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GRAPHICAL ABSTRACT

Antibacterial mechanism of ZnO nano-
rod (NR) arrays against E. coli was inves-
tigated.

The morphological effect as mechanical
rupture was predominant for E. coli in-
activation.

The inactivation by reactive oxygen spe-
cies was 2nd major mechanism in the
dark.

The chemical inactivation by Zn?" ions
released from the arrays was
insignificant.
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Although zinc oxide nanorod (ZnO NR) arrays are a nanomaterial that offers efficient bactericidal activity, they
have not been systematically evaluated to quantitatively investigate their disinfection mechanism under dark
conditions. In this study, ZnO NR arrays of different lengths (0.5-4 um) were uniformly grown via hydrothermal
synthesis. The longer arrays exhibited higher Escherichia coli (E. coli) inactivation efficiency up to 94.2% even
under darkness for 30 min. When the NR arrays were coated via Al,O3 atomic layer deposition, the inactivation
efficiency was decreased to 56.4% because the generation of reactive oxygen species (ROS) and the leaching of
Zn** jons were both hindered by the surficial coverage of defect sites. The morphological effect, i.e., the mechan-
ical rupture of E. coli on the surface, contributed 56.4% of the bactericidal efficiency; chemical effects, i.e., ROS for-
mation and zinc ion release, contributed the remaining 37.8% under dark conditions. The bactericidal effect of
fabricated ZnO NR arrays was further validated in bottled and pond water spiked with E. coli, exhibiting 87.5%
and 80.4% inactivation efficiencies, respectively, within 30 min. Understanding these antibacterial mechanisms
is not only of significance for research in this and related fields but also beneficial for potential application in var-
ious fields, e.g., biomedical and antifouling areas.
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1. Introduction

With rapid advances in nanotechnology, nanomaterials have
enriched the field of water treatment by providing a variety of sorbents
and catalysts (Belver et al., 2003; Colmenares and Luque, 2014; Shi and
Zhang, 2016). One of the interesting applications of nanomaterials is
their use as antimicrobial agents for water disinfection and microbial
growth control. In particular, metal nanomaterials with different
shapes—i.e., nanoparticles, nanotubes, nanorods (NRs), and nanowires
—and compositions containing silver, zinc, iron, and copper have been
studied to explore their antimicrobial activities (Chen et al., 2014;
Osonga et al., 2016; Zhu et al., 2017). The main advantage of introducing
nanomaterials for water disinfection is to prevent the production of
harmful disinfection by-products (DBPs) (Li et al., 2008)

Among the nanomaterials, zinc oxide (ZnO) is known to be biocom-
patible and is thus widely used in biomedical applications (Huang et al.,
2001; Keem et al., 2004). Since the antibacterial activity of ZnO was re-
ported in the late 1990s (Jensen-Waern et al., 1998), various morphol-
ogies of ZnO nanomaterials have been investigated to examine the
structural effects on bacterial inactivation. The semiconductive nature
of ZnO, which has a band gap of 3.37 eV, has enabled photocatalytic deg-
radation of organic pollutants in water under ultraviolet (UV) light illu-
mination (Yi et al, 2019). Furthermore, ZnO exhibits substantial
antibacterial efficiency even without a light source, and the bactericidal
activity of ZnO has been suggested to be caused by the physical rupture
of the bacteria on nanostructures (Lakshmi Prasanna and
Vijayaraghavan, 2015).

