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Abstract: Metal oxide (MO) nanoparticles have been studied as nano-antibiotics due to their
antimicrobial activities even in antibiotic-resistant microorganisms. We hypothesized that a
hybrid system of dual UV irradiation and MO nanoparticles would have enhanced antimicro-
bial activities compared with UV or MO nanoparticles alone. In this study, nanoparticles of
Zn0, ZnTiO,, Mg0, and CuO were selected as model nanoparticles. A dual UV collimated
beam device of UV-A and UV-C was developed depending upon the lamp divided by coating.
Physicochemical properties of MO nanoparticles were determined using powder X-ray dif-
fractometry (PXRD), Brunauer-Emmett-Teller analysis, and field emission-scanning electron
microscopy with energy-dispersive X-ray spectroscopy. Atomic force microscopy with an
electrostatic force microscopy mode was used to confirm the surface topology and electrostatic
characteristics after dual UV irradiation. For antimicrobial activity test, MO nanoparticles
under dual UV irradiation were applied to Escherichia coli and M13 bacteriophage (phage).
The UV-A and UV-C showed differential intensities in the coated and uncoated areas (UV-A,
coated = uncoated; UV-C, coated << uncoated). MO nanoparticles showed sharp peaks in
PXRD patterns, matched to pure materials. Their primary particle sizes were less than 100 nm
with irregular shapes, which had an 8.6~25.6 m?g of specific surface area with mesopores of
22~262 nm. The electrostatic properties of MO nanoparticles were modulated after UV irradia-
tion. ZnO, MgO, and CuO nanoparticles, except ZnTiO, nanoparticles, showed antibacterial
effects on E. coli. Antimicrobial effects on E. coli and phages were also enhanced after cyclic
exposure of dual UV and MO nanoparticle treatment using the uncoated area, except ZnO nano-
particles. Our results demonstrate that dual UV-MO nanoparticle hybrid system has a potential
for disinfection. We anticipate that it can be developed as a next-generation disinfection system
in pharmaceutical industries and water purification systems.

Keywords: dual UV, metal oxide nanoparticles, antimicrobial activity, E. coli, M13 bacte-
riophage

Introduction

Metal oxide (MO) nanoparticles have antimicrobial activities, which are so called
“nano-antibiotics”, and are used in various research fields including environmental,
pharmaceutical, and biomedical applications.!> Compared with conventional antibiotic
drugs or disinfection agents, MO nanoparticles show enhanced disinfection potentials,
even in antibiotic-resistant microorganisms."> Under UV irradiation, they also target
microorganisms and enhance the antimicrobial activities as disinfection agents in a
purification system.** Thus, the combination of UV and MO nanoparticles can be
applied for a future disinfection system.®’
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In dual UV-MO nanoparticle hybrid system, MO nano-
particles are highlighted by their surface characteristics,
physicochemical properties,® and photocatalytic activity.*!!
Adsorption function of MO nanoparticles to microorganisms
can induce the disruption of bio-membranes and massive
leakage of cell contents, due to their surface characteristics
and physicochemical properties.'”> MO nanoparticles also
have disinfection potential under UV irradiation, as well as
in dark conditions.*** They generate reactive oxygen species
(ROS) as photocatalysts over wavelength ranges of band gap
energies, and induce ROS-mediated toxicity and decomposi-
tion in microorganisms after UV treatment.!!14-17

UV irradiation has been studied as an alternative disinfec-
tion technique in purification systems, as well as clinics.!”"°
In the UV spectra, UV-C (100~280 nm) is generally used
for disinfection, which is lethal in bacteria and inactivates
viruses due to its damage to genetic materials by absorption
at 250~270 nm as a peak germicidal wavelength.!* UV-A
(315~400 nm) also induces ROS production and leads to
oxidative cell damage,'® which is applied as an insecticide at
longer exposure. UV-A affects the survival rate in immature
stages of worms.'” Thus, dual UV irradiation of UV-A and
UV-C can be a wide spectrum disinfection agent in a hybrid
system with MO nanoparticles.

In this study, we report on a dual UV-MO nanoparticle
hybrid system combining UV-A and UV-C to enhance antimi-
crobial activities (Figure 1). MO nanoparticles of ZnO, ZnTiO,,
MgO, and CuO were selected. Physicochemical properties of
MO nanoparticles were determined and antimicrobial activities
of the hybrids were confirmed in Escherichia coli and M13
bacteriophages (phage). First, crystallinity, and pore size of
MO nanoparticles were confirmed using powder X-ray diffrac-
tometry (PXRD), and Brunauer-Emmett-Teller (BET) analy-
sis. Morphology and elemental compositions were investigated
using field emission-scanning electron microscopy (FE-SEM)
with energy-dispersive X-ray spectroscopy (EDS). Surface
characteristics and electrostatic properties of MO nanoparticles
were monitored using atomic force microscopy (AFM), and
electrostatic force microscopy (EFM). For dual-UV irradia-
tion, a collimated beam device (CBD) was used with a dual
UV lamp divided into coated and uncoated areas, respectively.
UV spectra were monitored using a spectrometer.

