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ABSTRACT: Biofilm formation in common public places and hospitals is of great concern. Active antimicrobial coatings can
prevent the formation of bacterial biofilms and the spreading of primary and secondary infections caused by contagious bacteria and
viruses. In the present work, we report a simple spray coating process using copper oxide (CuO) nanoparticles (NPs) dispersed in a
titanium dioxide (TiO2) sol, where CuONPs act as the active antimicrobial agent and TiO2 as the inorganic binder. Homogeneous
CuONPs/TiO2 coating was obtained on polypropylene substrates by spraying the CuO/TiO2 sol using a commercial air gun,
followed by drying at 80 °C. The amount of CuONPs loading in the coating was adjusted by controlling the number of coated
layers. CuONPs and CuONPs/TiO2 coatings were characterized by XRD, BET, X-ray fluorescence spectroscopy, AFM, and field
emission scanning electron microscopy techniques. All of the coated films showed dual activity, i.e., antimicrobial and
superhydrophobicity. A high bactericidal effect against both Escherichia coli and Staphylococcus aureus was observed for the coated
substrates. Coatings with higher CuONPs showed greater antibacterial activity, reaching R value >6, and no bacterial colonies were
detected after 24 h of incubation. An increasing trend of water contact angle was observed with the increasing amount of CuONP
loading.

1. INTRODUCTION
The great incidence of microbial infections, together with the
risky exposure of patients and healthcare workers to frequently
touched surfaces in hospitals and public places, raises the need
to develop efficient and cost-effective biocidal coatings.1−5 The
formation of biofilms, a common strategy adopted by the
microorganisms to increase the bacterial resistance to environ-
mental stress and antibacterial treatments, is of great
concern.1,6,7 Additionally, due to the emergence of the
COVID-19 pandemic, there was an upsurge in the production
of antimicrobial and antiviral agents, such as floor/hand
sanitizers, wet wipes, sprays, and personal care and cleaning
products that are not only costly but also create adverse health
issues, including acute respiratory diseases, due to the
incorporation of several hazardous chemical compounds
(alcohol ∼70%, sodium hypochlorite, hydrogen peroxide,

quaternary ammonium compounds, etc.).2−4 Therefore, it is
of high importance to develop effective coating strategies that
could prevent the formation of bacterial biofilms thanks to
their higher biocidal activity and, at the same time, would be
favorable to the environment. Nanomaterials, such as copper
(Cu), silver (Ag), gold (Au), zinc (Zn), and magnesium (Mg),
and metal oxides, like titanium dioxide (TiO2), zinc oxide
(ZnO), and cerium oxide (CeO2) are widely used as
antimicrobial agents because of their well-known antibacterial
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properties.8−14 Among them, Cu and Ag, either in metallic or
oxide form, are well-known biocidal compounds due to their
superior broad-spectrum antimicrobial activity for deca-
des.13,15−17 Although there are ongoing debates on their
biocidal actions due to the complex mechanism of the
antibacterial/antiviral pathways, Cu-based nanomaterials pos-
sess a higher biocidal action over Ag-based ones, and this
aspect has been demonstrated against a wide range of
pathogenic microorganisms.18−22