However, Prasanna and Vijayaraghavan recently reported that sur-
face defects such as oxygen defect sites often dominate the antibacterial
behavior of ZnO nanoparticles (Lakshmi Prasanna and Vijayaraghavan,
2015). In particular, ZnO produced by hydrothermal synthesis is sup-
posed to have surface defects of oxygen vacancies Vo®, Vo™, Vo?™
(0.05-3.1 eV) (Tam et al., 2006), where the oxygen vacancies of ZnO
can serve as electron donors to provide electrons to the conduction
band of ZnO (Liao et al., 2007). Therefore, even under dark conditions,
reactive oxygen species (ROS) could be generated by the surface defect
sites on ZnO (Hirota et al., 2010). The surface defects on ZnO nanoparti-
cles, for instance, were found to perform a key role in the generation of
ROS under dark conditions, which was confirmed by electron spin reso-
nance (ESR) spectroscopy and scavenger studies (Lakshmi Prasanna
and Vijayaraghavan, 2015). In addition, the dissolution of Zn?>* ions
and the toxicity of ZnO itself have been lately proposed as potential fac-
tors in the antibacterial activity of ZnO (Lipovsky et al.,, 2011). Possible
mechanisms of the antibacterial activity of ZnO in the dark can therefore
be summarized as follows: (1) morphological effect for physical defor-
mation, (2) ROS generation at oxygen defect sites, and (3) dissolution
of Zn?7 ions. Although these physical and chemical factors are known
to affect the bactericidal performance of ZnO, to the best of the authors'
knowledge, quantitative evaluation of which mechanism is the most re-
sponsible has not been reported to date.

This study was designed to understand the mechanistic aspects of
antibacterial activity of ZnO NR arrays against E. coli under dark condi-
tions. The NR arrays were grown in different lengths from 0.5 to 4 pm
via a hydrothermal method to observe the morphological effect on the
antibacterial activity of ZnO. Then, in order to evaluate the chemical ef-
fects of ZnO in bactericidal activity, the surface of ZnO NR arrays was
coated with Al,O3 (thicknesses of 15 and 30 nm) by atomic layer depo-
sition (ALD). The efficiency loss after coating the surface could be de-
duced as the combined effect of ROS generation and released Zn2"
ions. Consequently, the relative physical and chemical factors in the an-
tibacterial activity of ZnO NR arrays could be compared. Understanding
the bacterial inactivation of ZnO NR arrays is of scientific significance for
both ZnO-based nanostructures and practical water disinfection. The
antibacterial activity of ZnO NR arrays with an optimum length was fur-
ther evaluated using actual bottled and pond water, verifying the poten-
tial of ZnO NR arrays for an alternative inactivation technique.

2. Experimental section
2.1. Chemical reagents

Silicon wafer, zinc nitrate hexahydrate (Zn(NOs),-6H,0), hexa-
methylenetetramine (HMTA, (CH;)gNy), trimethylaluminum (TMA, Al
(CH3)3), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), isopropanol, Cr
(VI), superoxide dismutase (SOD), zinc chloride (ZnCl,), and zinc stan-
dard for inductively coupled plasma (ICP) were supplied by Sigma Al-
drich (St. Louis, MO, USA) in analytical grades. All aqueous solutions
were prepared with sterile distilled water. Luria-Bertani (LB) broth
and LB agar were purchased from BD Difco, USA.

2.2. Fabrication of ZnO NR arrays

ZnO NR arrays were synthesized using methods reported in the liter-
ature (Vayssieres et al., 2001). The substrate for growing ZnO NR arrays
was a (100) silicon wafer. For the nucleation of ZnO NRs, a 40 nm thick
ZnO seed layer was first deposited on the substrate by sputtering. For
further growth of the arrays, a hydrothermal reaction solution was pre-
pared by mixing a 0.2 M HMTA solution and a 0.2 M zinc nitrate hexa-
hydrate (Zn(NOs),-6H,0) solution in a bottle with an autoclavable
screw cap. The silicon substrate with a ZnO seed layer was immersed
in the solution. The bottle was heated at 90 °C for the desired period
to yield different lengths of NR arrays, where synthesis time variations
of 2 h 15 min, 4 h 30 min, 9 h, and 18 h resulted in 0.5 um, 1 pm,
2 um, and 4 um long arrays, respectively. Finally, the samples were
washed with deionized water and dried in air. ALD (Lucida D100) of
Al,03 was performed using TMA and H,O as reactants (Groner et al.,
2004). During ALD of Al,03, the TMA and H,0 precursor gases were
injected into the ALD reactor in an alternating exposure sequence. One
cycle was designed to purge TMA for 15 s after 0.2 s pulse, and then
purge H,0 for 15 s after 0.2 s pulse. Average Al,05 growth rates of
1.12 A/cycle were obtained at 200 °C. The Al,O5 layers were grown on
the ZnO NR arrays with film thicknesses of 15 and 30 nm.