Experimental

Chemical reagents

MO nanoparticles of ZnO, ZnTiO,, MgO, and CuO were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
Isopropyl alcohol and absolute ethanol (99.9%) were obtained

from Sigma-Aldrich Co. Luria-Bertani (LB) medium and agar
were obtained from BD Biosciences (San Jose, CA, USA). All
chemicals were of reagent grade without further purification.
Deionized water was obtained using a Milli-Q water purifica-
tion system (EMD Millipore, Billerica, MA, USA).

Dual UV in CBD

CBD (Figure 1) was designed and prepared using a dual UV
lamp (85 cm in length) divided into coated and uncoated
areas (ECOSET Co., Ltd., Ansan, Korea) connected to an
electronic controller for 40 W/m?. Fans at both ends were
attached to minimize heat generation by the UV lamp. Inten-
sities (WW/cm?) of dual UV were measured at the site of petri
dishes using a spectrometer (Jaz System; Ocean Optics, Inc.,
Petaluma, CA, USA) with software (Spectra Suite; Ocean
Optics, Inc.). For UV inactivation, UV dose (mJ/cm?) was
calculated from multiplying the UV lamp intensity (WW/cm?)
by exposure time (s). Dual UV spectra were monitored from
each side of the UV lamp.

PXRD

MO nanoparticle crystallinities were analyzed via PXRD.
The XRD patterns of the powdered nanoparticles were
recorded from 20 to 80 26 (degree, °) using a high resolu-
tion X-ray diffractometer (SmartLab, Rigaku Americas
Co., Woodlands, TX, USA) with CuKo radiation. The data
were collected and qualitatively analyzed in SmartLab. The
average nanocrystal particle size was also calculated using
Scherrer’s equation:

Particle size = (K X L)/(P X cos0)

where K is a proportionality coefficient called shape factor
(0.9), A denotes the X-ray wavelength (1.540x107'), § is the
full width at half the maximum intensity in radians, and 6
is the Bragg angle.?

BET analysis

Specific surface area and pore analyses of MO nanoparticles
were determined from nitrogen adsorption-desorption iso-
therms using a Qudrasorb SI (Quantachrome Instruments,
Boynton Beach, FL, USA) with 1.0 h outgas at 300°C. Each
sample was used at a range from 1.0 to 3.0 g. Experimental
specific surface area, total pore volume, and average pore diam-
eter were calculated using ASiQwin software (Quantachrome
Instruments) based on BET theory. Theoretical specific surface
area was also calculated using the following equation:

Specific surface area = 6/(D x p)
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Figure | Schematic diagram of dual UV-MO nanoparticle hybrid system using CBD and its antimicrobial mechanisms.
Notes: MO nanoparticles, dual UV (UV-A and UV-C), and dual UV-MO nanoparticle hybrid were applied to Escherichia coli and phage samples. UV-A and UV-C intensities
were differentially controlled by lamp surface coating. MO nanoparticles showed intensive antimicrobial activity through microbial adsorption and ROS production by dual

UV exposure.

Abbreviations: MO, metal oxide; CBD, collimated beam device; ROS, reactive oxygen species.

where D represents the particle size and p is the theoretical
density (g/cm?) of MO nanoparticles.?' Theoretical density
values of MO nanoparticles for ZnO, ZnTiO,, MgO, and CuO
were 5.61, 5.74, 3.58, and 6.31 g/cm’, respectively.

FE-SEM with EDS

MO nanoparticle morphologies were monitored using an
FE-SEM (JSM-7100F; JEOL, Tokyo, Japan) operated at
an acceleration voltage of 15.0 kV. Magnifications used

were x5,000 to x50,000. EDS analysis was also performed
at three points on the surface of MO nanoparticles to quanti-
tatively determine the element compositions. Samples were
investigated after platinum coating.

AFM

The surface topology of MO nanoparticles was determined
using an AFM (XE-100; Park Systems Inc., Santa Clara, CA,
USA). MO nanoparticles were dispersed in water at 1.0 mg/mL.
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After vortex mixing, samples were diluted with ethanol due
to their poor dispersibility in water, and then dropped into
silicon-based wafer and solvent was removed using a spin
coater. After drying, AFM images were taken at a scanning
area of 3x3 lm in a non-contact mode.