Cu nanoclusters and their oxide counterparts, cuprous oxide
(Cu2O) and cupric oxide (CuO), have shown superior
antimicrobial activities against a wide range of pathogens like
Escherichia coli, Staphylococcus aureus, Bacillus subtilis, Legionella
pneumophila, and some fungi and viruses, including SARS-
CoV-2 , t h ank s to the con t a c t - k i l l i n g mecha -
nism.2,15,17,19,20,23−27 Although it is reported that Cu2O
nanomaterials show stronger antimicrobial activity compared
to CuO due to the higher oxidation state, CuO is
thermodynamically more stable and less reactive than Cu2O
when mixed with other materials favoring the coating
formulation.23,28 On the other hand, bacterial adhesion and
biofilm formation on various surfaces could be minimized by
applying a superhydrophobic coating having a higher water
contact angle (WCA) with lower rolling angle values, and the
same might be achieved by applying colloidal silica-based
superhydrophobic coatings.29,30 However, a superhydrophobic
coating itself cannot prevent the transmission of microbial
agents unless the bacteria are killed within a specific time frame
before they are transmitted. Therefore, the addition of an
antibacterial agent to the coating matrix is strongly
recommended. There are several strategies to prepare
antimicrobial Cu-based coatings, such as chemical vapor
deposition, physical vapor deposition, electrophoretic deposi-
tion, electron beam evaporation, electroless plating, sputtering,
plasma-spraying, thermal spray coating, sol−gel coating
method, etc.8,31−33 Among the strategies reported above, the
sol−gel method is considered one of the most promising and
inexpensive coating techniques that can be applied over a wide
variety of substrates, especially when a large area has to be
covered.16,34 Some recent studies demonstrate the antibacterial
activity of Cu/CuOx/TiO2 against several pathogens, but there
are some drawbacks in these works, either complexity in
coating formulation or moderate antibacterial efficiency that
limits their practical applications, especially where large areas
need to be protected.35−39 Herein, we report an easy and
upscalable spray coating strategy based on the commercially
available CuONPs in powder form dispersed in a sol−gel-
derived TiO2 sol. Smooth polypropylene (PP) sheets were
coated with CuONPs/TiO2 sol using a commercial spray gun.
CuONPs and CuO-based coatings were characterized by
scanning electron microscopy (SEM), XRD, atomic force
microscopy (AFM), and water contact angle (WCA) measure-
ments. The antibacterial efficacy of the coated specimens was
tested against reference bacterial strains according to the ISO
22196:2011 standards.

2. MATERIALS AND METHODS
2.1. Reagents. All of the reagents were used as received

without any modifications. Copper(II) oxide, nanopowder
(CuO, 30−50 nm APS Powder, denoted as CuONPs), and
hydrochloric acid (HCl, 37%) were purchased from Alfa-Aesar,
whereas titanium tetra-isopropoxide (TTIP, 97%) and ethanol

(ACS reagent grade, 99.9%) were purchased from Sigma-
Aldrich.

2.2. Coating Preparation. CuONPs/TiO2 coating was
deposited on PP substrates by a two-step coating process. At
first, the TiO2 coating was deposited by the spray coating
method. The TiO2 sol (containing 5% of TiO2 by weight in
ethanol) was prepared by hydrolysis−condensation of TTIP in
the presence of HCl and deionized water (Millipore Milli Q).
The molar ratios of the reagents were TTIP/HCl/H2O =
1:0.5:4. At first, TTIP was added dropwise to ethanol and
stirred for 10 min. After homogeneous mixing of the solution,
the required amount of HCl previously diluted with water was
added to the above solution. The sol was stirred for several
hours to complete the hydrolysis−condensation reaction. The
as-prepared sol was aged for 1 day before the coating
application. The cleaned PP substrates (50 × 50 × 2 mm
dimension) were coated with the TiO2 sol by spraying method
using a commercially available manual stainless-steel spray gun
(nozzle size 1.5 mm, fitted with a 600 mL PP feed cup). The
spray gun was connected to a compressed air pump to
maintain an air pressure of 2 bar in order to achieve a uniform
coating. After coating deposition, the PP substrates were kept
in an oven at 80 °C for one night to gently dry the coated film
and avoid any unwanted cracks. To prepare the CuONPs/
TiO2 coating, at first, CuO/TiO2 sol was prepared. CuO
nanopowder (0.5 wt %) was dispersed in 1 wt % TiO2 sol
(diluted from the 5 wt % mother sol using ethanol as the
solvent) under ultrasonication and stirred overnight to prepare
a well-dispersed sol. This sol was then applied to the TiO2-
coated PP substrates by a spray coating method. CuONPs/
TiO2-coated PP substrates were kept in an oven at 80 °C to
promote the adherence of CuONPs to the substrates. The
amount of CuONPs loading on the TiO2-coated PP substrates
was controlled by choosing the number of spray coating layers
applied with the CuONPs/TiO2 sol. According to the
elemental quantification estimated from the X-ray fluorescence
spectroscopy (XRF) measurements (discussed later), the
coated samples are assigned as TCuO-1 (∼1 wt % CuO),
TCuO-2 (∼2 wt % CuO), and TCuO-5 (∼5 wt % CuO),
whereas TiO2 indicates coating with the base layer with TiO2
and PP as the PP sheets.

