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Abstract In this study, we aimed to evaluate the antibac-
terial and antifungal properties, cytotoxicity, and elution
behavior of copper oxide (CuO) thin films with varying
concentrations and roughness values. CuO films greater
than 0.2 mol % showed 99.9 % antimicrobial activity
against Escherichia coli, Staphylococcus aureus, Campy-
lobacter jejuni, and Penicillium funiculosum. Cu ions were
found to be noncytotoxic in New Zealand white rabbits.
The concentration of Cu ions from CuO thin films eluted in
drinking water in 24 h at 100 °C was 0.014 pg L~!, which
was below the standard acceptable level of 0.02 pg L~
The transmittance of CuO thin film-coated glass was simi-
lar to that of parent glass. The antimicrobial activity, cyto-
toxicity, elution behavior, and transmittance of CuO depos-
ited on glass suggest that these films could be useful in
household devices and display devices.

Keywords Copper oxide film - Antimicrobial activity -
Cytotoxicity - Elution behavior

Introduction

In the last decade, interest in environmentally friendly
home electronics as well as bathroom and kitchen products
has increased greatly. In addition to the goal of improv-
ing our standard of living, the requirement for household
cleanliness has increased with the increasing human lifes-
pan. Despite our interest in maintaining healthy lifestyles,
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germs pose a serious challenge to healthy living [7, 23].
Therefore, the antimicrobial properties of metal ions on
glass, bulk metallic glass, plastic, and steel are now being
actively investigated [13, 16, 29]. Common metal ions such
as Zn>*, Cu®**, AI**, and Ag* exhibit antimicrobial proper-
ties [2, 10, 13, 15, 21]. These materials are used as disin-
fectants against various kinds of microbes. Ag™ has been
used most commonly as an antibacterial agent because of
its many advantages, including its potent antibiotic activity
and durability [3, 31]. However, a risk of dermatosis exists
when the skin is exposed to Ag-coated materials [8]. Ag™
ions have also been reported to accumulate in the body
after absorption [4, 14].

Cu ions are also an effective antimicrobial; Cu metal and
Cu-based compounds are highly destructive to microbes
and exhibit strong antibacterial properties [13—15]. Gener-
ally, metallic Cu has excellent antibacterial activity, more
so than CuO film [6, 22]; however, CuO films have many
advantages for use in display devices. For example, the pro-
cessing temperature of CuO film is lower (approximately
200400 °C) than that of metallic Cu (800-1200 °C), and
oxide forms such as CuO have relatively low refractive
indexes compared to that of metallic materials. Therefore,
CuO films have high transmittance of light in the visible
range. Moreover, CuO films with monoclinic structures
have more Cu atoms on the surface than those with cubic
structures; therefore, CuO film has antimicrobial activity
superior to that of Cu,O film. The raw materials used to
obtain Cu ions for household applications are cheaper than
those used to obtain Ag ions. The antimicrobial activities of
Cu ions are proportionate to their concentration and surface
roughness, because these factors increase the contact sur-
face between Cu ions and microbes. Therefore, the use of
Cu ions as an antimicrobial coating method has been inves-
tigated in several studies [11, 17-20].
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An important advantage of the sol-coating method is the
ability to precisely control film thickness and roughness
by regulating spinning, dipping, and spray coating condi-
tions such as the sol concentration, deposition speed, and
heat treatment temperature [12, 26, 30]. The antimicro-
bial activity of Cu ions is well documented, but few stud-
ies have examined their cytotoxicity and harmful effects
on the human body. High metal ion concentrations are
being used in the production of various products including
those that directly contact the skin; thus, the concern over
Cu ion toxicity via skin absorption is growing. Prolonged
Cu ion inhalation and skin contact is associated with risks
such as skirt ulcer, hemochromatosis, and chronic gastritis
[1]. Based on health concerns, the World Health Organiza-
tion (WHO) has limited Cu requirements of human body
to 2.0 mg, and restricted the maximum allowable extract-
ing concentration of Cu ions in drinking water to 0.02—
0.1 g L™, according to provisional guideline values [27].
Therefore, to evaluate whether Cu ions are safe for human
and animal use, the cytotoxicity and elution behavior of Cu
ions must be assessed.

The purpose of the present study was to evaluate the
antibacterial and antifungal properties, cytotoxicity, and
elution behavior of CuO thin films against Escherichia coli,
Staphylococcus aureus, Campylobacter jejuni, and Penicil-
lium funiculosum. In addition, the transmittance of CuO
thin film-coated glass prepared with various concentrations
and roughness values was measured to determine whether
this material could be suitable for use in display devices
such as smartphones and touch panels.