EFM

EFM was conducted on an AFM (XE-100) in EFM mode
accessorized with a AFM controller operating in a non-
contact mode. MO nanoparticles with and without UV irra-
diation using each side of the UV lamp, coated and uncoated
areas, were used as samples. UV exposure time was 10 s
over three cycles (total 30 s for 30 min). EFM samples of
MO nanoparticles were prepared as mentioned in the AFM
section. Additionally, prior to image taking, silver paste was
applied on each end of the silicon-based wafer to enhance the
EFM image resolution. Scan size was 1x1 um. In the lock-in
amplifier, the measurement conditions of phase, frequency,
and amplitude were 70°, 17 Hz, and 2 V, respectively. Sample
bias was —1 V.

Antimicrobial activity test

E. coli and phage were used as model microorganisms to
confirm whether UV-MO nanoparticle hybrids had antimi-
crobial potentials as disinfection agents. MO nanoparticles
and UV alone were used as controls. MO nanoparticles were
dispersed in water at 1.0 mg/mL. In dark conditions, nano-
particles were added to E. coli (10* CFU) and incubated for
30 min. From samples, 1 mL was collected and added to
LB/agar medium. The resultant samples were poured into
plates and incubated in the dark at 37°C overnight. In
the case of phages, 10* PFU were used. Nanoparticles in
water (1.0 mg/mL) were mixed with phages and incubated
for 30 min. Then, 100 uL of samples were collected and
incubated with overnight-cultured bacteria at room tempera-
ture for 60 min. After the top agars were mixed with those and
poured onto LB/IPTG/Xgal plates, the plates were incubated
at 37°C overnight for phage growth. For UV irradiation, UV
was treated to MO nanoparticles for 30 s once or for 10 s in
three cycles (total 30 s), while MO nanoparticles were incu-
bated with E. coli or phage for 30 min. After UV irradiation,
1 mL of samples for E. coli was collected, added to LB/agar
medium, and poured into plates. Then, plates were incubated
in the dark at 37°C overnight. For phages, 100 UL of samples
after UV irradiation were collected and incubated with
overnight-cultured bacteria at room temperature for 60 min.
Then, after the top agars were mixed with those samples and
poured onto LB/IPTG/Xgal plates, the plates were incubated

at 37°C overnight. Colonies and phage plaques were counted
using ImageJ (NIH) after obtaining images.

Statistical analysis

The results are expressed as the means + SD. The statistical
significance of the differences between groups was tested
using the Student’s #-test, with p<<0.05 considered to be
significant.

Results

Dual UV intensity and dose

Dual UV spectra were monitored and UV intensities of UV-A
and UV-C were measured in the UV lamp. They showed a
broad UV-A peak at 350~400 nm and a sharp UV-C peak
at 253 nm (Figure S1). UV-C intensity in the uncoated area
was 5.1-fold higher than that in the coated area (UV-C;
uncoated >>> coated), whereas UV-A intensity in the uncoated
area was similar to that in the coated area of UV lamp (UV-A;
uncoated = coated). Table 1 shows the dual UV intensities
of UV-A and UV-C based on UV irradiation areas of the
lamp. In the coated area, UV-A and UV-C intensities were
495+13.8 uW/cm? and 94.4+35.7 uW/cm?, respectively.
However, in the uncoated area, UV-A and UV-C intensities
were 447192.7 uW/cm? and 478127.8 uW/cm?, respectively.
Based on the dual UV intensities of UV-A and UV-C, the
dose for a 10 s exposure was 4.95 mJ/cm? of UV-A and
0.944 mJ/cm? of UV-C in the coated area. The dual UV dose
for 30 s exposure was 14.9 mJ/cm? of UV-A and 2.83 mJ/cm?
of UV-C in the coated area. In the uncoated area, the UV dose
for 10 s was 4.47 mJ/cm? of UV-A and 4.78 mJ/cm? of UV-C,
and for 30 s was 13.4 mJ/cm? of UV-A and 14.3 mJ/cm? of
UV-C, respectively.

Crystallinity and average particle size of
MO nanoparticles

The crystallinities of MO nanoparticles were confirmed
using the diffraction patterns in the range of 20~80 26
(degree, °) (Figure 2). MO nanoparticles showed sharp
crystalline peaks. The PXRD patterns of ZnO (Figure 2A),
ZnTiO, (Figure 2B), MgO (Figure 2C), and CuO (Figure 2D)
nanoparticles were matched to those of pure MO after

Table | Dual UV intensities of UV-A and UV-C in the UV lamp

UV irradiation site UV intensity (WW/cm?)

UV-A uUv-C
Coated area 495+13.8 94.4135.7
Uncoated area 447+92.7 478+27.8

Note: Data presented as mean * standard deviation (n=3).
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Figure 2 X-ray diffractograms of MO nanoparticles.