2.3. Characterization of CuO-Based Coatings. X-ray
diffraction analysis was performed with a Rigaku Ultima X-ray
diffractometer using Cu Kα radiation (λ = 1.5406 Å) operating
at 40 kV/20 mA with a step size of 0.02°. Morphological
characterization of the coating was carried out on a Zeiss
Sigma VP field emission scanning electron microscope. Specific
surface area and pore size distribution of CuONPs were
measured by the Brunauer−Emmett−Teller (BET) method
from the N2 adsorption−desorption curve using an Anton Parr
NOVA 2200e surface area analyzer. The concentration of
CuONPs deposited with respect to TiO2 was estimated from
quantitative elemental analysis using the XRF technique
performed with an M4 TORNADO Micro-XRF spectrometer
(Bruker Nano, Berlin, Germany) operating at 50 kV/600 μA
(30 W) equipped with an X-Flash solid-state silicon drift
detector. Advanced polycapillary X-ray optics were used, which
reduces the X-ray spot size to 25 μm, ensuring very high
excitation intensity. Data acquisition was performed on
different positions of the coated film in the area mode to
cover a maximum possible area under scanning. The WCA on
the coated and bare PP substrates was measured with an FTA
1000 series Goniometer (First Ten Angstroms, USA) using the
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drop shape analysis technique. The surface topography and
roughness of the coatings were analyzed using a Bruker
Multimode 8 AFM in a quantitative nanomechanical mode
under ambient conditions. Images were captured with scan
sizes of 10 × 10 μm2 with a scan rate of 0.6−0.7 Hz and an
image resolution of 512 samples per line. A ScanAsyst-air
cantilever (Bruker) with a resonance frequency of 70 kHz and
a spring constant of 0.4 N/m was employed. Data processing
was performed using Nanoscope Analysis software (version
1.5).

2.4. Antibacterial Activity Evaluation. The antibacterial
efficacy of CuONPs coatings was assessed against E. coli
(ATCC 8739) and S. aureus (ATCC 6538P). Bacteria were
grown in nutrient broth (NB) at 37 °C. The composition of
the NB medium was as follows: 3 g of meat extract, 10 g of
peptone, and 5 g of sodium chloride in 1 L of bidistilled water.
Nutrient agar (NA) plates were prepared by adding 15 g of
agar per liter of NB. Laboratory tests to evaluate the
antibacterial activity of the CuO-based coatings were
performed according to the ISO 22196:2011 standard40 with
some adjustments.41 For both tested bacterial strains, the
preinoculum was prepared by making a suspension in 1/500
NB medium of an isolated colony grown on a NA plate
incubated for 18−24 h at 35 ± 1 °C. The day after, the
bacterial suspension was adjusted to reach a concentration
between 2.5 × 105 and 1.0 × 106 Colony Forming Units per
milliliter (CFUs/mL). Then, 0.4 mL of the bacterial
suspension was deposited on untreated (PP) and treated
(PP/TCuO-1; PP/TCuO-2; PP/TCuO-5) PP substrates. The
antibacterial activity of all the specimens was evaluated
immediately after the bacterial inoculum (T0) and after 24 h
(T24) of incubation at 35 ± 1 °C. After being washed with 10
mL of D/E neutralizing broth (BD Difco), each specimen was
subjected to bacterial cell recovery. Serial dilutions of the
extraction solution were sown for inclusion on plates of Plate
Count Agar (PCA, Oxoid Ltd.) in triplicate and then
incubated at 35 ± 1 °C for 24−48 h.
According to ISO 22196:2011, the antibacterial activity is

attributable to coatings capable of determining a reduction (R)
in the number of bacterial colonies ≥2 logarithmic units per
unit of surface (Log10 CFU/cm2) within a contact time of 24 h.
In our case, the R value was determined by calculating the
average reduction value of the number of bacterial cells on the
CuONPs-based coatings compared to those untreated
following eq 1