Materials and methods
Preparation of CuO thin film

Cupric nitrate hemipentahydrate [(CuNO;),-2.5H,0, 99 %,
Sigma-Aldrich, USA], absolute ethanol, distilled water,
and nitric acid (HNO3, 70 %, Sigma-Aldrich, USA) were
used to prepare the Cu solution. From 1.0, 1.5, and 2.0 g
of (CuNOs;),-2.5H,0, respectively, 0.2, 0.3, and 0.4 mol %
solutions were prepared. Mixtures containing 0.2 mol %
(CuNO;),-2.5H,0 and 69.8 mol % (87.8 mL) absolute
ethanol were then hydrolyzed with 29.9 mol % (11.6 mL)
distilled water, and 0.1 mol % (0.1 mL) nitric acid was
introduced into the 100 mL solution. To put Cu-sol into a
stable state, HNO; solution was used to adjust the pH to
1.5, and the mixture was stirred for 24 h. Square sodium
aluminosilicate glass substrates (Corning Inc., USA) each
0.7 mm thick, 10 mm wide, and 10 mm long were pre-
pared. Thin films were generated from three 0.05 mL drops
of Cu solution in ethanol by using the spin-coating method
at 3000 rpm for 30 s. Films were then dried at 100 °C
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for 10 min, and heated at 5 K min~' in an Ar (99.999 %)
atmosphere by using an electric tube furnace (Lindberg
Blue M, USA) at 200 °C for 10 min.

Characterization of CuO thin films

The thicknesses and morphological changes of CuO thin
films and microbial cells were determined using field emis-
sion scanning electron microscopy (FE-SEM, JEOL JSM-
7001F, Japan) at a 15 kV accelerating voltage. Energy
dispersive X-ray spectroscopy (EDS; Inca Energy 250,
Oxford Instruments, UK) with a cumulative time of 150 s
was used to confirm the content of Cu ions in the CuO thin
films on the surface of the glass substrates. The crystalline
phase of the CuO thin film was determined by X-ray dif-
fraction (XRD, D/MAX-2500H, Rigaku, Japan) using an
Ni-filtered CuK, radiation source (A = 1.54056 A) in the
range of 20° < 26 < 80° at a scan rate of 4° min~'. The
crystalline size (L) of the films was calculated using Scher-
rer’s equation:

KA
" BcosbH

where K is the Scherrer constant (0.9), A is the wavelength
of XRD radiation, § is the full width at half maximum
(FWHM), and 6 is the diffraction angle. The interplanar
spacing (d) was calculated from the XRD patterns by using
Bragg’s law:

2d sin @ = nl

where 6 is the diffraction angle and A is the wavelength
of X-ray used. The average surface roughness (R,), root
mean square roughness (R;), and peak-to-valley difference
(R) values of the CuO thin films within a scanned area of
10 x 10 wm? were confirmed with atomic force microscopy
(AFM, Veeco Instruments, USA) in non-contact mode. The
contact angles (CAs) of the parent glass and CuO thin films
were measured with a drop shape analyzer (DSA 100, Kriiss
GmbH, Germany) at room temperature. The droplet volume
was set to a 2.0 pL scale with at least seven water drops per
specimen. A UV/VIS/NIR spectrophotometer (V-570, Jasco,
Japan) was used to measure the transmittance of CuO thin
film deposited on glass at wavelengths ranging from 200-

800 nm, and a scan speed of 400 nm min ..

Strains and culture conditions

Escherichia coli (ATCC 8739), S. aureus (ATCC 6538), C.
Jjejuni (ATCC 49943) and P. funiculosum (ATCC 11797) were
used. Nutrient agar medium (Difco 0001, 3.0 g beef extract,
5.0 g peptone, 15.0 g agar, and 1.0 L distilled water adjusted to
pH 7.0) was used to grow E. coli. Trypticase soy agar medium
BBL 4311768 (17.0 g pancreatic digest of casein, 3.0 g
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pancreatic digest of soybean meal, 5.0 g NaCl, 2.5 g K,HPO,,
2.5 g glucose, 15.0 g agar, and 1.0 L distilled water) was used
to culture S. aureus, whereas trypticase soy agar medium BBL
211043 (15.0 g pancreatic digest of casein, 15.0 g pancreatic
digest of casein, 5.0 g papaic digest of soybean meal, 5.0 g
NaCl, 15.0 g Agar, 50.0 mL defibrinated sheep blood, and
0.95 L distilled water adjusted to pH 7.3) was used to grow C.
Jejuni. Potato dextrose agar medium (BBL 7149, 4.0 g potato
infusion, 20.0 g dextrose, 15.0 g agar, and 1.0 L distilled
water) was used to grow P, funiculosum.