Note: (A) ZnO, (B) ZnTiO,, (C) MgO, and (D) CuO.
Abbreviation: MO, metal oxide.

qualitative analysis (reference database card no ICDD-
01-076-0704 for ZnO, ICDD-00-015-0591 and ICDD-00-
039-0190 for ZnTiO,, ICDD-00-045-0946 for MgO, and
ICDD-01-089-5898 for CuO). Upon calculating the average
sizes of MO nanoparticles followed by Scherrer’s equation,
Zn0O, ZnTiO,, MgO, and CuO nanoparticle sizes were 33 nm,
49 nm, 31 nm, and 18 nm, respectively.

Specific surface area and pore

characterization

Table 2 lists the surface characteristics of specific surface area,
pore volume, and pore size in MO nanoparticles following
BET analysis. ZnO nanoparticles had a large specific surface
area of 25.6 m?/g compared to other nanoparticles (ZnO >>
ZnTiO, > MgO >> CuO). Theoretically calculated values
of specific surface areas were 32, 21, 53, and 54 m?/g for
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ZnO, ZnTiO,, MgO, and CuO nanoparticles, respectively.
Their experimental values were less than theoretical values,
suggesting the generation of clusters and aggregates. For the
pore volume of nanoparticles, ZnTiO, nanoparticles showed
the largest pore volume of 0.86 cc/g (ZnTiO, >> MgO >
ZnO >> CuO0). ZnTiO, nanoparticles also had the largest

Table 2 Surface characteristics of MO nanoparticles

International Journal of Nanomedicine 2017:12

Nanoparticles Theoretical Specific Pore Pore size
specific surface area volume (nm)
surface area (m?g) (cclg)

(m?/g)

ZnO 32 25.58 0.1404  21.95

ZnTiO, 21 13.20 0.8638 2618

MgO 53 15.44 0.1922  49.80

CuO 54 8.620 0.04931 22.88

Abbreviation: MO, metal oxide.
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pore size of 261.8 nm (ZnTiO, >> MgO > CuO > ZnO).
However, the pore sizes of ZnO, MgO, and CuO nanoparticles
were less than 100 nm, in the range of 21.95 to 49.80 nm.

Morphology and size of MO

nanoparticles

MO nanoparticles had an irregular shape which was a
relatively spherical (Figure 3A—C) or flower-like shape
(Figure 3D) with nanoparticle sizes less than 100 nm in
diameter. They showed uniform size distribution, but the
nanoparticles were self-adsorptive, thereby generating
clusters. In a hydrodynamic environment, MO nanoparticles
formed large aggregates over 100.0 um due to their poor
dispersibility although their primary particle sizes were
within the nanoscale range (Figure S2).

Atomic composition of MO nanoparticles
MO nanoparticles had atomic elements proportional to
their chemical formula based on the EDS results (Table 3).
ZnO nanoparticles consisted 0of 49% Zn, 47% O, and 4% Al

Figure 3 FE-SEM images of MO nanoparticles.
Note: (A) ZnO, (B) ZnTiO,, (C) MgO, and (D) CuO.

suggesting Al was used as dopant in ZnO nanoparticles.
ZnTiO, nanoparticles showed 21% Zn, 19% Ti, and 60% O.
MgO nanoparticles had 50% Mg and 50% O. CuO nanopar-
ticles had 44% Cu and 56% O.

Surface topology of MO nanoparticles

Figure 4 shows the topologies and 3D structures of MO
nanoparticles. MO nanoparticles showed a ball-shaped multi-
faceted O-terminated surface of nanocrystalline structures
based on the measurement of small forces between the AFM
tip and the surface of MO nanoparticles. In MO nanoparticles,
the combination of chemical forces, van der Waals forces,
and electrostatic forces was utilized to investigate the super-
position of the surface and the chemical geometric structures.
The diameters of all MO nanoparticles were less than 100 nm.

Electrostatic characteristics of MO

nanoparticles
We confirmed the electrostatic properties of MO nano-
particles before and after dual UV irradiation (Figure 5).

ZnTiO,

Abbreviations: FE-SEM, field emission-scanning electron microscopy; MO, metal oxide.
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Table 3 Atomic compositions of MO nanoparticles

Nanoparticles Atomic compositions (%)

Zn Al Ti Mg Cu (o]
ZnO 49.2+2.7 3.510.3 47.4+2.9
ZnTiO, 21.4+0.5 19.1+4.2 59.5+3.6
MgO 50.4+1.7 49.6+1.7
CuO 43.6+0.7 56.4+0.7

Note: Data presented as mean * standard deviation (n=3).
Abbreviation: MO, metal oxide.

For dual UV irradiation, the intensities of UV-A and UV-C
were controlled using the coated and uncoated areas of the UV
lamp. Three cyclic exposures of 10 s for 30 min were used.

