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Silver (Ag) has broad-spectrum antibacterial properties and is widely used in various fields, including in antibacterial coatings for
orthopedic implants. For reasons of cost and cytotoxicity, improvement of the antibacterial efficiency of Ag is necessary. The
scientific community has also shown a strong enthusiasm in this research area. In this paper, ZnO nanorod arrays were
prepared on a titanium (Ti) substrate by seed-assisted hydrothermal method and Ag nanoparticles were deposited by
magnetron sputtering to obtain Ag nanoparticle-decorated ZnO nanorod arrays (ZnO nanorods/Ag nanoparticles). The
antibacterial properties of ZnO nanorods/Ag nanoparticles against Pseudomonas aeruginosa were systematically studied by agar
diffusion method and were compared with other samples such as ZnO nanorod arrays and ZnO seed layer/Ag nanoparticles.
The experimental results showed that ZnO nanorods/Ag nanoparticles displayed significantly higher antibacterial properties
against Pseudomonas aeruginosa than other samples, including ZnO nanorod arrays and ZnO seed layer/Ag nanoparticles.
These superior antibacterial properties originated predominantly from the morphological structure of ZnO nanorods, which
optimized the particle size and distribution of Ag nanoparticles, greatly improving their antimicrobial efficiency. The synergistic
antibacterial properties of Ag nanoparticles and ZnO nanorods make Ag nanoparticle-decorated ZnO nanorod arrays a
promising candidate for antibacterial coating of orthopedic implants.

1. Introduction

In orthopedics, implant-related postoperative infection is a
serious complication with a high incidence rate of 1%-4%
[1]. In recent years, the excessive use of antibiotics has led
to a large number of drug-resistant strains, increasing the
postoperative infection rate annually. To curb this and
reduce antibiotics abuse, the research on antibacterial coating
materials for orthopedic implants has received much atten-
tion in the scientific community.

Silver (Ag) nanoparticles have broad-spectrum antibacte-
rial activities and good inhibitory effects on Gram-positive
and Gram-negative bacteria, fungi, virus, and cancer cells
[2–6], making them one of the most important antimicrobial
materials. While increasing the amount of Ag nanoparticle
used is the most straightforward method of enhancing the
antibacterial properties of Ag-based antibacterial coatings,
this method falls short in many aspects. First, the cost of Ag

is relatively high. Second, Ag nanoparticles tend to agglomer-
ate when they are present in large numbers, which reduces
antibacterial efficacy [7]. The homogeneous distribution of
Ag nanoparticles can produce small size and high surface-
to-volume ratio of Ag nanoparticles, which can improve the
antibacterial effect. In particular, higher Ag dosage may have
toxic or side effects on human cells and tissues. For example,
overdose of Ag nanoparticles has been reported to suppress
the human immune system [8] and induce the production
of cytotoxins that damage fibrous tissues in the human lungs
[9]. In this sense, improving the antibacterial efficiency of Ag
nanoparticles has become a focus of antibacterial coating
research. In contrast, zinc oxide (ZnO) has good biocompat-
ibility [10] and low cytotoxicity [11] and promotes the secre-
tion of collagen by osteoblasts and the mineralization of the
extracellular matrix [12]. In recent years, ZnO nanomaterials
have been found to have good antibacterial activities [13–15]
and have attracted much attention as antibacterial materials
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because of their low cost, simple preparation, high biocom-
patibility, and abundant morphological possibilities that are
well controllable. A number of Ag/ZnO materials with good
antibacterial properties have been prepared by combining
the two [16–21]. Recent reported studies focus on the prepa-
ration of different types of Ag/ZnO samples, such as Ag/ZnO
nanocomposite [18], Ag-containing ZnO films [20], and Ag-
doped ZnO nanoparticles [21]. Most of the work is to
enhance the antibacterial activity by changing the content
or concentration of Ag [20, 21]. Although Ag/ZnO has been
reported to improve the antibacterial activity, little in-depth
study has been conducted on how to optimize the antibacte-
rial efficiency of Ag by using the synergistic antibacterial
effect of Ag and ZnO.

In this study, ZnO nanorod arrays were fabricated on Ti
wafer by a modified seed-assisted hydrothermal method [22]
and Ag nanoparticles were deposited by magnetron sputter-
ing to develop Ag nanoparticle-decorated ZnO nanorod
arrays [23]. The morphology and composition of the samples
were characterized by SEM, XRD, and other techniques. The
antibacterial properties of ZnO nanorods/Ag nanoparticles
and other samples such as ZnO nanorod arrays and ZnO
seed layer/Ag nanoparticles against Pseudomonas aeruginosa
were studied by agar diffusion. The results of this study con-
firm the excellent antibacterial properties of ZnO nanorod-
s/Ag nanoparticles and reveal the mechanism of their
synergic antibacterial activities.