Antibacterial and antifungal activity tests

Antimicrobial tests were performed using the ISO
22196:2011(E) method. Before the beginning of the test, all
specimens and tools were sterilized in an autoclave at 121 °C
for 15 min. E. coli, S. aureus, C. jejuni, and P. funiculosum
were diluted to concentrations between 3.0 x 10° colony
forming units per milliliter (CFU mL™ ") and 4.0 x 10°
CFU mL . Using the dilution plating technique, the num-
bers of surviving bacteria as a function of the microbe dilu-
tion cultured on solid medium were counted. Bacterial sus-
pensions were injected onto the CuO thin film in a 24-well
culture plate. After 30 s, 1.0 mL of liquid medium was
poured into each well, and then transferred to an agar plate
(solid culture medium) for bacterial counts. The parent sam-
ples were also transferred onto agar plates for comparisons
with the diluted samples. All samples were maintained under
identical conditions. Substrates containing E. coli, S. aureus,
and C. jejuni were maintained at 37 °C and aged for 24 h in
an incubator, whereas P. funiculosum was aged at 32 °C for
24 h. Following incubation, the numbers of surviving E. coli,
S. aureus, C. jejuni, and P. funiculosum cells were counted.
All tests were repeated ten times, and bacterial counts were
expressed as log CFU mL ™. The final data are the mean val-
ues of ten tests =+ standard deviation. The antibacterial activ-
ity (R) was calculated according to the following equation:

_ (=AY

t

R x 100 %

where U, and A, express the number of visible bacteria col-
onies on the untreated and treated test plates (cells cm 2)
after 24 h.

Cytotoxicity and elution tests

Cytotoxicity testing was performed by the Korea Test-
ing and Research Institute in accordance with ISO 10993—
5:2009(E) and conformed to the guide for care and use of
laboratory animals. New Zealand white (NZW) rabbits were
used as an experimental animal model. The rabbit skins
were epilated approximately 24 h prior to partitioning the
skin into test and control sites that were each 2.5 x 2.5 cm?

Fig. 1 Photographs of New Zealand white rabbits used for the cyto-
toxicity tests: a 24 h and b 72 h after incubation with 0.2 mol % Cu
ions. Red square indicates abraded skin, black square showed intact
skin with test (7) and control (C) sites

in size, as shown in Fig. 1. The epidermis was abraded by
using the end of a needle. CuO thin film was placed in con-
tact with intact and the abraded skin of the test site. Steri-
lized water was spread on the control site located at the
lower part of the skin. The test and control sites were then
covered with sterile gauze and were affixed using tape. The
numbers of dead animals and their weight variations were
monitored at 24 and 72 h after CuO exposure, as shown in
Fig. la, b, respectively. The primary irritation index (PII)
was determined using the following formula:

Sum of means of scores marked at 24 h and 72 h
4

Pl =
The PII was used to evaluate cytotoxicity and skin irrita-

tion. According to the PII value, the material was classi-
fied as being a nonirritant (PII <0.5), mild irritant (0.6 < PII
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< 2.0), moderate irritant (2.1 < PII < 5.0), or severe irritant
(5.1 < PII < 8.0). The mean PII values were calculated from
a total of 6 NZW rabbits. The elution test for the CuO film
was performed using inductively coupled plasma (ICP) atomic
emission spectroscopy (Optima-4300 DV, USA). To confirm
that the Cu ion concentration in drinking water meets the
WHO guideline (2.0 mg L™!, ICP analysis limit of detec-
tion: 0.02 wg L"), the CuO (0.2-0.4 mol %) thin film-coated
glass substrate was placed into drinking water (100 mL). The
drinking water used for the elution test was purified water
(pH 7.4 at 25 °C) containing between 0.1 and 0.5 mg L™ dis-
solved minerals (Ca’t, K*, Mg?*, Na™). The concentration of
eluted Cu ions was assessed at various time points between 1
and 24 h in the water bath at 100 °C. After the elution test at
100 °C for 24 h, changes in R,, CA, and chemical composition
of the 0.4 mol % CuO thin film were calculated to confirm the
durability and residual quantity of Cu on the CuO film surface.