Electrostatic characteristics: MO

nanoparticles without UV irradiation

Figure 5A—D shows the EFM images of MO nanoparticles
in the dark condition to monitor the electrostatic properties.
ZnO nanoparticles generated clusters and showed 1.4~1.7 V
of amplitude (Figure 5A). ZnTiO, and MgO nanoparticles
had 1.8~2.0 V (Figure 5B) and 1.1~1.3 V of amplitude
(Figure 5C), respectively. CuO nanoparticles particularly
had 3.0~3.4 V of amplitude (Figure 5D). For the analyses
of absolute surface amplitude and potential, scanning Kelvin
probe microscopy (SKPM) images of ZnO and ZnTiO,
nanoparticles were obtained (Figure S3A and B). ZnO

nanoparticle aggregates showed 28.2~48.8 mV of ampli-
tude and —1.5~—1.4 V of surface potential (Figure S3A).
ZnTiO, nanoparticles showed 31.8~43.8 mV of amplitude
and —1.7~—1.6 V of surface potential (Figure S3B).

Electrostatic characteristics: MO

nanoparticles after dual UV irradiation

EFM images of MO nanoparticles after dual UV irradiation
are shown in Figure SE—H by coated area and in Figure 5I-L
by uncoated area. After dual UV irradiation from the coated
area, the amplitudes of MO nanoparticles are changed
without topological changes. From the coated area, ZnO
nanoparticles showed 2.3~2.7 V of amplitude (Figure 5E).
ZnTiO, and MgO nanoparticles had 1.6~1.8 V (Figure 5F)
and 450~650 mV of amplitude (Figure 5G), respectively.
CuO nanoparticles particularly had 2.1~2.3 V of amplitude
(Figure 5H). For the uncoated area, ZnO nanoparticles
showed 2.25~3.25 V of amplitude (Figure 5I). ZnTiO,
and MgO nanoparticles had 1.9~2.2 V (Figure 5J) and
680~840 mV of amplitude (Figure 5K), respectively. CuO
nanoparticles particularly had 1.8~2.1 V of amplitude
(Figure 5L). In SKPM images, after UV irradiation from a
coated area, the amplitude and potential of ZnO nanopar-
ticles were 22.2~32.3 mV and —0.99~-0.93 V (Figure S3C).

However, ZnTiO, nanoparticles changed from 31.8~43.8 mV
of amplitude and —1.7~—1.6 V of potential to 19.2~27.5 mV
of amplitude and —414.4~-369.3 mV of potential after
UV irradiation using the coated area (Figure S3D). Using
an uncoated area in the UV lamp, ZnO nanoparticles had
46.1~73.5 mV of amplitude and —2.2~-2.1 V of poten-
tial (Figure S3E), whereas ZnTiO, nanoparticles showed
39.7~48.2 mV of amplitude and —1.40~—1.37 V of potential
(Figure S3F). Additionally, upon monitoring the electrome-
chanical properties, d33 (pm/V) of ZnO nanoparticles from
the piezoelectric force microscopy results showed no signifi-
cant difference after dual UV irradiation with three cyclic
exposures, suggesting the piezoelectrically free electrostatic
response of ZnO nanoparticles (Figure S4).

Antimicrobial activity

Based on the physicochemical and electrostatic properties of
MO nanoparticles before and after dual UV irradiation, the
antimicrobial effects of UV-MO nanoparticle hybrid system
on E. coli and phage were evaluated after single and cyclic
exposures of dual UV. MO nanoparticles and UV irradiation
alone were used as controls.

Antimicrobial activity: antibacterial

effects on E. coli

The antibacterial effects of dual UV-MO nanoparticle hybrids
on E. coli were estimated. Figure 6 shows the concentra-
tion of MO nanoparticles versus Log(CFU) profiles after sin-
gle or cyclic UV exposure (Figure 6A), and the representative
plate images of colonies (Figure 6B—G). All MO nanoparticles
at 1.0 mg/mL, except ZnTiO,, showed antibacterial effects
on E. coli. In MO nanoparticles, ZnO nanoparticles showed
the highest antibacterial potential against E. coli after 30 min
exposure (ZnO > MgO > CuO >> ZnTiO,). Toxicity from
MO nanoparticles was mediated by adsorption potential
from surface characteristics and release of metal ions from
MO nanoparticles, even though it was not perfectly matched
due to their complexity. Release of Zn ion from ZnO nano-
particles in water was less than 1 ppm (Figure S5). Mg ion
showed the highest release level in water after 7-day incu-
bation. However, Zn, Ti, and Cu ions were only minimally
released from ZnTiO, and CuO nanoparticles. Under dual
UV irradiation using the uncoated lamp area, ZnTiO, and
MgO nanoparticles showed enhanced antibacterial activity
against E. coli (Figure 6A). In addition, cyclic exposures from
the uncoated UV bulb area with MO nanoparticles showed a
superior antibacterial effect against E. coli (Figure 6E and F).
No colonies of E. coli were detected after MgO nanoparticle
treatments under dual UV irradiation except a 30 s treatment
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Figure 4 AFM images of MO nanoparticles.
Notes: (A) ZnO, (B) ZnTiO,, (C) MgO, and (D) CuO. 2D and 3D images of AFM were listed.
Abbreviations: AFM, atomic force microscopy; MO, metal oxide.