2.3. Characterization of ZnO NR arrays

The morphology and structural characteristics of ZnO NR arrays
were observed using field-emission scanning electron microscopy
(Cold FE-SEM, S-4800, Hitachi High-Technologies, Japan). To investigate
the surficial coating of aluminum oxide on arrays, a scanning transmis-
sion electron microscope (STEM, JEM-2100F, JEOL, Japan), and an en-
ergy dispersive spectrometer (EDS, JEM-2100F, JEOL, Japan) were
utilized. Atomic force microscope (AFM) images of the ZnO were ob-
tained using an Innova AFM (Bruker Corporation, France). Root mean
square (RMS) roughness values were calculated based on 10 x 10 um?
tapping-mode AFM scans. Electron spin resonance (ESR) spectroscopy
(JES-X310, JEOL, Japan) was used to monitor the production of ROS
from ZnO NR arrays. DMPO was used as a spin trapping agent to trap hy-
droxyl radicals, where DMPO was dropped onto the surface of the NR
arrays and diluted to 10 mM with distilled water. An inductively
coupled plasma-optical emission spectrometer (ICP-OES, Agilent 730
Series, Agilent Technologies, USA) was employed to quantify the Zn?*
ions released from the ZnO NR arrays.

2.4. Measurement of antibacterial activity of ZnO NR arrays

Escherichia coli (E. coli, KCTC2571), purchased from the Korean Col-
lection for Type Culture (KCTC), was used for antibacterial activity test-
ing. All the culture experiments were carried out inside an aseptic
cabinet (Clean Bench J-CBWV1, JISICO Co., LTD, Korea). To measure
the antibacterial activity on the ZnO NR array surface (2 x 2 cm?), a
drop-test method was used (Akhavan and Ghaderi, 2010), wherein
100 pL of the E. coli water solution (an initial concentration of
107 CFU/mL) was directly dropped onto the surface of ZnO NR arrays,
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Fig. 1. Cross-sectional FE-SEM images of grown ZnO NR arrays on silicon wafer with the length of (a) 0.5 pm, (b) 1 um, (c) 2 pm, and (d) 4 um. The corresponding top-view FE-SEM images
of the ZnO NR arrays with the growth length of (e) 0.5 pm, (f) 1 um, (h) 2 pm, and (h) 4 um at x20,000 magnification.

which were pre-cleaned with ethanol. Experiments were conducted
under different light conditions—specifically, dark, visible light (A =
490-625 nm, 4 W), or UV illumination (a black light blue lamp, A =
350-400 nm, 4 W)—for 30 min. After incubation for 30 min with light
variation, antibacterial activity was measured via the spread plate
method (Moriarty, 1998). Other detailed procedures are provided in
the Supporting Information (SI) section.

The scavenger experiments were performed using individual scav-
engers of isopropanol (IPA), Cr(VI), and SOD to quench *OH, e, and
*0, respectively. The concentrations of scavengers were [IPA]y =
0.5 mM, [Cr(VI)]o = 0.05 mM, and [SOD]o = 70 mg/L. The relative via-
bility equation is as follows (Eq. (1)):

Co—C

Inactivation efficiency (%) = C
0

% 100 (1)

where Cy and C; represent the initial number of colonies and those sur-
viving at reaction time t, respectively. All values of inactivation effi-
ciency are the average of triplicate measurements, and error bars
represent the standard deviations of three repeated measurements,
*P < 0.05.

Additionally, the methods and equipment used to measure the
water quality parameters are described in the SI section.