Results

Characterization of the CuO thin film

Figure 2 shows the XRD patterns of the films prepared
using various Cu-sol concentrations heated to 200 °C.

The CuO diffraction pattern was a well-ordered mono-
clinic structure (JCPDS no.: 80-1268). Increasing the Cu
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Fig. 2 XRD spectra of the CuO thin films prepared at various Cu-sol
concentrations

concentration of the prepared sol increased the crystalline
size from 5.6 (0.2 mol % Cu) to 7.6 nm (0.4 mol % Cu), as
shown in Table 1. The intensities of the crystalline phases
also increased with increasing Cu concentration, due to the
increase in the FWHM of the main peak. The crystalline
sizes and crystallinity of the CuO thin films were strongly
related to the initial copper concentration. The increase in
crystalline size with increasing Cu-sol concentration can be
attributed to atomic diffusion and agglomeration of the Cu
in the CuO thin film during the heating process at 200 °C.
In addition, we confirmed that when the Cu-sol concentra-
tion was increased from 0.2 to 0.4 mol %, the interplanar
spacing of the deposited CuO films was changed from
0.237 to 0.259 /°\, and the diffraction plane of the main
peak was changed from (111) to (—111). We attribute this
to the fact that the interplanar spacing of Cu-sol widens
with increasing CuO crystal size when the initial Cu-sol
concentration is increased.

Micrographs of the surface morphologies (Fig. 3a—d)
and thicknesses (see Fig. 3, insets) of the parent glass
substrates and CuO thin films were obtained. The uneven
surface morphologies were confirmed by the increase in
Cu concentration from 0.2 to 0.4 mol % (Fig. 3b—d) due
to agglomeration and crystal growth of Cu particles dur-
ing the drying and heating processes. The thickness of the
0.2 mol % CuO thin film (Fig. 3b), which was heated to
200 °C for 10 min, was approximately 55 nm when formed
at a spin speed of 3000 rpm for 30 s. We observed that
increasing the Cu concentration from 0.3 to 0.4 mol %
resulted in an increase in CuO thin film thickness from 64
(Fig. 3c) to 76 nm (Fig. 3d). Notably, the thin film showed
higher antimicrobial activity with increasing Cu concen-
trations on the substrate surface. EDS analysis was used
to confirm the surface concentration of Cu ions. The Cu
concentration in the CuO thin films ranged from 25.68—
28.64 wt % (0.2-0.4 mol %) in Table 2. Figure 3e—h shows
the AFM images of the parent glass and CuO thin films
at various Cu concentrations. Increasing the Cu ion con-
centration to 0.2, 0.3, and 0.4 mol % increased the R, of
the CuO thin film to 0.227, 0.298, and 0.306 nm, respec-
tively. Furthermore, R, undulations increased from 18.81 to
37.80 nm (Table 2). Figure 4 shows the CAs of the parent
glass and CuO thin film surfaces at various Cu concentra-
tions. CA measurements are also a useful method for con-
firming R, values [5, 9]. The parent glass had a CA value
of 47.3°, as shown in Fig. 4a. On the contrary, CA values

Table 1 Crystalline size of the
CuO thin film (200 °C, 10 min)

generated using various Cu
concentrations

Specimen Crystalline size (nm) FWHM (°) D spacing (A) 20(°) Diffraction plane (hkl)
02mol% Cu 5.6 1.50 0.237 37.9 (11D
03mol% Cu 6.4 1.32 0.238 37.8 (111)
0.4mol % Cu 7.6 1.09 0.259 34.7 (—111)
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Fig. 3 Top view field emission scanning electron micrographs (a—d)
and atomic force microscopy images (e-h) of CuO thin films pre-
pared using various Cu concentrations: a and e, parent glass; b and

R, 0.298 nm : i R, 0.306 nm
R; 32.86 nm L R; 37.80 nm

AR |

f, 0.2 mol % Cu; ¢ and g, 0.3 mol % Cu; d and h, 0.4 mol % Cu.
The insets (cross-sectional views) show the thickness of the CuO thin

films on the glass substrates

Table 2 EDS compositional

: Specimen Chemical composition (wt %) Roughness (nm)
analysis and surface roughness
of the CuO thin film with (6] Si Na Al Mg Cu R, R, R,
various concentrations of
copper sol Parent glass 52.68 2591 10.70 6.25 4.46 n/a 0.199 0.265 11.86
0.2 mol % Cu 57.27 17.05 n/a n/a n/a 25.68 0.227 0.340 18.81
R, average surface roughness, 0.3 mol % Cu 56.48 15.97 n/a n/a n/a 27.55 0.298 0.693 32.86
R, root mean square roughness, 4ol cu 57.12 1424 nia n/a n/a 28.64 0306 0779  37.80
R, peak-to-valley difference
A B C D
CA=47.3 CA=58.2° CA=61.1° CA=67.4°