= =R U U A U U A( ) ( )t 0 t 0 t t (1)

where U0 is the average of the common logarithm of the
number of viable bacteria in CFUs/cm2, recovered from the PP
specimens immediately after inoculation (T0); Ut is the average
of the common logarithm of the number of viable bacteria in
CFU/cm2, recovered from the PP specimens after 24 h (T24)
of inoculation; At is the average of the common logarithm of
the number of viable bacteria in CFU/cm2, recovered from the
PP/TCuO specimens after 24 h (T24) of inoculation. For each
condition, the experiments were performed in triplicate.

2.5. Statistical Analysis. The data are presented as the
mean ± standard deviation for the indicated number of
experiments. The statistical analysis was conducted by using a
two-way ANOVA. In all comparisons, p < 0.05 was considered
statistically significant, and the significance level was reported
when present.

3. RESULTS AND DISCUSSION
The recent spread of antibiotic-resistant pathogens has
accelerated the need to find new antimicrobial strategies that
are not only bactericidal but also help reduce the spread of
infections. In this context, hospital facilities play a fundamental
role in the spread of antibiotic-resistant pathogens due to the
intense use of broad-spectrum antibiotics. The objective of this
research is therefore to develop a simple, economical, but
effective coating strategy with antibiotic and antibiofilm
activity, designed for the coating of plastic surfaces in daily
use, which negatively affect the risk of contracting infections by
operators and patients, such as light switches, handles,
furniture, and commonly used accessories.
Prior to the coating formulation, the physicochemical

properties of the CuONPs were screened by XRD, BET, and
SEM measurements. Figure 1a shows the BET adsorption−

desorption isotherm, which resulted in a type IV isotherm
typical of mesoporous materials. From the BET equation, a
surface area of 17.2 m2/g was estimated, and an average pore
diameter of 3.38 nm was obtained that remains within the
mesoporous range. The SEM micrograph of the CuONPs is
shown in Figure 1b, where the average size of the particles
could be estimated to about 40 nm, which is very close to the

Figure 1. (a) N2 adsorption−desorption isotherm and pore size
distribution (inset of a) of the CuONPs and (b) FESEM micrograph
of bare CuONPs.
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reported one according to the technical data sheet from the
supplier. It is also observed that the particles are uniformly
dispersed without any significant agglomeration, favoring
preparing a homogeneous suspension.
The crystalline phase of the CuONPs was investigated by

recording the XRD pattern and is shown in Figure 2, where hkl

planes of the corresponding diffraction peaks are assigned that
belong to the monoclinic CuO (ICDD-PDF card no. 00-045-
0937).42,43 Diffraction patterns of the CuO/TiO2 coatings with
different CuONP weight percentages are also presented in the
figure. Although the diffraction peaks related to CuO NPs are
clearly visible in TCuO-5 and TCuO-2 coatings, they are
hardly visible in the case of TCuO-1 due to the lower amount
of CuONPs present in the coating. All the TiO2/CuO coatings
show a broad diffraction peak centered at about 25.4° 2θ that
can be assigned to the anatase phase of TiO2.

34 The broad
nature of the peak suggests poor crystallinity of the TiO2
coating, which is in agreement that higher temperature is
needed to get crystalline TiO2.

44 The amount of CuO loading
in the TiO2/CuO coatings was estimated from the elemental
quantification obtained in the XRF spectra, which is presented
in Figure 3. From the quantitative analyses, which are reported
in Table 1, the amount of CuO in the CuO/TiO2 coating was
estimated to be about 1, 2, and 5 wt % for TCuO-1, TCuO-2,
and TCuO-5 samples, respectively.