3. Results and discussion
3.1. Characterization of ZnO NR arrays

The morphology of ZnO NR arrays grown to different lengths is
shown in Fig. 1. Fig. 1(a) illustrates the cross-sectional FE-SEM image
of NR arrays after 2 h 15 min of reaction time, showing that the NR ar-
rays grew uniformly on the substrate with an average length of
0.5 pm. When the hydrothermal synthesis reaction times increased to
4 h 30 min, 9 h and 18 h, as shown in Fig. 1(b)-(d), respectively, the
lengths of ZnO NR arrays grew longer, to maximums of 1 um, 2 um,
and 4 pm, respectively. The maximum length of NR was found to be
4 um with 18 h of hydrothermal reaction. With respect to the increasing
length of arrays, the surface density of NR became higher (Amin et al.,
2011) as displayed in Fig. 1(a)-(h). Compared to the shortest 0.5 pm
tall NR array, 1 um and 2 pum tall arrays exhibited more dense packing
of ZnO NR arrays, while the tallest 4 um tall array showed similar den-
sity with 2 um tall arrays (Fig. S1). With the aid of HMTA as a surfactant,
the thickness of the NR arrays remained identical at 70 4+ 10 nm regard-
less of the hydrothermal reaction time (Polsongkram et al., 2008). Such

a variation in surface morphology of NR arrays would be a key consider-
ation for the physical deformation of bacteria.

Surficial capping of ZnO NR arrays with Al,03 layers was observed,
as shown in Fig. 2. The STEM images clearly show that NR arrays were

(a) (b

Fig. 2. STEM images of ZnO NR capped with (a) 15 nmand (b) 30 nm thick Al,O; layer. EDS
elemental mapping images of 15 nm coated NR for (c) Zn and (e) Al atoms, and of 30 nm
coated NR for (d) Zn and (f) Al atoms.
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Fig. 3. AFM surface images of 2 pm tall ZnO NR arrays (a) without Al,O5 capping, (b) with 15 nm thick Al,O5 capping, and (c) with 30 nm thick Al,05 capping layers. (d) RMS roughness

with Al,O5 capping layers thickness variation.

covered with a uniform layer of Al,O3, and the coating thickness could
be controlled to be 15 and 30 nm without deforming the original NR ar-
rays, as displayed in Fig. 2(a) and (b), respectively. The EDS elemental
mapping images (Fig. 2(c)-(f)) show the spatial distributions of Zn
and Al atoms, indicating confinement of ZnO with Al,O5 layers in differ-
ent thicknesses. The Al,03 layers on the NR arrays covered the defect
sites of ZnO to prevent the possible chemical effect toward the bacterial
inactivation. Despite the surficial coating, the density and the morphol-
ogy of the arrays changed only minimally, as seen with the 2 pm tall ar-
rays with and without Al,O3 layers (Fig. S2).

To further understand the effect of the Al,03 layers on the mor-
phology of the ZnO NR arrays, the surface of nanostructures was an-
alyzed using AFM and roughness measurements. Fig. 3(a)-(c) show
the AFM surface images of the uncoated and the coated arrays with
2 um length, where the surface density of the NR arrays was not dras-
tically influenced even with the thicker coating of 30 nm Al,05 layer.
In addition, the surface RMS roughness of the arrays before and after
the surficial coating decreased from 101 to 95.3 nm (Fig. 3(d)), im-
plying that the surface roughness of the arrays was maintained
with the Al,03 coatings without significant difference (George,
2009; Wenzel, 1949). The morphological attribute of the ZnO NR ar-
rays were preserved even after the surficial coating, allowing us to
differentiate the physical and the chemical effect for bacterial inacti-
vation on the ZnO NR arrays. In other words, the uncoated arrays
would hold the synergetic effect of morphology and chemistry

from defect sites, while the coated arrays only show the morpholog-
ical effect due to the coverage of defects.