Fig. 4 Water contact angle of a drop placed on parent glass and glass coated with CuO thin films with various Cu concentrations: a parent glass,

b 0.2 mol % Cu, ¢ 0.3 mol % Cu, d 0.4 mol % Cu

of 58.2°, 61.1°, and 67.4° were obtained for the CuO thin
films with Cu concentrations of 0.2, 0.3, and 0.4 mol %,
respectively. The water droplet height from top to base
also increased from 0.618 mm (parent glass) to 0.803 mm
(0.4 mol % CuO thin film), as shown in Table 3. The results
showed that as the Cu concentration increased from 0.2 to
0.4 mol %, thicker and rougher CuO films formed on the
glass substrates and CA values increased. The antimicro-
bial activity of thin films was tested at various Cu ion con-
centrations because the increase in surface Cu ion concen-
tration increased surface roughness, thereby increasing the
contact surface between Cu ions and microbes.

Antibacterial and antifungal activities of CuO thin films
with varying Cu ion concentrations

The numbers of colonies from four microbial strains are
shown in Fig. 5 and are expressed as the logarithm of the
number of colonies on the plates as a function of Cu ion con-
centration on the parent glass. When E. coli (5.565 + 0.060
log CFU mL "), S. aureus (5.502 £ 0.053 log CFU mL ),
C. jejuni (5.527 + 0.065 log CFU mL "), and P. funiculo-
sum (5.490 £ 0.040 log CFU mL ") colonies were applied
to the plate, 0.2, 0.3, and 0.4 mol % CuO thin films com-
pletely inhibited bacterial growth (<1.0 log CFU mL ).
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Table 3 Characteristics of CuO thin films with various Cu concentrations

Specimen Contact angle (°) Height (mm) Base line length (mm) Base area (mm?) Wetting energy (mN m™")

Parent glass 473 0.618 2.823 6.257 49.4

0.2 mol % Cu 58.2 0.721 2.596 5.293 383

0.3 mol % Cu 61.1 0.742 2.514 4.962 352

0.4 mol % Cu 67.4 0.803 2.456 4.562 28.0

— 7 shows the FE-SEM images of E. coli, S. aureus, C. jejuni,
7:-' 6 ] iz E.coli and P. funiculosum cells, respectively, that were exposed to
> ] _ ‘z aureus the parent glass, while Fig. 6e—~h show the images of these
O 5. — Sl ©. ey microorganisms after exposure to 0.2 mol % CuO thin film.
o — &= P. funiculosum . R .
bS] ] — All microbes exposed to Cu ions were damaged in com-
‘—; 44 — parison to untreated microbes. In the case of P. funiculo-
E ] — sum (Fig. 6d, h), the fiber aggregate shape of the fungi was
§ 3__ — untangled after Cu ion exposure. Based on these findings, it
5 2 = can be concluded that CuO thin films with concentrations
P ] — greater than 0.2 mol % exhibited significant antimicrobial
-g 1 = activity (99.9 %) towards E. coli, S. aureus, C. jejuni, and
3 . 1 — NS } P. funiculosum.

Parent 0.3 0.4

Concentration of Cu sol (mol%)

Fig. 5 Number of bacterial colonies expressed as the logarithm of
the number of colonies grown on plates in the presence of parent
glass or glass coated with various concentrations of Cu

Few colonies were observed at various Cu concentrations,
and the minimum concentration that achieved 99.9 % anti-
bacterial activity was 0.2 mol %. The resulting numbers of
colonies for 0.2 mol % CuO film were as follows: E. coli
(0.581 % 0.098 log CFU mL 1), S. aureus (0.922 £ 0.091 log
CFU mL "), C. jejuni (0.606 £ 0.081 log CFU mL '), and
P. funiculosum (0.509 & 0.096 log CFU mL ). The colony
numbers for 0.4 mol % CuO thin film were as follows: E. coli
(0.060 & 0.127 log CFU mL™ 1), S. aureus (0.138 4 0.185 log
CFU mL "), C. jejuni (0.030 £ 0.095 log CFU mL "), and
P. funiculosum (0.048 + 0.151 log CFU mL1). Therefore,
the antimicrobial property of the CuO thin film increased
greatly with increased Cu ion concentration. As the initial
Cu-sol concentration increased, the surface roughness of
CuO thin films also increased, thereby increasing the contact
area between the Cu ions in the CuO film and bacteria cells.
As a result, the bacteria cells were destroyed by eluted Cu
and active oxygen ions [18, 19]; therefore, we confirmed that
the antimicrobial activities were improved.