Figure 4 shows the FESEM images of the coatings with
different magnifications. The TiO2-coated substrate shows a
quite smooth surface feature, where the visible microcracks are
a common feature in sol−gel-derived coating from the high
tension due to shrinkage when the coating thickness exceeds a
certain limit.45,46 From the CuO/TiO2 coatings, it is observed
that CuONPs are uniformly distributed at any CuONP
concentration. The most uniform distribution of the CuONPs
is observed for TCuO-5 coating. It can also be noticed that in
all coatings the CuONPs are well embedded inside the TiO2
film matrix, suggesting that the CuONPs are not directly
exposed to the environment, ensuring that contamination due
to the excess release of the CuONPs could be prohibited. On
the other hand, even the NPs that remain under the TiO2 layer
could diffuse and interact with the microorganisms through
micro- and mesoporous TiO2 coating, thus making the coating
effective against biofilm formation. The adherence of the
coatings to the PP substrate was evaluated by the cross-cut
tape test method (Figures S1−S3). From the comparison of
the optical microscopic images, recorded before and after the
cross-cut peeling off test, it is observed that there is merely any
peeling off from the coatings, suggesting the coating quality to
be 4B according to the ASTM D3359B classification. SEM
images taken after the cross-cut test also support these data
(Figure S3).
The superhydrophobic nature of the coated surfaces was

assessed by measuring the WCA by the sessile drop method
reported in Table 1. The bare PP shows a WCA value of 95°,
suggesting the hydrophobic (WCA ≥ 90°) nature of the
substrate (Figure 5). After TiO2 spray coating, the WCA value
increased to 119° and followed the increasing trend with the
loading of CuONPs. The highest WCA value of 160° was
obtained for TCuO-5 coating, confirming the superhydropho-
bic nature of the coated surface. It is expected that high WCA
will bring minimal bacterial adhesion and higher antimicrobial
activity described in the next section. The higher WCA with an
increasing concentration of CuONPs loaded in the coating can
be explained by the peculiar surface roughness.47,48 The
dependence of wettability on the surface roughness was
determined by the AFM analysis of the coated samples. Figure
6 shows the surface topography of pure TiO2- and TiO2/CuO-

Figure 2. XRD spectra of (bottom to top) CuONPs and TiO2/CuO
coatings; TCuO-5 (5 wt % CuO),TCuO-2 (2 wt % CuO), and
TCuO-1 (1 wt % CuO). The red lines represent standard ICDD card.

Figure 3. X-ray fluorescence spectra performed on TiO2-, 1 wt %
CuO/TiO2-, 2 wt % CuO/TiO2-, and 5 wt % CuO/TiO2-coated PP
substrates. Quantitative estimation of CuO is reported in Table 1.
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coated samples, and the average roughness values are reported
in Table 1. While a pure TiO2-coated surface shows an almost
smooth morphology with a roughness of 24.9 nm, after
CuONPs deposition, the smooth morphology changed to
rough surface characteristics with a micronano roughness
morphology. This feature is also supported by the FESEM
images. The surface roughness increased with the increasing
concentration of the CuONPs, achieving the highest value of
177 nm for the TCuO-5 sample (Table 1). This increasing
trend of surface roughness with increasing CuONPs
concentration is consistent with the increasing WCA values,

which changed the wettability behavior of the coatings from
hydrophobic to superhydrophobic. Therefore, it could be said
that higher surface roughness is responsible for the hydro-
phobic/superhydrophobic nature of the coatings, as observed
by the other researchers.49,50

In compliance with the requirements of the ISO 22196:2011
standard, Gram-negative (E. coli ATCC 8739) and Gram-
positive (S. aureus ATCC 6538P) bacterial strains were used to
evaluate the antibacterial efficacy of PP/TCuO coatings. Both
bacterial strains are widespread pathogens in healthcare
facilities, often associated with infections related to medical

Table 1. WCA, Surface Roughness (Ra), and CuO wt % Obtained on Different Coated PP Surfaces

uncoated/coated PP surfaces

PP PP/TiO2 PP/TCuO-1 PP/TCuO-2 PP/TCuO-5

WCAa (std dev)b 95.03 (±1.45) 119.16 (±1.31) 126.08 (±1.43) 133.83 (±1.32) 160.03 (±3.83)
Ra (nm)

c 24.9 ± 2.5 79.2 ± 3.1 101 ± 2.4 177 ± 4.3
CuO (wt %)d(std dev)e 1.21 (±0.09) 2.25 (±0.11) 5.18 (±0.12)

aAverage WCA measured on 8 different places. bStandard deviation of the 8 measurements. cAverage surface roughness determined by AFM
analyses. dAverage CuO wt % estimated from the XRF measurements. eStandard deviation of the 3 measurements in the area mode.