3.2. Antibacterial activity of ZnO NR arrays with various lengths

Fig. 4 displays the inactivation efficiencies of ZnO NR arrays with the
different lengths (0.5-4 pum) toward E. coli upon a 30 min exposure
under different light conditions (dark, visible light, and UV irradiation).
As the length of the ZnO NRs increased, the bactericidal efficiency
clearly increased, for instance, showing 63.5% with 0.5 pm and 94.2%
with 4 pm tall array under dark conditions. When the length of the ar-
rays was shorter than 1 um, the inactivation efficiency was more depen-
dent on the type of light, where the 0.5 um tall array showed c.a. 10%
increase of bactericidal efficiency under UV light illumination to yield
73.1%. As for the ZnO, the wide band gap (~3.37 eV) readily absorbs
UV light to generate ROS in the environment, thereby leading to the
higher antibacterial activity of the arrays under the UV light illumina-
tion (Bagchi et al., 2018). Conversely, the 4 um tall array exhibited sim-
ilar antibacterial activities up to 96.2% regardless of the light conditions,
implying that the morphological effect became dominant with the lon-
ger arrays. The high antibacterial efficiency over 90% was achieved
when the ZnO NR arrays were longer than 2 pm even under dark condi-
tions, which is highly comparable with the nanomaterials from previous
reports (Table S1). It is worth noting that the ZnO NR arrays showed the
quantitative inactivation efficiency in only 30 min, while other materials
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Fig. 4. Inactivation efficiency of E. coli upon 30 min exposure of ZnO NR arrays with
different lengths (0.5-4 pm) under different conditions (dark condition, visible light,
and UV irradiation).

shown in the previous studies have taken much longer times (1 h -
10 days) for a bactericidal efficiency similar to the ZnO NR arrays pre-
sented herein. In the following section, the morphological and chemical
effects of ZnO NR arrays for bacterial inactivation are carefully investi-
gated to identify the leading factors under dark conditions.

3.3. Morphological effect of ZnO NR arrays for bacterial inactivation

Fig. 5 shows the shape of dead E. coli stabbed by ZnO NR arrays of dif-
ferent lengths (0.5-4 um) under dark conditions. Materials with sharp
edges, such as nanoflakes and nanowires, have exhibited superior anti-
bacterial effects owing to physical action (Akhavan and Ghaderi, 2011;
Kaimlova et al., 2019). The sharp edges of the NR arrays cut through
the E. coli's cell membrane, resulting in a release of phospholipids and
constituents from the cells (Bhadra et al., 2011; Ramani et al., 2013), fi-
nally leading to the death of E. coli. As described earlier (Fig. 4), the lon-
ger arrays result in higher bacterial inactivation (Akhavan et al., 2009).
The 0.5 um tall array was less dense, thereby providing less physical
contact toward the E. coli. Furthermore, as shown in Fig. 5(a), NR
(0.5 um) was too short to penetrate the cell membrane of E. coli. There-
fore, the bacteria remained on the surface of the ZnO NR array, not

completely penetrated. However, the mechanical rupture of E. coli be-
comes more apparent when the length of the ZnO NR arrays reaches
1 um (Fig. 5(b)). Fig. 5(c) and (d) more clearly show that the E. coli
was deformed while releasing its constituents on the surface of the 2
and 4 um tall ZnO NR array. The dense packing of long ZnO NRs provided
the physical inactivation of E. coli, allowing a facile and rapid inactiva-
tion under dark conditions. As the bactericidal efficiency was saturated
beyond the length of 2 um, the following chemical effects by ZnO defect
sites were mainly tested with the 2 pm tall ZnO NR array.

3.4. Effect of generated ROS from defects of NR arrays for bacterial
inactivation

Previous studies have reported that ROS interferes with cell mem-
brane phospholipids, lipoproteins, and nucleic acids, leading to oxida-
tive stress and ultimately cell death (Applerot et al., 2009; Chandel
et al., 2000). Therefore, generation of ROS from ZnO should be critical
for the antibacterial activity of NR arrays. As shown in Fig. 6(a), 2 pm
tall arrays generated hydroxyl radicals even in the dark condition mon-
itored by ESR analysis. The arrays exhibited more intense formation of
hydroxyl radicals under UV irradiation (Fig. 6(b)). When the 2 pm tall
array was coated with Al,03 layers in 15 nm thickness, there was slight
evolution in ESR signal in both dark and UV conditions (Fig. 6(a) and
(b)). With the thicker 30 nm layer, the ZnO NR array showed no notice-
able response in ESR spectra neither under dark nor UV irradiation, in-
dicating a complete coverage of detect sites on ZnO by the 30 nm
thick Al,O3 layer, as shown in Fig. 6(a) and (b). As reported earlier,
the oxygen vacancy on defect sites of ZnO transfers the electron to
nearby surrounding molecular oxygen, forming superoxide radicals
(Eq. (2)). Superoxide radicals react with water molecules to generate
hydroperoxyl radicals (Eq. (3)) that further recombine to yield hydro-
gen peroxide molecules (Eq. (4)). The hydrogen peroxide molecules
form hydroxyl ions and hydroxyl radicals by the reaction with superox-
ide radicals (Eq. (5)), thereby making the hydroxyl radicals detectable
in the ESR spectra. Meanwhile, singlet oxygen ('0,) does not form
under the dark condition owing to the lack of photo-generated holes
(Hirota et al.,, 2010; Zhang et al., 2014; Yi et al., 2019).

