
O2

− ⋅ to form HO⋅ and hydroxyl ion [11]. Consequently, HT derived ZNR 
at 140 ◦C in the present work can induce ROS formation in MHB. 

Subsequently, the intracellular ROS fluorescence staining tests were 
carried out for the bacteria cultured on the bare and coated Ti discs after 
2 h of incubation, together with bacteria cultured in 0.1 mM H2O2 
contained MHB on tissue culture plate (TCP) as a positive group. The 
obtained images are shown in Fig. 7D, in which the intracellular ROS 
level is characterized by green fluorescence intensity of the stained 
S. aureus. Although the intracellular ROS level of S. aureus cultured on 
ZNR-Ti is slightly lower than that of S. aureus cultured in 0.1 mM H2O2 
contained MHB on TCP, it exhibits significant enhancement compared to 
that of S. aureus cultured on the bare Ti disc. For one hand, H2O2 formed 
on ZNR can enter bacteria efficiently and be transformed into HO⋅ by 
ferrous ions through Fenton reaction [58] to elevate the intracellular 
ROS level; on the other hand, the released Zn2+ from ZNR can inflow 
into bacteria (Fig. 5G) through a zinc importer-ZnuABC with high 

affinity on cytoplasmic membrane [59], which could inactivate the 
cellular antioxidant pool and disrupt the metabolic balance to enhance 
intracellular ROS level via Fenton-like reactions [28,60,61]. 

Among the ZNR-derived extracellular ROS, HO⋅ as the most reactive 
oxidant, together with O2

− ⋅ ions oxidized and destroyed the peptido-
glycan, the predominant component of bacterial cell wall, and the 
cytoplasmic membrane [62,63]. Furthermore, the flow of extracellular 
H2O2 and Zn2+ into cytoplasm derived intracellular ROS elevation not 
only aggravates the damage of phospholipid and thereby plasma 
membrane caused by the extracellular ROS, but also has additional 
harmful to intracellular proteins and DNA, ultimately accelerating 
bacteria death. 

Based on the aforementioned results, it can be identified that the 
bactericidal activity of ZNR against the adhesive S. aureus is attributed to 
the synthetic effects of mechano-penetration of ZnO nanorods as well as 
ROS formation and Zn2+ release. To quantitatively clarify the contri-
bution of each kind of these contributors, amorphous layer with a 
thickness of 3 nm (Fig. 7E) is deposited on each of the nanorods in ZNR 
using ALD, which contains Al and O elements, as identified by the ele-
ments maps in Fig. 7F, consequently the Al–O deposited ZNR is termed 
as Al–O@ZNR. Al–O@ZNR exhibits similar nanotopography to ZNR 
(Fig. 7G), while it does not release Zn2+ (Fig. 7H) and induce ROS for-
mation (Fig. 7A–C), eliminating their contribution and preserving the 
sole contribution of mechano-penetration to bactericidal activity of 
ZNR. Based on the plate-counting assessed bacterial colony numbers 
(Fig. S4, Supplementary data), the bactericidal rates at each time point 
(i.e., the ratio of bacterial colony numbers on the coatings and bare Ti) of 
Al–O@ZNR and ZNR are shown in Fig. 7I. The bactericidal rates of ZNR 
and Al–O@ZNR are respective 30.6 ± 7.34% and 10.7 ± 3.27% at 5 min, 

Fig. 7. The ESR spectra of (A) superoxide (O2
−
•) and (B) hydroxyl radical (•OH) in the MHB immersing the bare Ti, ZNR-Ti and Al–O@ZNR-Ti discs as detected 