FE-SEM analysis of bacteria and fungi treated with CuO
thin film

The morphological variations in CuO film-treated bacte-
ria and fungi were examined using FE-SEM. Figure 6a—d
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Evaluation of Cu ion cytotoxicity and elution

Cytotoxicity was evaluated to test the safety of Cu ions by
using NZW rabbits as an experimental model. NZW rabbits
tend to show sensitivity toward test materials. The cytotox-
icity of CuO thin films was determined based on PII results
(Table 4). For CuO film-coated materials to be considered
safe, the PII must be in the nonirritant range. In this study,
the PII was calculated to be 0.0, which is within this range.
After 24 and 72 h of CuO thin film exposure (Fig. 1a, b),
mortality, weight fluctuations, and other effects were evalu-
ated. After the test areas were exposed, no skin irritation
such as red spots or edema was observed in the intact and
abraded sites. No animals showed abnormal symptoms
such as skin tinning, inflammation and skin rash during
this study. Based on these results, the CuO thin films were
determined to be noncytotoxic.

Evaluation of CuO film elution behavior is also an
important test of the safety and durability of Cu ions. The
applicability of a product can be determined based on the
results of this experiment by comparing its elution behavior
to the acceptable Cu ion limit (0.02-0.1 wg L) in drinking
water stipulated by WHO guidelines. As shown in Table 5,
the Cu ion concentration was 0.014 pwg L™! at 100 °C for
24 h in the elution test for 0.2 mol % CuO thin film, con-
firming that the CuO thin film satisfied the standard limit of
0.02 pg L. In the case of 0.4 mol % CuO film, the maxi-
mum Cu ion concentration detected was 0.036 pg L
satisfying the elution permissible range for ICP analysis.
The characteristics of the 0.4 mol % CuO thin film after the
elution test (100 °C for 24 h) are summarized in Table 6.
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Fig. 6 FE-SEM micrographs of untreated bacteria (a—d), and those
treated with 0.2 mol % CuO film (e-h) heated to 200 °C for 10 min:
a and e Escherichia coli; b and f Staphylococcus aureus; ¢ and g

Campylobacter jejuni cells; d and h Penicillium funiculosum cell. The
lower left shows photographs of bacterial colonies, which were quan-
tified as the number of colonies present on each plate

Table 4 Cytotoxicity test

. Change Erythema and eschar Edema
results for 0.2 mol % CuO thin
film Phases® Intact Abraded Intact Abraded
24 h 72h 24 h 72 h 24 h 72h 24 h 72h
Animal number
1 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0
Sum 0 0 0 0 0 0 0 0
Mean 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sum of means 0.0
PLI 0.0

# Time after topical application

The residual Cu quantity on the surface decreased by more
than 6.9 % from 28.64 to 26.64 wt % compared with that in
the specimens before the test (Table 2). The R, values also
decreased approximately 1.6 % after the elution test due
to the dissolution of Cu ions on the surface. Therefore, the
CA decreased in proportion to the roughness values. The
Cu composition and R, and CA values were confirmed to
decrease in the same specimens after the elution test, and
the surface morphology of 0.4 mol % CuO thin film after
the elution test was slightly smoothed (Fig. 7) because of
the decrease in R,. The thickness of the 0.4 mol % CuO

thin film after the elution test (approximately 76 nm) was
similar to that of film specimens before the test (Fig. 7a,
inset).

Optical and mechanical properties of CuO thin film

Figure 8 shows the transmittance of light through CuO at
various concentrations (0.2, 0.3, and 0.4 mol %) depos-
ited on glass substrates. In order for CuO thin film to be
used in display devices, high visible light transmittance of
CuO-deposited glass is required. The light transmittance
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Table 5 Concentration of eluted Cu ions from CuO thin films depos-
ited on glass at 100 °C determined at various elution times (1-24 h)
with inductively coupled plasma

100 % eluted Cu
ions (g Lh?