Figure 4. FESEM micrographs with lower and higher magnification of the (a,b) TiO2-coated PP substrate, (c,d) TCuO-1, (e,f) TCuO-2, and (g,h)
TCuO-5.
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devices such as catheters and prosthetic implants.51,52 Figure
7a,b shows the plot of the number of bacteria inoculated
(CFU/cm2 in Log10 scale unit) on coated and uncoated PP
substrates against different incubation times for E. coli and S.
aureus, respectively. There was a sharp decrease in the number
of bacteria inoculated on TCuO-1 specimen compared to the
uncoated one, and no bacterial colony (for both E. coli and S.
aureus) was detected on PCA medium after sowing of bacterial
inoculum recovered from the TCuO-2 and TCuO-5 specimens
after 24 h of contact. We have also observed a significant
decrease in the number of E. coli cells recovered from the
TCuO-5 specimen immediately after the inoculum at T0 (data
not shown), indicating its strong antimicrobial effect. Figure 7c
shows the results of R values (estimated from eq 1) against
varying concentrations of the CuONPs in the coatings.
Referring to ISO 22196:2011, the antibiofilm activity of
CuONPs coatings should determine a R value ≥2 Log10
(CFU/cm2) within 24 h of incubation. Acceptable R values
were obtained for the TCuO-1 coating (3.60 and 3.23 for E.
coli and S. aureus, respectively), whereas TCuO-2 (6.03 and

6.11 for E. coli and S. aureus, respectively) and TCuO-5 (6.49
and 6.31 for E. coli and S. aureus, respectively) showed much
higher R values. Reaching an R value of higher than 6 for
TCuO-2 and TCuO-5 specimens, which corresponds to
approximately 99.9999% reduction of the bacterial load, is a
very promising result. It is also seen that beyond 2 wt % of
CuONPs concentration, there is no significant increment of
the R value. Therefore, it could be said that 2 wt % CuO
concentration could be the ideal candidate for these types of
coatings as they would be highly effective in healthcare settings
to reduce the microbiological contamination on hospital
surfaces. It would also be advantageous to avoid the use of
higher concentrations of CuONPs that not only reduce the
cost of the process but also elude the risk of environmental
hazards. Figure 7d shows the bacterial growth, indicated by the
presence or absence of bacterial colonies on PCA medium after
the recovery of bacterial cells left in contact with PP- and PP/
TCuO-coated specimens for 24 h (T24). Numerous bacterial
colonies were detected on the growth medium from the
uncoated PP samples, whereas no or very few colonies were

Figure 5. Photographs of the bare PP sheet, TiO2- and TiO2/CuO NP-coated PP (top). (Below) photograph of water droplet on the TCuO-5-
coated surface and images of the sessile drop on bare and coated PP surfaces. Measured WCA is reported in respective images.

Figure 6. Two-dimensional and three-dimensional AFM images of TiO2, TCuO-1, TCuO-2, and TCuO-5 coatings on PP substrates. SEM images
of the respective samples along with the water droplet (as inset) are shown at the top of each set of micrographs.
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observed on the PCA plates when the bacterial suspension was
incubated for 24 h in contact with PP/TCuO-coated
specimens at different concentrations of CuONPs. Although
there are fewer colonies observed with the TCuO-1 specimen
(in accordance with obtaining a lower R value), no colonies
were detected for the TCuO-2 and TCuO-5 specimens. These
observations strongly recommend the high bactericidal effect
and the antibiofilm activity of the coated films against different
types of Gram-negative and Gram-positive bacteria. Although
the results highlighted antibiofilm activity, supported by the
absence of bacterial cells recovered from the surface of the
specimens, the protocol was adapted to verify the presence of
nonadherent or dead bacterial cells in a shorter incubation
period. The samples were analyzed by SEM, and the results are
shown in Figure S4.
Although the killing mechanism of the bacteria by

nanoparticles is not straightforward and varies with the type
of the particles involved, there is a significant number of
studies where the possible bacteria-killing pathways have been
proposed, including Cu-based nanomaterials.2,18,24,26,29,53−55