using TEMPO⋅ and DMPO-OH spin trap agents; (C) the concentrations of H2O2 in the MHB immersing the bare Ti, ZNR-Ti and Al–O@ZNR-Ti discs; (D) fluorescent 
straining images of ROS in S. aureus cultured on bare Ti, ZNR-Ti in MHB and on TCP in 0.1 mM H2O2 contained MHB; (E) TEM analyzed microstructures of 
Al–O@ZNR and (F) the distribution maps of Al, O, and Zn elements detected on the nanorod shown in (E) using TEM-equipped EDX; (G) surface SEM morphology of 
Al–O@ZNR; (H) Zn2+ concentration of the PS solution immersing Al–O@ZNR as a function of immersion time; (I) the reduction percentages of bacteria colony 
numbers on ZNR-Ti and Al–O@ZNR-Ti surfaces relative to that on the bare Ti after different incubation time (i. e. antibacterial rates); (J) numbers of undiluted 
bacteria colonies formed by picking up the 24 h-incubated planktonic S. aureus from the Ti immersed MHB and ZnCl2 contained MHB and re-cultivating on agar for 
24 h, along with the inserted optical photograph of these bacteria colonies; (K) the anti-bacterial rates against planktonic S. aureus of the ZnCl2 contained MHB and 
ZNR-Ti immersed MHB after incubation for 24 h (*p < 0.05, **p < 0.01). 
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45.5 ± 6.72% and 27.6 ± 5.67% at 30 min, 83.6 ± 8.49% and 62.8 ±
6.77% at 2 h, 99.1 ± 1.26% and 96.2 ± 0.23% at 4 h, 99.9 ± 0.003% and 
96.0 ± 1.01% at 24 h. Based on the facts of lower Zn2+ concentration 
released from ZNR than MBC within 4 h of incubation (Fig. 4B) and 
subsequently similar bactericidal rates of the two coatings (Fig. 7I), it is 
suggested that the predominant contributors against adhesive bacteria 
are mechano-penetration and ROS rather than released Zn2+. Moreover, 
it also can be inferred from the results that the quantitative contribution 
of ROS to the bactericidal activity of ZNR against the adhesive bacteria is 
about 20%, which is the main contributor within 30 min of incubation. 
However, the contribution of mechano-penetration increases with time 
and eventually reached to ~96%, playing a predominant role in bacte-
ricidal activity of ZNR after 2 h of incubation. The transition of main 
contributors may ascribe to the no obviously variational surface defects 
in ZNR and the gradually increased adhesive force of the bacteria onto 
its underlying nanorods [64]. Collectively, for the adhered bacteria, 
ZNR induced ROS plays a key role in killing bacteria during the initial 
incubation period, appearing a contribution value of ~20%; while with 
prolonging incubation time, mechano-penetration of ZNR becomes the 
predominant contributor to its bactericidal activity with a high contri-
bution value of ~96%, leading to the death of almost all the adhered 
bacteria. The bactericidal mechanism is illustrated in Fig. 8. 

For killing the planktonic S. aureus in the MHB immersing ZNR-Ti, 
the effectors are the partially released ROS and Zn2+ from ZNR. To 
quantitatively clarify the contribution of released ROS and Zn2+ to kill 
the planktonic bacteria at 24 h of incubation, ZnCl2 contained MHB is 
used to culture bacteria, which containing the same Zn2+ content with 
that of MHB immersing ZNR for 24 h (Fig. 4B). As shown in Fig. 7J and 
K, the bactericidal rate of ZnCl2 contained MHB is 88.31% at 24 h, which 
is close to that of ZNR against planktonic S. aureus (Fig. 7K), indicating 
that the main contributor to kill the planktonic bacteria is the released 
Zn2+ from ZNR (Fig. 8). 

4. Conclusions 

A ZnO nanorods-patterned coating (ZNR) is fabricated on Ti by 
means of MAO and HT without using templates and catalysts at rela-
tively low temperature. The coating comprises an outer layer of ZnO 
nanorods and an inner microporous MAOed layer composing of nano-
crystalline TiO2 and Zn2TiO4 to embed into Ti, O and Zn contained 
amorphous matrix. During HT, Zn2+ contained in the amorphous matrix 
of the MAOed layer rather than Zn2TiO4 migrates to the surface and 
reacts with OH− in hydrothermal solution to form ZnO nucleation, 
which grew in length at expense of the migrated Zn2+. The weak Zn–O 
bonds in amorphous matrix of the MAOed layer are identified to the 
predominantly contributor to the Zn2+ release of ZNR, which are 
expensed to form ZnO nanorods during HT, giving rise to the much 
lower Zn2+ release from ZNR than the as-MAOed coating (MAO0) within 
the same immersion duration. ZNR exhibits intense bactericidal activity 
against the adhered and planktonic S. aureus and E. coli in vitro and in 
vivo. For the adhesive bacteria, the bactericidal contributors are the ZnO 
nanorods derived mechano-penetration and the ZnO induced ROS. It is 
revealed that ROS is the main contributor within 30 min of incubation 
with a steady quantitative contribution value of ~20%. However, owing 
to the gradually increased adhesive force of bacteria to its underlying 
nanorods, the predominant bactericidal contributor of ZNR transforms 
into mechano-penetration, and its contribution reached to 96% after 24 
of incubation. For the planktonic bacteria, the bactericidal contributors 
are the released ROS and Zn2+ from ZNR, in which the released Zn2+

functions as the predominant contributor with the quantitative value of 
~88.31% at 24 h of incubation. 
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