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Abstract The safety and effectiveness of antimicrobial ZnO
films must be established for general applications. In this study,
the antimicrobial activity, skin irritation, elution behavior, and
mechanical properties of nanostructured ZnO films on stainless
steel were evaluated. ZnO nanoparticle (NP) and ZnO nanowall
(NW) structures were prepared with different surface rough-
nesses, wettability, and concentrations using an RF magnetron
sputtering system. The thicknesses of ZnO NP and ZnO NW
were approximately 300 and 620 nm, respectively, and ZnO
NW had two diffraction directions of [0002] and [01–10] based
on high-resolution transmission electron microscopy. The ZnO
NW structure demonstrated 99.9% antimicrobial inhibition
against Escherichia coli, Staphylococcus aureus, and
Penicillium funiculosum, and no skin irritation was detected
using experimental rabbits. Approximately 27.2 ± 3.0 μg L−1

Zn ions were eluted from the ZnO NW film at 100 °C for
24 h, which satisfies the WHO guidelines for drinking water
quality. Furthermore, the Vickers hardness and fracture tough-
ness of ZnO NW films on stainless steel were enhanced by 11
and 14%compared to those of the parent stainless steel. Based on
these results, ZnO NW films on STS316L sheets are useful for
household supplies, such as water pipes, faucets, and stainless
steel containers.
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Introduction

As public health standards have improved, interest in
the quality of drinking water has greatly increased
(Dietrich and Burlingame 2015). Furthermore, over
time, the necessity for hygienic conditions in the house-
hold environment has increased (Byarugaba 2004; Cao
et al. 2010). The propagation of harmful bacteria and
fungi depends on environmental factors, such as humid-
ity and temperature. In particular, a rise in humidity
caused by the presence of water or other fluids favors
an increase in the number of microbes (Makris et al.
2014). Therefore, despite an interest in maintaining san-
itary lifestyles, microbes in water pipes, faucets, and
containers made of stainless steel can cause tap water
pollution and have become a serious problem (Okeke
et al. 2005). In particular, there are various bacteria
such as gram-negative (Escherichia coli and Vibrio
cholerae) and gram-positive (Bacillus cereus and
Staphylococcus aureus) bacteria in polluted water, and
these bacteria can cause food poisoning (Josephs-
Spaulding et al. 2016; Vasudevan and Oturan 2014).
In addition, fungi (Penicillium funiculosum) having
spores are also found in many households, and they
cause rhinitis and asthma (Djemai-Zoghlache et al.
2011). To remove harmful microbes, the washing of
stainless steel products with alcohol or alkaline solu-
tions has been encouraged. However, these methods
cannot maintain long-lasting antibiosis activity (Martin
et al. 2016). Therefore, research has actively focused
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on potent antibacterial films that use metal ions on
stainless steel substrates (Sin et al. 2014).

Generally, silver, copper, and zinc ions are popular antimi-
crobial agents (Boveris et al. 2012; He et al. 2011; Gholap
et al. 2016); silver ions are particularly powerful. The mini-
mum bactericidal concentration (MBC) of metal ions for zinc
oxide (ZnO) films is greater than 5000 μg mL−1 against var-
ious microbes (Ren et al. 2009). The MBC value for silver
oxide is only 100 μg mL−1 (Ren et al. 2009). However,
chromodermatosis develops when the skin is exposed to silver
ions (Parikh et al. 2005; Kumar and Münstedt 2005). There
are also reports of the toxicity of silver nanoparticles and com-
pounds owing to accumulation in the body (Djeribi et al.
2012; Drake and Hazelwood 2005). Therefore, many recent
studies have investigated zinc ions, instead of silver ions, as
antimicrobial agents and coating materials (Kuang et al. 2016;
Madhumitha et al. 2016).