The antimicrobial and antibiofilm activities of the CuONP-
based coatings can be assumed due to one or combined effects
of ROS (reactive oxygen species) generation and direct contact
of the Cu species with the bacterial cells, often termed the
contact killing mechanism. In the former case of ROS
generation, highly reactive oxide species such as hydroxyl
radicals (OH•), superoxide anions (O2•−), singlet oxygen
(1O2), and hydrogen peroxide (H2O2) are produced due to the
redox reaction between Cu+ and Cu2+ ions either on the
surface of the CuONPs or from the dissolution of the Cu ions
in biological media.55,56 These reactive species can induce
oxidative stress to proteins, lipids, deoxyribonucleic acid, and
other biomolecules, leading to cellular death.6,26,55,56 In the

contact killing mechanism, the positively charged ionic Cu
species can directly bind and interact with the negatively
charged bacterial cell membrane (for Gram-negative) and cell
wall (for Gram-positive), resulting in membrane depolarization
that causes the membrane leakage and cell rupture and finally
ends up with the destruction of the bacteria. In our case, as
there are plenty of CuONPs lying on the coated surface, they
can readily interact with the bacterial cell membrane when they
come into contact and destroy them according to the above
killing mechanisms. This is evidenced from Figure 7, where the
log reduction value of >6 (killing efficiency 99.99%) was
obtained for both E. coli and S. aureus with 2 and 5 wt %
CuONP-coated specimens. From previous research works, it is
revealed that in dry conditions, ROS-mediated antimicrobial
activity may not be favorable; instead, contact killing
mechanisms would be more effective.6,56 Since CuONPs are
well-known for their toxicity against the microorganisms, it is
expected that our coatings would be effective against the
biofilm formation in the dry state, which is in fact the real
condition of the frequently touched surfaces. Additionally,
since the coated surfaces possess superhydrophobicity, they
would prevent the bacterial adhesion and act as an antifouling
coating.

4. CONCLUSIONS
In this study, we have proposed a high-quality antimicrobial
coating preparation that is effective against Gram-positive and
Gram-negative pathogenic bacteria. A simple and inexpensive
sol−gel spray coating method was used to apply the coatings
on PP sheets from CuONPs/TiO2 sol. Three different coating
formulations with different CuONPs/TiO2 ratios were
prepared, and the effect of CuONPs loading on the pathogen
killing activity was examined by antimicrobial tests. It is

Figure 7. Evaluation of the antibacterial activity of CuONPs coatings on PP specimens against (a) E. coli (ATCC 8739) and (b) S. aureus (ATCC
6538P); The symbol “•” indicates that no bacterial colony has grown on TCuO-2- and TCuO-5-coating specimens. (c) Estimation of the R value
with varying concentrations of the CuONPs in the coated specimens. (d) Photographs of the Petri dishes showing the presence and absence of E.
coli (top) and S. aureus (bottom) colonies on PCA medium after the recovery of the bacterial inoculum left in contact with PP- and PP/TCuO-
coated specimens for 24 h (T24). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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observed that the antimicrobial activity increases with
CuONPs loading, observing the highest antibacterial efficiency
with the TCuO-5 coating. Nevertheless, even the lowest
concentration investigated in these experiments showed strong
antibacterial activity, reaching an R value ≥2 Log10 (CFU/
cm2) as required by ISO 22196:2011. The microstructural
analyses revealed the incorporation of the CuONPs within the
TiO2 matrix, thus minimizing the environmental risks
associated with their release. The superhydrophobic nature
of the coatings would additionally protect the coated surface
from bacterial/viral adhesion, particularly for those pathogens
that are transmitted through the spreading of the droplets. As
the CuO/TiO2 coatings can be applied over a wide range of
surfaces, they could be considered as an effective method to
protect the high-risk zones from broad-spectrum bacterial
infections.
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