0, +e =0y (2)
"0y~ + Hy,0—"HO, + OH~ 3)
"HO, + "HO,—~H,0, (4)

Fig. 5. Top-view FE-SEM images of ZnO NR array surface after inactivation of E. coli under dark conditions. The length of the arrays was (a) 0.5 um, (b) 1 pm, (c¢) 2 pm, and (d) 4 pm.
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With the detection of the ROS produced by the ZnO NR arrays in
the dark, the effect of ROS in terms of antibacterial activity on the ar-
rays was further examined using a series of radical scavengers (Fig. 6
(c)). Isopropanol (IPA), Cr(VI), and SOD were used to quench hy-
droxyl radicals, free electrons (e™), and superoxide radicals (Liu
et al., 2016), respectively. The inactivation efficiency of 2 um tall
ZnO NR arrays was substantially decreased by adding radical scaven-
gers, in which the quenching effect followed in the order of superox-
ide radical, free electron, and hydroxyl radical. In particular, the
superoxide radical scavenger (i.e., SOD) showed the highest effect,
reducing the bacterial inactivation efficiency down to 25.1% in com-
parison to 92.8% without the radical scavenger. As the superoxide
radicals are known to be initially generated by the electron transfer
from the defects of ZnO to the molecular oxygen under dark condi-
tions (Lakshmi Prasanna and Vijayaraghavan, 2015), the scavengers
of superoxide radicals and free electrons had the most effect. When
the arrays were capped with the 15 nm thick Al,O5 layer, the inacti-
vation efficiency decreased to 81.3%, implying less ROS formation
due to the surficial coverage of defect sites. The bactericidal effi-
ciency was further decreased by the addition of radical scavengers;
the efficiency was reduced to 50.4 and 45.1% with free electron and
superoxide radical scavengers, respectively, which is in line with
the tendency observed for the uncoated arrays.

The thicker Al,03 coating of ZnO NR arrays resulted in a considerable
decrease of bactericidal efficiency down to 43.9%, although the mor-
phology of nanostructures remained intact after the surficial coating,
as shown in Fig. 2. The antibacterial efficiency of the 30 nm coated
array was not affected in the presence of radical scavengers, indicating
that the thick coverage of defect sites on ZnO completely hindered the
ROS formation. Compared with using the uncoated and 15 nm coated
arrays, not considering the morphological effect, the additional
quenching experiments demonstrate that the lower antibacterial effi-
ciency of the latter array resulted from the reduction of defect-
induced ROS formation (Fig. S3(a) and (b)). Conversely, the 30 nm
coated arrays in all lengths showed marginal dependency on radical
scavengers (Fig. S3(c)), proving that the E. coli inactivation on the
30 nm coated array was solely attributed to the morphological effect
for physical deformation of E. coli.

3.5. Effect of released Zn?™ ions for bacterial inactivation

It has been reported that zinc ions can bind to microbial mem-
branes such as mammalian cells (Sugarman, 1983), thereby delaying
the phase of the growth cycle to hinder complete cell division (Radke
et al,, 1994). The possible leaching of zinc ions from the ZnO NR ar-
rays might contribute to the bacterial inactivation, as reported in
earlier studies (Song et al., 2010; Joe et al., 2017). The measurement
of the released kinetics Zn?* ion from the ZnO NR arrays (2 x 2 cm?)
was performed under the same conditions as the drop-test. All re-
sults are expressed in terms of pg/mL/cm?. Fig. S4 shows the kinetics
of the zinc ions released from the 2 um tall ZnO NR arrays and the
Al,05-capped arrays under dark and UV irradiation. Regardless of
the lighting conditions, zinc ions were released from the uncoated
ZnO NR arrays, showing ~13.2 ug/mL/cm2 within 60 min of treatment
in water. In contrast, the Al,O3-capped arrays with the coating thick-
ness of 15 and 30 nm exhibited a far lower amount of zinc release
under dark conditions, up to 2.1 and 0.9 ug/mL/cm?, respectively.
There was no drastic change in the zinc concentration released