Although zinc ions are effective antimicrobial agents,
they exhibit below-average antimicrobial activity. To in-
crease the antimicrobial activity of ZnO films, it is nec-
essary to increase the contact area between zinc ions
and microbes by nanostructuring. Recently, various
ZnO nanostructures, nanowires, nanorods, nanotubes,
nanobelts, nanoparticles (NPs), and nanowalls (NWs)
have been fabricated using a radio-frequency (RF) mag-
netron sputtering system because surface area is an im-
portant factor for reactivity (Choi et al. 2015; Tamvakos
et al. 2015). ZnO NWs have broad applications owing
to their larger surface area than those of other ZnO
nanostructures (Saravanakumar and Kim 2014). In addi-
tion, the RF magnetron sputtering system enables pre-
cise control of film thickness under high-vacuum condi-
tions and to fabricate homogeneous densified films
(Tamvakos et al. 2015). Therefore, prevention of delam-
ination between antimicrobial films and stainless steel
substrates is useful and is expected to improve
durability.

The antimicrobial activity of ZnO thin films is well
established, but few studies have examined the skin irrita-
tion and mechanical properties of various ZnO nanostruc-
tures. Furthermore, toxicity standards have been
established by the World Health Organization (WHO),
which requires an elution limit of 3000 μg L−1 zinc ions
(Ashworth and Alloway 2004). However, few studies have
evaluated zinc ion elution using ZnO films. The purpose of
this study was to evaluate the antimicrobial activity of
nanostructured ZnO films against E. coli, S. aureus, and
P. funiculosum. In addition, the skin irritation, elution be-
havior, and mechanical properties (Vickers hardness and
fracture toughness) of ZnO thin films on stainless steel
(STS316L) were measured to determine whether this ma-
terial could be used in household supplies, such as water
pipes, faucets, and stainless steel containers.

Materials and methods

Preparation of nanostructured ZnO films

ZnO films were fabricated on STS316L substrates using the
RF magnetron sputtering system (SNTek, Suwon, Korea).
The STS316L substrates were polished with SiC paper and
diamond suspensions for microstructure observations and
ZnO film deposition, ultrasonicated, treated with ethanol and
deionized water for 5 min each, and blown dry with high-
purity N2 gas. The chamber was evacuated to below
3.0 × 10−3 mTorr, with working pressure during deposition
fixed at 2.5 mTorr. The ratio of the partial pressure of Ar:O2

was kept at 17:3. The substrate holder was rotated at 20 rpm to
obtain a film with a uniform thickness and uniform composi-
tion. Then, the ZnO films (NPs and NWs) were fabricated
with various deposition times from 20 to 40 min at 280 °C
using an RF power of 130 W at the Zn target (Kojundo,
Sakado, Japan) of 99.99% purity.

Characterizations of ZnO films

Field emission scanning electron microscopy (FESEM; JSM-
7001F, Tokyo, Japan) enabled the determination of surface
morphology and thickness of ZnO films. The energy disper-
sive X-ray spectroscopy (EDS; Inca Energy 250, High
Wycombe, UK) profile of the ZnO film served to estimate
the concentration of Zn. The average surface roughness (Ra)
values of the ZnO films were estimated by atomic force mi-
croscopy (AFM; Veeco Instruments, Plainview, NY, USA) in
a scanned area of 500 × 500 nm2. The water contact angles
(CA) were measured at room temperature using a drop shape
analyzer (DSA 100/Krüss, Hamburg, Germany) with water
droplets of approximately 3.0 μL. The crystalline phase was
determined by X-ray diffraction (XRD; D/MAX-2500H,
Tokyo, Japan) with Ni-filtered Cu Kα radiation (λ = 1.54 Å)
in the range of 30° ≤ 2θ ≤ 50° at a scan rate of 4° min−1. The
crystalline size (L) and full-width at half maximum value of
the ZnO film were calculated using the Scherrer equation
(Žvab et al. 2012). XRD patterns served to calculate the
interplanar (d) spacing using Bragg’s law (Kumar et al.
2014). High-resolution transmission electron microscopy
(TEM; JEM-2100F, Tokyo, Japan) allowed the determination
of nanostructure and lattice distance of ZnO films, as well as
confirming intracellular and morphological alterations in mi-
crobial cells on treated ZnO films.