2. Materials and Methods

2.1. Sample Preparation

2.1.1. Preparation of the ZnO Seed Layer. The ZnO seed layer
was fabricated on 10mm × 10mm titanium (Ti) wafer by
sputtering the ZnO target. The deposition of the seed layer
was conducted under the following conditions: temperature
of 400°C, oxygen flow rate of 10 sccm, argon flow rate of
40 sccm, working pressure of 1 Pa, and deposition time of
45 s.

2.1.2. Preparation of ZnO Nanorods. Two types of ZnO nano-
rods were hydrothermally prepared on the ZnO seed layer
with zinc nitrate (Zn(NO3)2)·(6H2O, 99%, Sinopharm) and
hexamethylenetetramine (HMT) (C6H12N4, 99%, Aladdin)
as precursors. The first type of nanorods was synthesized by
warming 50mL each of 0.1M Zn(NO3)2 and HMT at 90°C
for 0.5 h and mixing the two solutions in a 130mL glass bot-
tle. The Ti/seed layer sample was immersed in this mixture,
and the glass bottle was sealed. After reacting for 3 h at
90°C, the sample was washed with deionized water and anhy-
drous ethanol. This Ti/ZnO nanorod sample was named
“SG,” in which the amount of ZnO was approximately
500μg/cm2. The second type of nanorod was prepared in
the same manner, except for using 0.2M Zn(NO3)2 and
HMT solution.

2.1.3. Preparation of Ag Nanoparticle-Decorated ZnO
Nanorod Arrays. Ag nanoparticles were deposited on the
two types of ZnO nanorod arrays by radio frequency (RF)
magnetron sputtering at room temperature. An RF power

of 70W was used for deposition. The deposition process took
place at an argon flow rate of 40 sccm and working pressure
of 1 Pa for 30 s. The amount of silver deposited was about
13μg/cm2. The two types of ZnO nanorod/Ag nanoparticle
samples obtained were named “SF” and “SE.”

2.2. Sample Characterization. The structural properties of the
resultant samples were investigated using an X-ray diffrac-
tometer (XRD) (PANalytical, X’Pert Pro) with Cu Kα
(λ = 0 154 nm) radiation with a 2θ scanning range of 20°-
50°. The surface morphology was examined using scanning
electronmicroscopy (SEM) (FEI Quanta 200F) with an accel-
erating voltage of 20 kV. An atomic force microscopy (AFM)
(Bruker, MultiMode 8) was used for the analysis of the grain
diameter.

2.3. Testing the Antibacterial Activity of the Samples. To study
in depth the antibacterial properties of ZnO nanorods/Ag
nanoparticles, tests were also performed on Ti wafer, hereaf-
ter referred to as SA, Ti/Ag nanoparticles (SB), Ti/ZnO seed
layer (SC), Ti/ZnO seed layer/Ag nanoparticles (SD), and
Ti/ZnO nanorods (SG). The ZnO seed layers and Ag nano-
particles were prepared in the same manner in all samples.

Our antibacterial activity test has been approved by the
ISO15189 procedure. The antibacterial effectiveness of the
samples was studied by agar diffusion [19, 24, 25]. Pseudo-
monas aeruginosa (ATCC2785, a Gram-negative bacterium)
was used as the prototypical clinical bacteria with blood agar
media (Columbia). Pseudomonas aeruginosa was inoculated
on blood agar medium and incubated at 37°C for 24 hours.
Then some colonies were diluted with 0.9% physiological
saline to prepare 108 cfu·mL-1 suspension. This suspension
was inoculated into two identical nutrient agar media N1
and N2. SA, SB, SC, and SD samples were placed into
medium N1, and SE, SF, and SG sample were placed into
medium N2. The culture media with the respective samples
were incubated at 37°C for 48 h in an incubator. The size of
the inhibition zone was measured by vernier caliper in milli-
meters (mm).

3. Results and Discussion

The crystal structure of the samples was first characterized by
XRD to prove the successful preparation of ZnO nanorod-
s/Ag nanoparticles. Highly similar XRD spectra were
obtained on the ZnO nanorods/Ag nanoparticles samples.
As shown in the XRD spectrum of the SF sample in
Figure 1, the characteristic peaks of ZnO (100), (002),
(101), and (102) are correspond to the wurtzite hexagonal
phase of ZnO (JCPDS 03-0888). The diffraction peaks
appeared at 2θ = 38 1° corresponding to the cubic-phase Ag
(111) (JCPDS 03-0921). Notably, a sharp, strong, and domi-
nant peak of ZnO (002) centered at 34.4° was observed,
which was significantly higher than the other ZnO diffraction
peaks, revealing the preferential <002> orientation of this
sample [26].