o M

o

o

0

8064 submit your manuscript

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Dual UV irradiation-based metal oxide nanoparticles

Before UV irradiation

After dual UV irradiation (coated)

After dual UV irradiation (uncoated)

A

nm
100

Amplitude E

Topology Topology

75 750 75 750

50 € 50 €
£ 500 £ 500
25 250 25 250
ol 0 ol 0
0 250 500 750 1,000 0 250 500 750 1,000 0 250 500 750 1,000
nm
B Topology Amplitude F Topology
nm nm
100 100
75 750 75 750
s0 E s0 E
£ s00 £ s00
25 250 25 250
ol o 0 ol 0
0 250 500 750 1,000 0 250 500 750 1,000 0 250 500 750 1,000
C Topology Amplitude G Topology
nm nm
100 100
75 750 75 750
s0 E s0 E
£ s00 £ s00
25 250 25 250
ol 0 0 > < ol 0
0 250 500 750 1,000 0 250 500 750 1,000 0 250 500 750 1,000
D Topology Amplitude H Topology
nm nm
100 100
75 750 75 750
50 € 50 €
£ 500 £ s
25 250 25 250
ol 0 30 00 250 500 750 1,000 ol 0
0 250 500 750 1,000 ; 0 250 500 750 1,000
nm nm nm

Figure 5 EFM images of MO nanoparticles before/after dual UV irradiation.
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Abbreviations: EFM, electrostatic force microscopy; MO, metal oxide.

from a coated area. However, in the plates after cyclic
UV exposures of the uncoated area with ZnO nanoparticles,
colonies were still detected. In the case of CuO nanoparticles,
no colonies were detected after CuO nanoparticle treatment
(1.0 mg/mL) under dual UV irradiation with single and
cyclic exposures from the coated area as well as the uncoated
area. Even with 0.1 mg/mL of CuO nanoparticles, and dual
UV single exposure irradiation from an uncoated area for
10 s, colonies were not detected (Figure S6).

Antimicrobial activity: inactivation

effects on phages

The inactivation effects of dual UV-MO nanoparticles on
phages were monitored. Figure 7 shows the concentration of
MO nanoparticles versus Log(PFU) profiles after single or
cyclic UV exposure (Figure 7A), and representative plaque
plate images (Figure 7B—Q). In all MO-treated plates, except
ZnO nanoparticles, plaques were not detected after cyclic
dual UV exposure from the uncoated area of the UV bulb.
Specifically, CuO nanoparticles even at 0.1 mg/mL, were
associated with no plaques after dual UV irradiation from

the uncoated area after a single 30 s dose or three cyclic 10 s
doses (Figure S6). However, none of the MO nanoparticles
demonstrated inactivation effects on phages in the absence
of UV irradiation.

Discussion
Here we report the antimicrobial activities of a dual UV-MO
nanoparticle hybrid system on E. coli and phages after a short
exposure to dual UV (30 s or 10 s in three cycles) and MO
nanoparticles (30 min) (Figure 1). ZnO, ZnTiO,, MgO, and
CuO nanoparticles were used in the hybrid system to screen
for superior antimicrobial activities. The physicochemical
properties of MO nanoparticles (e.g., size, crystallinity,
surface characteristics, morphology, and electrostatic char-
acterization) were evaluated due to their interaction with
microorganisms. UV-A and UV-C as a dual UV were used in
the CBD to evaluate their disinfection potential against E. coli
and phages. A CBD was developed to collect the UV beam
and to calculate UV dose under dual UV irradiation.

Dual UV exposure with UV-A and UV-C is a cutting edge
technique. Each spectrum of UV-A and UV-C is a powerful
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Figure 6 Antibacterial effects of dual UV-MO nanoparticles hybrid on Escherichia coli.
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for 30 min. Representative plate images of colonies after the treatment of cyclic exposure (10 s X 3) from the uncoated area and MO nanoparticles are shown: (B) control
(untreated), (C) UV (uncoated), (D) ZnO, (E) ZnTiO,, (F) MgO, and (G) CuO. -, not detected; *p<<0.05; **p<<0.01.

Abbreviation: MO, metal oxide.

disinfection tool.>'5? UV-C has a germicidal peak at
253 nm and is generally used for disinfection. UV-A also has
disinfection potential against harmful insects. In the hybrid
system, differential intensities of UV-A and UV-C in dual UV
(Table 1; Figure S1) were detected in the CBD. UV-C was
partially blocked by coating the half-sided surface of the UV

lamp compared to UV-A. UV-C intensities in the coated areas
of the UV lamp were lower than those in uncoated areas of
the UV lamp, whereas UV-A intensities were maintained in
both areas of the UV lamp.