Microbial strains and cultivation

Standard strains of bacteria, i.e., E. coli (ATCC 8739) and S.
aureus (ATCC 6538), and a standard strain of the fungus P.
funiculosum (ATCC 11797) were used to evaluate antibacte-
rial and antifungal activity, respectively. The Korean Culture
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Center of Microorganisms provided the strains. E. coli was
cultured in nutrient agar medium (Difco 0001; 1.0 L of dis-
tilled water, 3.0 g of beef extract, 5.0 g of peptone, 15.0 g of
agar, pH 7.0) for 24 h at 37 °C, S. aureus was cultured in
trypticase soy agar (BBL 4311768; 1.0 L of distilled water,
17.0 g of pancreatic digest of casein, 3.0 g of pancreatic digest
of soybean meal, 5.0 g of NaCl, 2.5 g of K2HPO4, 2.5 g of
glucose, 15.0 g of agar) for 24 h at 37 °C, and P. funiculosum
was cultured on potato dextrose agar (BBL 7149; 1.0 L of
distilled water, 300.0 g of diced potatoes, 20.0 g of glucose,
15.0 g of agar) for 48 h at 24 °C.

Antimicrobial activity tests

Antibacterial and antifungal activities of ZnO films were eval-
uated using the second edition of the International
Organization for Standardization (ISO) 22196 method. The
scope of this method has been extended to include surfaces
made of non-porous materials other than plastic, ensuring ap-
plicability to various antimicrobial products such as ZnO
nanostructured materials. The parent STS316L substrate and
the substrate treated with ZnO consisted of 10 mm × 10 mm
squares. Before preparing dilutions, all equipment was steril-
ized in an autoclave at 121 °C for 15 min. Substrates were
cleaned by soaking in ethanol (70%) for 5 min and wiped with
distilled water. The dilution plating technique enabled all mi-
crobes (E. coli, S. aureus, and P. funiculosum) to have con-
centrations between 2.0 × 105 and 5.0 × 105 colony forming
units per milliliter (CFU mL−1). The diluted bacterial suspen-
sions with cell concentrations of about 105 CFU mL−1 were
injected (about 0.1 mL well−1) onto the parent STS316L and
ZnO films in a 24-well culture plate. A sterilized polyethylene
film was adhered to the parent stainless steel substrate and the
substrate with ZnO for microbe attachment. After 1 h, 1.0 mL
of liquid medium was poured into each well, and 0.1 mL of
mixed liquid mediumwas transferred to solid culture medium.
Solid culture medium substrates containing microorganisms
were maintained in a biochemical oxygen demand incubator
for 24 h: E. coli and S. aureus at 37 °C, and P. funiculosum at
24 °C. After incubation, the number of surviving microbial
cells was counted and expressed as log CFU mL−1. All anti-
microbial tests were repeated ten times.

Skin irritation and elution tests

The Korea Testing and Research Institute evaluated skin reac-
tions to ZnO NWs in accordance with ISO 10993–5:2009(E),
using New Zealand white (NZW) rabbits. The skin of NZW
rabbits was shaved, then separated into test and control sites
(each of 25 × 25 mm2) by a partition. The epidermis of test
sites was scratched using a needle. ZnONWs on the STS316L
substrate were spread onto the intact and abraded skin. After
spreading, the test and control (treated with sterile water) sites