Fig. 6. ESR analysis of *OH radicals generated from 2 pm tall ZnO NR arrays under (a) dark
and (b) UV illumination. (c) ROS scavenging experiments of 2 um tall ZnO NR arrays and
the Al,03-capped arrays under dark conditions. Scavengers isopropanol (IPA), Cr(VI), and
superoxide dismutase (SOD) were used to quench *OH, e, and *O, respectively.
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from the coated arrays even under UV irradiation. Through the surfi-
cial coating of ZnO NR arrays, the leaching of zinc ions could be
highly suppressed by one-fifth relative to that from the uncoated
arrays. According to the released zinc concentration, the control
experiment for E. coli inactivation was conducted in an aqueous
zinc solution within the range from 1 to 20 pg/mL. As shown in
Fig. S5, the inactivation of E. coli was negligible even in the high
zinc amount of 20 pg/mL, yielding only 3% bactericidal effect. Consid-
ering that the zinc ions were released from the ZnO NR arrays at a
maximum rate of 16.3 ug/mL/cm?, the effect of zinc ions from the ar-
rays was less significant for bacterial inactivation. This finding is in
agreement with the results of a previous report, stating that a Zn®*
concentration of 100 mg/L can cause cell death (Jiang et al., 2016).
As the coated arrays released insignificant amounts of zinc ions, the
share of zinc ions in antibacterial activity on the Al,03-capped arrays
was very minor.

The leaching of zinc ions from ZnO NR arrays may lead to structural
deformation of the arrays. The release of zinc ions from the 2 pm tall
ZnO NR array was monitored over 30 cycles (Fig. S2(c)). The average
zinc release was found to be ca. 12.0 ug/mL/cm?, indicating that 0.02%
of Zn leached from the array throughout the cycles. Nevertheless, the
morphology of the ZnO NR arrays was not damaged, even after the
30th cycle (Fig. S6), and the antibacterial activity remained intact
(Fig. S7).
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Fig. 7. (a) Inactivation efficiency of E. coli upon 30 min exposure to ZnO NR arrays of
various lengths with different thicknesses of Al,0s; (capping) layers under dark
conditions. (b) Quantitative analysis of influence factors for antibacterial activity of ZnO

NR arrays.

3.6. Classification of the antibacterial activity mechanisms of ZnO NR arrays
under dark conditions

The main factors associated with the antibacterial activity of ZnO NR
arrays under dark conditions are summarized in Fig. 7(a). The pure ZnO
NR arrays without Al,05 layer exhibited a combinational effect for E. coli
inactivation through the mechanical rupture and chemical deformation
by ROS and zinc ions, reaching a maximum of 92.8% with the 2 pum tall
ZnO NR array. The coated arrays with 15 nm thick Al,03 layer, however,
produced less ROS and zinc ions. As a result, the antibacterial activity of
the 15 nm coated arrays was less influenced by chemical factors,
resulting in a ~10% lower inactivation efficiency compared to that of
the uncoated arrays for all lengths. With the thicker Al,05 coating of
30 nm on the ZnO NR arrays, the chemical factors of the ROS and zinc
ions were completely eliminated, implying that only the morphological
effect, i.e., the physical rupture of E. coli, was responsible for bacterial in-
activation, as it yielded 43.9% with 2 um tall ZnO NR arrays. The controls
in length and surficial coating over the ZnO NR arrays finally enabled
quantitatively analyzing their antibacterial mechanisms, as redrawn in
Fig. 7(b). The morphological effect for physical deformation of E. coli be-
came dominant; the overall bactericidal activity increased from 31.9 to
56.4% as the length of the arrays increased from 0.5 to 4 um tall. The
chemical effect originated predominantly from ROS formation and mar-
ginally from zinc ion leaching, with the remaining 31.7 and 37.8% owing
to the 0.5 and 4 um tall ZnO NR arrays, respectively. Although both phys-
ical and chemical factors are known to affect the antibacterial activity of
fabricated nanostructures, their actual share has not yet been quantita-
tively measured (Lakshmi Prasanna and Vijayaraghavan, 2015;
Raghupathi et al,, 2011). This study revealed that the antibacterial activ-
ity on 2 um tall ZnO NR arrays under dark conditions is affected in the
order of morphology (48.9%) > ROS production (40.9%) > released Zn?
T ions (3%).