MO nanoparticles are innovative materials used as
nano-antibiotics and disinfection agents in biomedical
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Figure 7 Inactivation effects of dual UV-MO nanoparticle hybrid on phages.
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(untreated), (C) UV (uncoated), (D) ZnO, (E) ZnTiO,, (F) MgO, and (G) CuO. -, not detected; *p<0.05; **p<0.01.

Abbreviation: MO, metal oxide.

applications,'* among their wide uses as catalysts, sensors,
batteries, capacitors, cosmetics, and pharmaceuticals.?>?*
They have antimicrobial activities against various bacteria
and viruses, such as Streptococcus aureus (Gram-positive),
E. coli (Gram-negative), and MS2 bacteriophages,>*?¢ and

even antibiotic-resistant bacteria?’ due to their adsorption

to biomembrane and photocatalytic functions. They pos-
sibly enhance adsorption potential in terms of interaction
with membrane components such as proteins, lipids, and
peptides.?® Their adsorption intensities were differentially
expressed depending on the types of MO nanoparticles, and
microorganism membrane components. Under UV and light
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irradiation, MO nanoparticles as photocatalysts generated
ROS and caused toxicities in microorganisms.

The physicochemical properties of MO nanoparticles
affect antimicrobial activities due to their interaction with
microorganisms.®?® MO nanoparticles generally have a
highly crystalline structure, uniform particle shape, nano-
scale size, and large surface area with mesopores for
chemical and biological adsorption.”!® These properties
were dependent on the synthesis techniques (e.g., sol-gel
processing'! and thermal evaporation®) and the conditions
which affect MO nanocrystal growth.*® From the sharp peaks
in PXRD patterns (Figure 2), ZnO nanoparticles showed a
hexagonal Wurzite structure. ZnTiO, and MgO nanoparticles
had a stable hexagonal structure®' and a cubic structure,®
respectively. CuO nanoparticles showed a monoclinic phase
structure.’* MO nanoparticles showed sizes less than
100 nm in diameter (Figure 3). However, their hydrodynamic
sizes were over 100.0 um due to their aggregate formation in
water (Figure S2), which is comparable to the results from
Zhang et al.®> MO nanoparticles also had a large surface
area with mesopores (Table 2), suggesting high adsorption
properties with respect to biological membranes which led
to membrane rupture, blebs, clumps, and cell leakages.” The
oxidation states were confirmed via elemental analysis of the
MO nanoparticles (Table 3). MO nanoparticles were consid-
ered as pure materials without further acid digestion.*

The surface topologies and electrostatic properties are
considered as critical factors when monitoring antimicro-
bial activities of MO nanoparticles with and without dual
UV irradiation based on biomembrane adsorption and ROS
generation.?®35373% The nanocrystalline structures of MO
nanoparticles (Figure 4) were matched with PXRD and
FE-SEM results. In terms of electrostatic characteristics,
MO nanoparticles function as photocatalysts that lead to
antimicrobial activities'®?? based on ROS generation by the
electronic curvatures in reciprocal space of the conduction
band minimum and valence band maximum, and dispersions
of electron-hole effective masses.?* They have wide band
gap energies (Zn0, 3.3 eV; ZnTiO,, 2.9 eV; MgO, 7.8 eV;
CuO, 1.2 eV). Upon energy eclevation over the band gap
energies of MO nanoparticles during UV irradiation, MO
nanoparticles generate ROS, such as hydroxyl radical and
singlet oxygen in hydrodynamic environments.”** Energy
application promotes electron transfer from photodynamic
water splitting to geochemical cycling of elements in the
interfaces of MO nanoparticles and water.***** MO nano-
particles showed stable electronic properties in EFM images
before (Figure SA-D) and after dual UV irradiation using

coated (Figure SE-H) and uncoated areas (Figure 5I-L)
in the hybrid system. This result was confirmed by SKPM
(Figure S3). A piezoelectrically-free electrostatic response
was observed in ZnO nanoparticles after dual UV irradia-
tion (Figure S4). However, the band gap energy variations
seen could be caused by defects, crystal structure, and tem-
perature of MO nanoparticles.*'** Photoexcitation responses
can also be confirmed using UV and Fourier transform-
infrared spectroscopy (FT-IR).*