on the skin were covered and fixed with pasteurized gauze
affixed with tape. Animal weights and survival were con-
firmed at 24 and 72 h after exposure to the ZnO NWs. The
primary irritation index (P.I.I.) was determined by scoring the
edema and red spots at 24 and 72 h after ZnO exposure
(Mishra et al. 2016). A score of 0 points indicated no edema
or red spots and 4 points indicated a wound longer than
1.0 mm. The material was classified as a non-irritant
(0 ≤ P.I.I. ≤ 0.5), mild irritant (0.6 ≤ P.I.I. ≤ 2.0), moderate
irritant (2.1 ≤ P.I.I. ≤ 5.0), or severe irritant (5.1 ≤ P.I.I. ≤ 8.0).
The P.I.I. values of films with ZnO were confirmed using six
NZW rabbits. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES; Optima-4300 DV/Perkin-Elmer,
Shelton, USA) enabled the evaluation of Zn ions elution from
ZnO films and thus the determination of whether the material
met the WHO threshold of 3000 μg L−1 (Ashworth and
Alloway 2004). The ZnO film on the STS316L substrate
(10 mm × 10 mm2) was placed in drinking water (100 mL)
and the concentration of eluted Zn ions was confirmed after
various times ranging from 1 to 24 h in a water bath at 100 °C.

Mechanical property tests

AVickers micro-hardness tester (MXD-CX3E, Kobe, Japan)
with a 4.91 N load and a loading time of 30 s allowed the
measurement of the ZnO films durability on the STS316L
substrate. Vickers hardness (HV) was determined based on
the indentation size using the ASTM C 1327-08 standard
method. The fracture toughness (KIC) was calculated based
on the propagated crack length from the indentation according
to ASTM E 1820–11.

Results

Characterizations of the ZnO thin films

To evaluate the antimicrobial activity of nanostructured ZnO
films on stainless steel substrates, ZnO NP and NW films with
different surface morphologies were deposited by RF magne-
tron sputtering with deposition times of 20 and 40 min, as
shown in Fig. 1. The surface morphology of the ZnO NW
structure was similar to those of entangled nanoparticles and
nanowires. The thickness was approximately 620 nm, and the
widths of the newly formed NWs were approximately 42 nm.
Using a deposition time of 20 min, the thickness of ZnO NPs
was approximately 300 nm, and the NPs showed a smoother
surface than the ZnONW. The differences in surface morphol-
ogy are attributable to inhibition of the synthesis of the
nanowall network at the surface of the different substrates.
Therefore, reduction of deposition time (initial deposition of
a film on the stainless steel substrate) can decrease the
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activation energy of nucleation for sufficient nanostructure
synthesis.

Figure S1 shows the XRD peaks of the ZnO films prepared
using different structures. The detailed crystalline structures
from the XRD analysis are indicated in Table 1. As shown in
Fig. S1, a (002) plane in a well-ordered hexagonal structure
typical of ZnO crystalline structures was observed (Jain et al.
2013). This was attributed to the low surface energy required
for the formation of the (002) plane in the c-direction. In
comparison, the crystallinity of ZnO NWwas higher than that
of ZnO NP, as indicated by higher diffraction peak intensity,
whereas the full-width at half maximum value was lower
(0.23° for NPs; 0.21° for NWs). For the ZnO NW structure,
a new diffraction peak of the (100) plane appeared at 31.1°.
The formation of a new diffraction plane in the ZnO NW
structure associated with an increase in the d-spacing. An
increase in crystal size owing to the higher crystallinity of
ZnO NW and the formation of the (100) plane changed the
cell volume and lattice parameter, resulting in a uniform com-
pressive strain (Acocella et al. 2016). The prominent diffrac-
tion peaks of ZnO shifted (Δ2θ = 0.2°) from 34.6° for NP to
34.4° for NW.