3.7. Applications of ZnO NR arrays to real water samples for antibacterial
treatment

To confirm the applicability of the antibacterial activity of ZnO NR ar-
rays under an actual environment, antibacterial tests were conducted
using drinking (bottled) and surface (pond) water. The antibacterial
treatment of the water samples was confirmed using 2 um tall ZnO NR
arrays. In general, the performance of nanomaterials under realistic
water treatment conditions is known to correlate to water quality pa-
rameters, especially organic matter owing to their scavenging effect of
generated ROS (Chu et al., 2019; Sharma et al., 2015). As shown in
Table S2, the water quality parameters demonstrated that bottled and
pond water have similar conductivity, DO, and pH values, but the
pond water sample showed a much higher TOC level and turbidity.
After filtering the sampled water, E. coli was artificially spiked to per-
form the antibacterial evaluation of the ZnO NR arrays.

Fig. 8 displays the inactivation efficiency of E. coli following 30 min
exposure of ZnO NR arrays under different light conditions (dark and
UV irradiation). In the bottled water, a bacterial inactivation efficiency
of 87.5% was achieved under dark conditions, whereas a slightly lower
efficiency, 80.4%, was achieved in the pond water. Such a discrepancy
in efficiencies can be ascribed to a higher level of organic substances
in the pond water, which consumed the generated ROS under dark con-
ditions, resulting in lower antibacterial activity (Brame et al., 2015;
Maeng et al.,, 2015). When exposed to UV light illumination, however,
almost 90% of antibacterial activities were obtained in both bottled
and pond water, which may have resulted from the enhanced chemical
effect due to more ROS production by the NR arrays. This can be strongly
observed in the aforementioned ESR spectra, which show more intense
formation of hydroxyl radicals under UV irradiation than that under
dark conditions (Fig. 6(a) and (b)). The high antibacterial activity of
ZnO NR arrays was confirmed even in the complex environments, prov-
ing the feasibility of the arrays for actual inactivation application.
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Fig. 8. Comparison of inactivation efficiency of 2 um tall ZnO NR arrays under different
conditions (dark conditions and UV irradiation) for E. coli in different water types
(bottled and pond water) with 30 min of exposure.

4. Conclusion

The antibacterial activity of fabricated ZnO NR arrays under dark
conditions was investigated from a mechanistic perspective. With NR
arrays of various lengths, mechanical rupture of E. coli was predominant,
showing higher inactivation efficiency with longer array lengths. The
ZnO NR arrays were able to produce the ROS even under dark conditions
owing to defect sites on the ZnO surface. When the ZnO NR arrays were
coated with thick Al,O3 layers, the defects on ZnO were fully covered,
producing no ROS in the environment. Considering that the chemical ef-
fect of ROS was not accounted for in these more thickly coated arrays,
the mechanical effect arising from the ZnO NR array morphology was
determined to be predominant. By comparing the uncoated and thickly
coated ZnO NR arrays, the chemical inactivation by ROS formation and
Zn** ions was further found to be a secondary effect. Therefore, the re-
leased Zn?" ions from the ZnO NR arrays played a minor role in the an-
tibacterial activity. Both coated and uncoated ZnO NR arrays can be
applied in biomedical and antifouling fields where biofilm formation
causes many problems even under dark conditions.
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