The dual UV-MO nanoparticle hybrid system can be
applied for the disinfection of bacteria and viruses. E. coli
and phages were used as model microorganisms. The anti-
microbial activities of dual UV-MO nanoparticle hybrids on
E. coli (Figure 6) and phages (Figure 7) were evaluated after
single or cyclic UV exposure. MO nanoparticles at 1.0 mg/mL
showed antimicrobial activity against E. coli in the dark
condition even after a short exposure of 30 min, except for
ZnTiO, nanoparticles (Figure 6A). Among MO nanoparticles
not combined with UV treatment, ZnO nanoparticles showed
the highest activities based on their high adsorption capacity
for microorganism biomembrane due to their large specific
surface area (ZnO > ZnTiO, > MgO > CuO), and their metal
ion release at the ppb level (Figure S5).2° Under dual UV
irradiation, MgO nanoparticles applied at cyclic exposure and
CuO nanoparticles at single and cyclic exposures completely
removed E. coli colonies, although UV-C intensities decreased
at the coated area (Figures 6A and S6). On the other hand,
MO nanoparticles did not have phage-inactivation activities,
but dual UV irradiation was essential to inactivate phage
activity during treatment with MO nanoparticles (Figure 7A).
Based on the electrostatic properties of MO nanoparticles as
photocatalysts, the dual UV-MO nanoparticle hybrid system
enhanced activities against phages as well as E. coli compared
to MO nanoparticles or UV alone (Figure 7A—G). Specifically,
cyclic dual UV treatment at high UV-C intensity (uncoated
area) showed superior antimicrobial effects against phages, as
well as E. coli, compared to single exposures with dual UV at
low UV-C intensity (coated area). These results suggested that
UV-C intensities drove the antimicrobial effects. However,
when using the uncoated area of the UV lamp, colonies and
plaques were still detected after treatment with dual UV-ZnO
nanoparticles at 1.0 mg/mL, suggesting hindrance of the
dual UV/ZnO nanoparticle/microorganism interaction in a
hydrodynamic environment.

The mechanisms of antimicrobial activities from dual
UV-MO (ZnO, ZnTiO,, MgO, and CuO) nanoparticle hybrid
systems are not fully understood due to their complexity, but
there are many hypotheses, including:?>2*?* 1) adsorption,
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2) ROS generation, 3) ion release, 4) cell wall damage, and
5) penetration of MO nanoparticles into the cell envelope.
Adsorption and ROS generation mainly explained the
induction of antimicrobial activities in the dual UV-MO
nanoparticle hybrid system.* The antimicrobial potential of
the hybrid system is based on the physicochemical proper-
ties of MO nanoparticles and the interaction between MO
nanoparticles and UV irradiation, or MO nanoparticles and
microorganisms.?** Specifically, the adsorption of ZnO
nanoparticles to E. coli was previously reported based on the
interaction between nanoparticles and E. coli lipopolysaccha-
rides, which vary according to the types of MO nanoparticles
mentioned previously.® In the case of MgO nanoparticles,
they do not induce lipid peroxidation in microbial biomem-
branes by ROS production, but a metabolic reduction
occurs.* CuO nanoparticles additionally function to inhibit
metabolic proteins and DNA in bacteria and viruses.*
Overall, the dual UV-MO nanoparticle hybrids of CuO
nanoparticles could be successfully applied in industry
as photocatalysts, because cleaning and sanitization are
tightly regulated in the pharmaceutical and water purifica-
tion industries to prevent microbial contamination.* In the
industrial good manufacturing practice for pharmaceutical
manufacturing, sanitizers should have a 3 Log CFU reduction.
Specifically, microbial contamination should be prevented in
various types of water (e.g., drinking water, water for injec-
tion, and sterile purified water). Under dual UV irradiation
in our hybrid system, CuO nanoparticles showed significant
disinfection potentials for both bacteria and viruses, more so
than MO nanoparticles or UV alone even at 0.1 mg/mL for
30 s or 10 s in three cycles of high UV-C exposure from dual
UV exposure (using the uncoated lamp area) (Figure S6).
Hassana et al reported the minimum inhibitory concentration/
minimum bactericidal concentration value for CuO nanopar-
ticles as 2.5 ug/mL after 20 h of incubation with E. coli;*
Gopinath et al confirmed the antimicrobial potential of CuO
nanoparticles using confocal microscopy.** Promisingly,
compared to Hassana et al, the dual UV-CuO nanoparticle
hybrid system could be extended to short time exposure-based
disinfection even at 0.1 mg/mL of CuO nanoparticles.

Conclusion

Zn0, ZnTiO,, MgO, and CuO nanoparticles hybridized with a
dual UV irradiation system of UV-A and UV-C demonstrated
enhanced antimicrobial activities against E. coli and phages
in water. The physicochemical and electrostatic properties
of MO nanoparticles were confirmed. Cyclic UV irradia-
tion was valuable for disinfection compared with single UV

exposure in the hybrid system. These results suggest dual
UV irradiated MO nanoparticles can be used as disinfection
agents in water, as they have demonstrated antimicrobial
activities against £. coli and phages. Dual UV-MO nanopar-
ticle hybrid system has promising potential to be applied for
future disinfection systems.
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