As shown in Fig. S2, the crystallinity of the ZnO NW was
confirmed by high-resolution TEM. Figure S2a shows cross-
sectional images of the ZnO NW film prepared using a depo-
sition time of 40 min. The ZnO NW film consisted of a ver-
tical ZnO NP (Fig. S2b) region until the thickness reached
approximately 300 nm and a ZnO NW (Fig. S2c) region.
The ZnO NW region had two diffraction directions of
[0002] and [01–10], consistent with the results of the XRD

analysis. Under thermodynamic equilibrium, facets with a
high surface energy generally have a small area, whereas
facets with a relatively lower surface energy are larger (Choi
et al. 2015; Saravanakumar and Kim 2014). Different struc-
tures of ZnO films could induce differences in the anisotropic
growth direction. Clearly, when examining the growth of the
ZnO film, the highest growth rate was along the [0002] direc-
tion of the c-axis and the largest facet was generally in the
[01–10] direction. Growth in this direction can form the NW
structure; therefore, our results confirm that by controlling the
growth conditions, it is possible to change the surface struc-
ture of ZnO films.

Figure 2 shows the surface roughness and wettability of the
parent STS316L substrate, ZnO NP, and ZnO NW. The anti-
microbial effect depends on interactions between Zn ions and
microbes on the substrate surface (Madhumitha et al. 2016).
Therefore, we expected the patterned nanostructures, such as
ZnO NWs, to lead to high levels microbe attachment and
proliferation owing to their high surface energy, high surface
roughness, and improved wettability. The surface roughness
of the ZnO NW film was higher than that of the parent stain-
less steel (from 1.3 to 6.4 nm). As shown in Table 2, the water
contact angle of the NW structure was lower (i.e., 85° for
parent stainless steel vs. 71° for the ZnO NW film). The nano-
structured ZnO film had a higher antimicrobial effect as the
concentration of Zn ions increased on the substrate surface.
Based on the EDS analysis summarized in Fig. 1b, c, the
surface concentration of Zn ions for the ZnO NP and NW
films ranged from 24.3 to 31.7 wt.%. Therefore, based on an
evaluation of the antimicrobial activity of nanostructured ZnO
films, an increase in the Zn ion concentration on the surface
increased the surface roughness, thereby increasing the con-
tact region between the microbes and Zn ions.

Antimicrobial activity

Figure S3 shows the numbers of colonies for three microbial
strains (E. coli, S. aureus, and P. funiculosum) on the plates.
The parent STS316L substrate did not prevent the growth of
E. coli (4.598 ± 0.103 log CFU mL−1), S. aureus

Fig. 1 Top-view field emission scanning electron microscopy images of ZnO thin films. a Parent STS316L. b ZnO NP. c ZnO NW. The insets show
cross-sectional views demonstrating the thickness of the ZnO films on the STS316L substrates

Table 1 XRD results for the ZnO NP and ZnO NW generated with
various deposition times

Samples Diffraction
plane (hkl)

2θ
(°)

d-spacing
(nm)

FWHM
(°)

Crystalline
size (nm)

STS316L (110) 44.7 0.202 0.24 36.5

ZnO NP (002) 34.6 0.258 0.23 36.2

ZnO NW (002) 34.4 0.260 0.21 39.0
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(5.015 ± 0.135 log CFU mL−1), and P. funiculosum
(5.315 ± 0.112 log CFU mL−1). The ZnO NP-supplemented
films exhibited antimicrobial activity (<1.4 log CFUmL−1). In
particular, the ZnO NW structure, which had a high surface
roughness, a high Zn concentration on the surface, and low
contact angle, exhibited few colonies, achieving antibacterial
inhibition of greater than 99.9%. The numbers of colonies for
the ZnO NW structure were as follows: E. coli (0.498 ± 0.084
log CFUmL−1), S. aureus (0.594 ± 0.071 log CFUmL−1), and
P. funiculosum (0.618 ± 0.093 log CFU mL−1). Therefore, the
antimicrobial activity of the nanostructured ZnO films was
substantially higher than that of the parent substrate. These
results confirmed that the ZnO NW structure increased the
contact area between microbes and Zn ions.