In addition, additional flat and broad peaks appeared at
2θ = 35 5° and 40.5°, which have originated from the
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titanium alloy plate substrate. These results indicated the for-
mation of highly crystalline ZnO and Ag in this work.

The SEM images of ZnO nanorod/Ag nanoparticle sam-
ples are displayed in Figure 2. Figure 2(a) is the top-view
SEM image of SF at low magnification, in which numerous
uniformly distributed hexagonal prism-like nanorods can
be seen. This is consistent with the typical morphology of
ZnO nanorods reported in the literature [27–29]. Most nano-
rods grow perpendicular to the Ti substrate, forming highly
<002> oriented nanorod arrays, as also shown in the XRD
data. These nanorods were mostly even in diameter, with
an average diameter of about 85 nm. Signs of Ag nanoparti-
cles are not evident in the low-magnification SEM image of
Figure 2(a), as the number and size of Ag nanoparticles are
much smaller than those of ZnO nanorods. The surface of
pure ZnO nanorods was smooth. In the high-magnification
top-view SEM image of SF (Figure 2(b)), we can clearly
observe the rough surface of nanorods, which corresponds
to Ag nanoparticles (AgNPs) with uniform sizes, confirming
the successful fabrication of Ag nanoparticle-modified ZnO
nanorod arrays. The morphology of SE samples is also
characterized by low- and high-magnification SEM images
(Figures 2(c) and 2(d), respectively). In Figure 2(c), SE
also contains a large number of hexagonal prism nanorods
with preferential orientation. They had a diameter of
approximately 135 nm, which is significantly greater than
the diameter of the nanorods in SF samples, as the ZnO
nanorods in SE were prepared from precursors with
higher concentrations.

Figure 2(d) shows that the surface of nanorods in SE sam-
ples is also covered by nanoparticles. As indicated in these
SEM results, the sizes of Ag nanoparticles in both ZnO
nanorod/Ag nanoparticle samples were very small, in the
range of 10-20 nm. The nanoparticles formed here were sig-
nificantly smaller than those in the Ti/ZnO seed layer/Ag
nanoparticle samples, which were measured by AFM to have
sizes of 40-100 nm (Figure 3). These results confirmed the

successful preparation of highly crystalline ZnO nanorod-
s/Ag nanoparticles and that ZnO nanorod arrays had a sub-
stantial effect on the size and distribution of Ag
nanoparticles.

The antimicrobial activity of the samples was determined
by the size of the Pseudomonas aeruginosa inhibition zone
formed. Figure 4 shows the bacteria inhibition rings pro-
duced by SA, SB, SC, SD, SE, SF, and SG samples after 24 h
of culturing in an incubator at 37°C. In medium N1, no dis-
tinct bacterial inhibition zone is observed around samples
SA (Ti wafer), SB (Ti/Ag nanoparticles), and SC (Ti/ZnO
seed layer), while a small bacterial inhibition zone is seen
around sample SD (Ti/ZnO seed layer/Ag nanoparticles).
These results showed that the ZnO seed layer or Ag nanopar-
ticles on the Ti substrate alone had no appreciable antibacte-
rial activity against Pseudomonas aeruginosa but a
combination of the two could give synergic antibacterial
effect. Sample SB should have antibacterial activity, but we
did not see the obvious inhibition zone in our work. It may
be due to the agglomeration of Ag nanoparticles, which
weakens the antibacterial effect and results in the low con-
centration of Ag ions released into the surrounding
environment.