Concentration of eluted Cu ions
(ngL™

lh 6h 12h  24h

Specimen

0.2mol % Cu 0.010 0.011 0.012 0.014 0.150
0.3 mol % Cu 0.013 0.014 0.017 0.019 0.262
0.4 mol % Cu 0.021 0.025 0.029 0.036 0.415

# The 100 % dissolved Cu concentration in the water with various
CuO thin films (0.2-0.4 mol %) was calculated. The amount of Cu in
solution for the deposited CuO films on the glass substrate was calcu-
lated using the thickness of CuO film and glass area (10 x 10 mm?)

through the parent glass was 91.0 % at 550 nm. The trans-
mittance of CuO thin film deposited on the glass substrate
at 0.2, 0.3, and 0.4 mol % was 90.9, 90.3, and 89.6 %,
respectively. Based on the Beer—Lambert law, the absorb-
ance was found to be directly proportional to the concen-
tration and thickness of the CuO thin film. Furthermore,
the surface roughness increased with increasing concen-
tration, thereby increasing reflectance by the scattering
of surface. Therefore, the light transmittance decreased
with increasing Cu ion concentration of thin film on
the glass substrate. However, the light transmittance
through 0.2 mol % Cu sol-coated glass that was heated to
200 °C for 10 min was similar to that of the parent glass
because the oxide forms have comparatively low refrac-
tive indexes, and the thickness and surface roughness was
appropriately controlled.

Discussion

Cu ions have well-known antibacterial activity, but their
cytotoxicity has been examined in only a few studies.
Therefore, in this study, we sought to confirm the anti-
bacterial and antifungal properties of CuO thin films as a
function of their concentration and roughness and evaluate
their cytotoxicity and elution behavior. In addition, the light
transmittance was measured to confirm whether CuO thin
films could be applied to display devices.

In a preliminary experiment [13], the thickness of the
0.2 mol % CuO thin film increased from 31 to 91 nm when
the spinning speed was decreased from 5000 to 1000 rpm.
An inverse relationship between film thickness and transmit-
tance is often observed; however, the durability of the film’s
antibacterial activity is relative to its thickness. Therefore, a
spin speed of 3000 rpm was selected, because those two fac-
tors (durability and transmittance) should both be considered.
Therefore, the CuO thin film produced from Cu-sol concen-
trations of 0.2, 0.3, and 0.4 mol % was then produced with
thicknesses of 55, 64, and 76 nm, respectively. XRD analy-
sis showed the CuO thin film had a monoclinic structure,
without an impurity peak. When the concentration of Cu-sol
was increased from 0.2 to 0.4 mol %, the interplanar spac-
ing of the deposited CuO film increased, from 0.237 to 0.259
A, and the diffraction plane of the main peak was changed
from (111) to (—111). We attribute this to the fact that the
interplanar spacing of the CuO film widened with increasing
CuO crystalline size when the initial Cu-sol concentration
was increased. As a result, the thickness of the CuO thin film
increased proportionally with the Cu-sol concentration.

Table 6 Characteristics of CuO

. . Specimen Chemical composition (wt %) Roughness (nm) Contact angle (°)
thin films after an elution test at
100 °C for 24 h (0] Si Cu R, Ry R,
0.4 mol % Cu 58.95 14.41 26.64 0.301 0.760 3429 62.1
R,0.301 nm [33m (C

R; 34.29 nm

fast [um)

Fig. 7 Characteristics of the 0.4 mol % CuO thin film after an elution test at 100 °C for 24 h: a surface morphology (inset shows the thickness
of the CuO film), b atomic force microscopy image, ¢ water contact angle
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Fig. 8 Transmittance of light through the parent glass and glass
coated with various CuO thin film concentrations: a parent glass; b
0.2 mol % Cu; ¢ 0.3 mol % Cu; d 0.4 mol % Cu coated glass