Morphological analysis of microbes

The morphological differences between the microbes on the
parent substrate and ZnONW filmwere examined by FESEM
and TEM. All bacteria and fungi exposed to Zn ions were
damaged or had rougher surfaces than those of microbes cul-
tured on the parent stainless steel. Based on these findings and
the results obtained for microbial colonies cultured on plates
in Fig. 3, ZnO NW could lead to the inactivation of microbes,
with high antimicrobial activity. The transmission electron
micrographs of bacteria and fungi are shown in Fig. 4. The
S. aureus (Fig. 4a, c) and P. funiculosum (Fig. 4b, d) cells
exhibited morphological damage owing to direct reciprocal
action between the ZnO NW film and microbial cell surfaces.
Previous reports have indicated that metal ions, such as anti-
microbial Zn, Ag, and Cu, enter microbial cells, resulting in
oxidative stress (Imlay 2013; Jain et al. 2013). Consistent with
these previous observations, cell growth and recovery de-
creased, and the microbes that contacted the ZnO NW film
eventually died.

Evaluation of skin irritation and elution behavior

Skin irritation caused by ZnO NW films and the elution con-
centration were evaluated to demonstrate whether this

material was suitable for applications to household supplies,
such as door handles, water pipes, faucets, and stainless steel
containers. A skin irritation test was conducted in six NZW
rabbits. The NZW rabbits have known sensitivity toward the
test materials. For the ZnO NW film to be considered safe, the
P.I.I. value must be in the non-irritant range (0 ≤ P.I.I. ≤ 0.5).
As shown in Fig. S4, the P.I.I. value was 0, which is within the
non-irritant range. After 24 and 72 h of ZnO NW exposure
(Fig. S4b, c), skin irritation indicators, such as inflammation,
red spots, and a skin rash, were not detected in either abraded
or intact skin regions. In addition, no animals showed mortal-
ity or rapid weight changes during the skin irritation experi-
ment. Based on these results, the ZnO NW film was classified
as a non-irritant.

The elution behavior of the ZnONW film is also an important
factor for drinking water safety or prolonged use. A Zn2+ ion
limit in drinking water has been established by WHO guidelines
(under 3000 μg L−1). Therefore, it is necessary to determine the
concentration of eluted Zn ions for applications to household
supplies. As shown in Table 3, the Zn ion concentrations for
ZnO NP and NW were 20.9 ± 2.4 and 27.2 ± 3.0 μg L−1 at
100 °C after 24 h in the elution test. Therefore, all specimens
were within the WHO standard limit of 3000 μg L−1. The en-
hanced proliferation of the ZnONWfilm can be explained by the
higher surface energy conferred by nanostructuring. This film
exhibited improved wettability and a lower water contact angle,
which increase microbe attachment and proliferation (Choi et al.
2015; Tamvakos et al. 2015).

Fig. 2 Atomic force microscopy images of ZnO thin films. a Parent STS316L. b ZnO NPs. c ZnO NWs. The insets show the water contact angle of
droplets on the parent substrate and ZnO films

Table 2 Water contact angles of the parent STS316L substrate and the
ZnO NP and NW films measured using distilled water

Samples Contact
angle (°)

Wetting
energy
(mN m−1)

Spreading
coefficient
(mN m−1)

Adhesion
strength
(mN m−1)

STS316L 85.3 ± 1.1 5.9 66.8 78.7

ZnO NP 76.2 ± 0.8 16.9 55.9 89.8

ZnO NW 71.4 ± 1.2 23.2 49.6 96.0
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Fig. 3 Field emission scanning electron micrographs of untreated
microbes (a–c), and microbes treated (d–e) with ZnO NW. a, d
Escherichia coli. b, e Staphylococcus aureus. c, f Penicillium

funiculosum. The insets show images of microbial colonies cultured on
each plate

Fig. 4 Transmission electron
micrographs. a, b Parent
STS316L, c, d Treated with ZnO
NW. a, c Staphylococcus aureus.
b, d Penicillium funiculosum
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Mechanical properties