In the N2 medium, noticeable bacterial inhibition zones
were formed around the SE, SF, and SG samples. The inhibi-
tion zone formed by SG (ZnO nanorods) was smaller and
had a diameter of 11.5mm, while those by SE and SF (two
ZnO nanorod/Ag nanoparticle samples) were larger and
had diameters of 13.1mm and 13.2mm, respectively. The
antibacterial properties of ZnO and Ag were then studied in
depth by comparing the antibacterial actions of different
samples. First, the antibacterial properties of SG (ZnO nano-
rods) were similar to those of SD (ZnO seed layer/Ag nano-
particles). The amount of ZnO in the SG sample was about
500μg/cm2, while the amount of Ag deposited in the SD
sample was about 13μg/cm2. Therefore, ZnO nanorods,
although had some antibacterial effects on Pseudomonas
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Figure 1: X-ray diffraction spectrum of the ZnO nanorod/Ag nanoparticle (SF) sample. The peaks marked with an asterisk are associated
with the titanium alloy plate.
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aeruginosa, were much less capable of doing so than Ag
nanoparticles [30]. When the antibacterial functions of SF
(ZnO nanorods/Ag nanoparticles) and SD (ZnO seed
layer/Ag nanoparticles) were compared, the far more supe-
rior antibacterial activities of the former were clearly not only
caused by the difference between ZnO nanorods and the ZnO
seed layer in this respect. Hence, the Ag nanoparticles on
ZnO nanorods had higher antibacterial capability than those
on the ZnO seed layer, although the same total amount of Ag
was present in both cases. As shown in Figure 2(b), the par-
ticle size of Ag nanoparticles in the SF sample ranges from
10 to 20 nm, much less than the 40-100 nm size of Ag nano-
particles on the seed layer (Figure 3). This could be the reason
for the higher antibacterial activities of Ag nanoparticles on

ZnO nanorods, i.e., the morphology and large surface area
of the nanorods make it possible for Ag nanoparticles to dis-
tribute over a greater area on the nanorods and have a larger
surface area, facilitating the antimicrobial action of the latter
[31]. In addition, the key mechanism for Ag nanoparticles to
exert antibacterial activity is through the release of Ag ions.
As the size of nanoparticles decreases, the surface area will
increase. The release rate of Ag ions is proportional to the
surface area of the particles, so the release rate of Ag ions
from smaller nanoparticles is faster than that of larger nano-
particles, which improves the antibacterial properties of Ag
nanoparticles [32, 33]. On the contrary, although SE samples
definitely contain more ZnO than SF samples, the antibacte-
rial activities of the two come very close, with SE being even
lower by a small amount. This is another proof of Ag nano-
particles as the primary origin of antibacterial functions in
ZnO nanorods/Ag nanoparticles, despite some antibacterial
properties being detected in ZnO nanorods. In contrast, SB
(Ti/Ag nanoparticles) samples showed almost no antibacte-
rial effect. The above evidence leads to the conclusion that
the synergic antibacterial activities of ZnO nanorods and
Ag nanoparticles were mainly derived from the morphology
and structure of ZnO nanorods, which optimized the size and
distribution of Ag nanoparticles and greatly improved their
antibacterial efficiency.

Figure 5 shows the changes in the inhibition zones of SD,
SE, SF, and SG cultured for different durations in an incuba-
tor at 37°C. Strong antibacterial activities are seen in all four
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Figure 2: Scanning electron microscopy images of the SF (a, b) and SE (c, d) samples.
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Figure 3: Atomic force microscopy image of the SD sample.
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samples within 48 h. The diameters of the inhibition zones at
48 h were similar to those at 8 h, which may be related to the
diffusion of Ag ions in the agar media, and the antibacterial
activity mainly depended on the active surface area of Ag in
the agar media [34]. The bacterial inhibition zones of SD
and SG had similar diameters, as well as those of SF and SE
samples. The diameters of the inhibition zones of SE samples
at 8, 16, 24, 36, and 48 hours were 13.5, 13.3, 13.1, 13.4, and
13.5mm, respectively. Similarly, the inhibition zones of SF
samples were 13.7, 13.4, 13.2, 13.5, and 13.7mm, respectively.
With prolonged incubation, the diameters of the inhibition
zones formed by SF and SE were maintained at 13.1-
13.7mm, proving the superior long-term antibacterial prop-
erties of ZnO nanorods/Ag nanoparticles.

4. Conclusions

In summary, ZnO nanorods/Ag nanoparticles were prepared
on a Ti substrate using both gas- and liquid-phase methods.
Their excellent synergic antibacterial properties were con-
firmed with Pseudomonas aeruginosa as the target. Compari-
son with other samples was also carried out as verification.
Although ZnO nanorods alone also have some antibacterial
effects, the superiority of ZnO nanorods/Ag nanoparticles in
this respect was mainly derived from the morphological

structure of ZnO nanorods, which optimized the size and dis-
tribution of Ag nanoparticles and greatly enhanced their anti-
bacterial efficacy. Improving the antibacterial efficiency of Ag
nanoparticles reduces the cytotoxicity induced by high dosage
of Ag and lowers the cost of antibacterial coating. Because of
its synergic antibacterial activity, this type of ZnO nanorod/Ag
nanoparticle material will have broad usage prospects as anti-
bacterial coatings on orthopedic implants. In addition, this
work provides a novel route for the synthesis of Ag-based coat-
ings with higher antibacterial efficiency.
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