When the Cu concentration increased (Fig. 3e—h), the
R, value increased slightly from 0.199 nm (parent glass)
to 0.306 nm (0.4 mol % CuO thin film). Although this dif-
ference in roughness value appears slight, many reports
have highlighted the influence of subnano scale roughness
(smooth surface) on antibacterial activity [25, 28]. On the
contrary, the R, value increased substantially from 11.86
(parent glass) to 37.80 nm (0.4 mol % CuO thin film), which
was approximately 2.2 times higher, although the thickness
of CuO film was thin. To confirm the effect of roughness fur-
ther, we measured the CA values of the CuO films, which
increased from 47.3° (parent glass) to 67.4° (0.4 mol % CuO
thin film) with increasing Cu concentration. Giljean et al. [9]
have described the relationship between R, and CA and con-
firmed that CA increases when the surface becomes rough
due to low surface energy. The antimicrobial effects of Cu
ions were related to their combination with active oxygen.
The combination of Cu™ and OH™ (active oxygen) ions
destroys the membranes and DNA of microbes by interact-
ing with proteins containing —CH and —SH groups. There-
fore, the antibacterial and antifungal activities increased
when the concentration of Cu-sol was increased from 0.2
to 0.4 mol %, because the increase in Cu-sol concentration
increased the roughness of the CuO film, increasing the con-
tact surface between Cu ions and microbes. Interestingly, at
0.2 mol % Cu, the number S. aureus colonies (0.922 + 0.091
log CFU mL™!) was slightly higher than that of E. coli
(0.581 £ 0.098 log CFU mL™") and C. jejuni (0.606 & 0.081
log CFU mL™"). Therefore, CuO thin film had greater anti-
bacterial activity towards Gram-negative bacteria such as
E. coli and C. jejuni than on Gram-positive bacteria such as
S. aureus. This is because Gram-positive bacteria have cell
walls with a relatively thicker peptidoglycan layer. These

observations are in accordance with the positive effect theory
reported by Akira et al. [24].

The toxicity of Cu ions was determined by performing
experiments on an animal model. The Cu ions were found to
be noncytotoxic. When the nanoscale Cu ions are eluted from
the CuO thin film, bacterial cell walls can be destroyed by
the cation effect. However, during the cytotoxicity test, CuO
thin film was found to be non-cytotoxic to the epidermis and
dermis within the 24-72 h treatment period. Although the
test site was large (2.5 x 2.5 cm?), the minimum concentra-
tion of eluted Cu ions (0.014-0.036 g L) at the antimicro-
bial concentration (0.2-0.4 mol %) was controlled by heating
to 200 °C for 10 min. The concentration of eluted Cu ions is
related to the diffusion process, and is directly proportional
to concentration, temperature, humidity, and maintenance
time. The quantity of eluted ions increased proportionately
with increasing Cu-sol concentration and heating time. Cu
ions were eluted at 0.036 wg L~! from 0.4 mol % CuO thin
film, which was within the acceptable elution range for ICP
analysis. In addition, the calculated 100 % dissolved Cu con-
centration in water with various CuO thin films (0.2, 0.3, and
0.4 mol % Cu) was approximately 0.150, 0.262, and 0.415 pg
L~!, respectively (Table 5). The dissolved Cu concentrations
during the elution test (100 °C for 24 h) with various CuO thin
films (0.2-0.4 mol % Cu) were 9.3, 7.2, and 8.7 % of the total
(100 % dissolved Cu concentration), respectively. Therefore,
we confirmed the chemical stability of CuO thin films under
extreme conditions (100 °C, 24 h) during the elution test.
Based on the results of the cytotoxicity and elution tests, we
conclude that the CuO thin films manufactured at various con-
centrations were non-irritating, chemical stability, and satisfied
the WHO elution guidelines (2.0 mg L") for drinking water.

Conclusions

To summarize, CuO thin films with different concentra-
tions and roughness values were generated using a sol—gel
method, and the antimicrobial (bacteria and fungi) activi-
ties, cytotoxicity, and elution behavior were examined
using E. coli, S. aureus, C. jejuni and P. funiculosum. The
CuO thin films showed excellent antimicrobial activities
(99.9 %) at Cu concentrations greater than 0.2 mol % Cu,
and that the antimicrobial activity of the CuO thin films
was related to their concentrations and roughness values,
which affected the contact surface between the Cu ions and
microbes. The cytotoxicity tests demonstrated that the CuO
thin film was noncytotoxic. The quantity of eluted Cu ions
was 0.014 pg L™! from 0.2 mol % CuO thin film, which
satisfies the drinking water elution guidelines of the WHO.
The transmittance of light through 0.2 mol % CuO film-
deposited glass was 90.9 %. The antimicrobial activity,
cytotoxicity, elution, and transmittance of CuO-deposited
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glass suggest that Cu ions have valuable applications in
various fields, including in the manufacturing of mobile
phones, touch panels, and electrical appliances.
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