For ZnO films to be used in household supplies for extended
periods, stainless steel substrates with ZnO must be character-
ized by high HV and KIC. Figure 5 shows the mechanical
properties of ZnO films on STS316L substrates.HV is defined
as the resistance of the concentrated load in a local region, and
KIC is the capacity of the ZnO film to contain a crack and resist
fracturing (Rouxel et al. 2014; Sellappan et al. 2013). The HV

values at the same load (4.9 N) for substrates with the ZnO
films fabricated using ZnO NP and NW were 0.860 ± 0.022
and 0.899 ± 0.021 GPa, respectively. KIC values of ZnO NP
and NW films were 0.473 ± 0.027 and 0.518 ± 0.026 MPa·
m1/2, respectively. The mechanical properties of stainless steel
are considerably influenced by their crystalline size, density, and
cracking. Generally, metallic materials did not exhibit cracking
on the surface before reaching a plastic deformation state; how-
ever, cracks could be detected if voids or inclusions are present
on the surface (Sellappan et al. 2013). Therefore, surface coating
on substrates is a suitable method to provide strength.
Additionally, the thickness of thin films is proportional to the

mechanical properties (Rouxel et al. 2014). Therefore, as the
thickness increased from 300 nm (NPs) to 620 nm (NWs), the
HV and KIC values increased owing to the higher rate of resis-
tance failure of ZnO NW. This HV and KIC values of ZnO NW
were higher than those of parent stainless steel by approximately
11 and 14%, respectively.

Discussion

Owing to their antimicrobial activity, Zn ions are used in water
purification and filtration systems, door handles, and house-
hold supplies. ZnO films and components are well-known
antibacterial agents, but their skin irritation properties and elu-
tion behavior have not been extensively examined. Therefore,
we examined the antimicrobial activity of ZnO films as a
function of their nanostructure (NP and NW), surface Zn con-
centration, surface roughness, and wettability. We also evalu-
ated their skin irritation properties and elution behavior. In
addition, the HV and KIC values were measured to confirm
whether ZnO thin films could be applied broadly to household
products.

In a preliminary experiment, the thickness of ZnO films
increased from 300 to 620 nm (for the same deposition con-
ditions) when the deposition time was increased from 20 to
40 min, and the structures of the ZnO film also changed from
nanoparticles to a combined structure of entangled nanoparti-
cles and nanowires. Generally, deposition conditions, such as
the partial pressure of oxygen gas, substrate temperature, and
deposition time, are associated with nanostructural changes in
ZnO films (Choi et al. 2015; Zhang et al. 2014). ZnO NW

Table 3 Concentration of eluted Zn ions from ZnO NP and ZnO NW
deposited on STS316L at 100 °C determined at various elution times
(1–24 h)

Samples Concentration of eluted Zn ions (μg L−1)

1 h 6 h 12 h 24 h

ZnO NP 0.8 ± 0.1 6.3 ± 0.5 11.7 ± 1.8 20.9 ± 2.4

ZnO NW 1.2 ± 0.2 8.4 ± 0.6 14.1 ± 1.6 27.2 ± 3.0

Fig. 5 Vickers hardness and
fracture toughness of ZnO films
on STS316L substrates: Inset
shows the micrographs of
intensity at 4.9 N load; scale bar
is 100 μm
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formation was attributed to a vapor–solid mechanism (Biroju
et al. 2013). In the initial stage, the ZnO thin film of NPs was
deposited on the stainless steel substrate. As the thickness of
the ZnO thin film increased, the intensity of strain accumula-
tion increased on the ZnO film. Consequently, the grain
boundaries changed, leading to changes in the most thermo-
dynamically active sites for ZnO nucleation. Accordingly,
ZnO growth was promoted at the grain boundary sites of the
ZnO thin film, resulting in the creation of ZnO NWs in a [01–
10] diffraction direction. Consistent with these results, the Zn
concentration differed between nanostructures (24.3 wt.% for
NPs; 31.7 wt.% for NWs). The d-spacing also differed be-
tween nanostructures (0.257 nm for NPs; 0.261 nm for
NWs), and the main peak of diffraction plane shifted from
34.6° (NPs) to 34.4° (NWs). Antibacterial properties of films
are related to their thickness and deposition conditions (Cao
et al. 2010). Optimization of deposition conditions was nec-
essary; excessive thickness or high bonding conditions de-
crease Zn release owing to strong attachment of Zn ions to
the STS316L substrates. A ZnO NW film with optimal thick-
ness, high Ra, a high Zn concentration on the surface, highHV

and KIC was produced by RF magnetron sputtering. This
structure was suitable for use as an antimicrobial agent with
high durability.

The antimicrobial pathways of Zn ions depend on active
oxygen (Imlay 2013). Zn ions combine with bacterial proteins
in the cell and cell wall. They can destroy the DNA and mem-
branes of cells via protein interactions. Therefore, the antimi-
crobial effect increased as the Zn ion contact areas increased
(i.e., from NP to NW structures) because the enhancement in
the Zn concentration increased the surface roughness of the
ZnO film, increasing the contact surface between microbes
and Zn ions. In all specimens (STS316L, ZnO NP, and
NW), the number of E. coli colonies was slightly lower than
that of S. aureus colonies. Generally, S. aureus cells (gram-
positive bacteria) have a thicker peptidoglycan layer than that
of E. coli cells (gram-negative bacteria). This difference can
explain the higher viability of S. aureus grown on substrates.
The P. funiculosum (fungal cell) strains had a higher viability
than those of E. coli and S. aureus (bacterial cells). This may
be explained by the larger size of P. funiculosum compared
with E. coli and S. aureus as well as its spores, high prolifer-
ation, and high antigenicity; these properties make it difficult
to destroy P. funiculosum cells (Jain et al. 2013). However, we
confirmed that ZnO NW structures had high antimicrobial
activity, i.e., greater than 99.9% inhibition of E. coli, S.
aureus, and P. funiculosum.

To confirm the safety of ZnO NW films with excellent
antimicrobial activity, skin irritation and elution behavior were
evaluated.When the ZnONW film contacts various microbes,
the bacterial cell walls can be destroyed via the cation effect
(Imlay 2013), as shown in Figs. 3 and 4. The amount of eluted
Zn ions is determined by the diffusion process, and is directly

proportional to the concentration of Zn on the surface and the
contact area between microbes and ZnO films. Therefore, a
balance between antimicrobial activity and elution concentra-
tion was necessary. According to the test results, the ZnO NW
film on the stainless steel substrate was a non-irritant. The
concentration of eluted Zn ions was approximately
27.2 ± 3.0 μg L−1 from the ZnO NW film, which was within
the WHO guidelines. Based on these results, we conclude that
the antimicrobial ZnO NW structures were non-irritating and
satisfied the WHO guidelines for drinking water.

In summary, nanostructured ZnO films with different
roughness, wettability, and concentrations were fabricated on
stainless steel substrates by RFmagnetron sputtering. We con-
firmed that the patterned ZnO NW structures enabled in-
creased microbe attachment and proliferation owing to their
high surface energy, Zn concentration, surface roughness, and
wettability. As a result, the ZnO NW film on stainless steel
exhibited over 99.9% antibacterial activity. The skin irritation
tests demonstrated that the ZnO NW is a non-irritant material.
The amount of Zn ions eluted from the ZnO NW film satisfies
the WHO guidelines for drinking water. The HV and KIC

values of the ZnO NW were higher than those of the parent
stainless steel by approximately 11 and 14%, respectively.
These properties of nanostructured ZnO films suggest that
ZnO NW structures have valuable applications in various
fields, including water pipes, faucets, and stainless steel
containers.
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