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Biofouling in the cooling systems of greenhouses in arid climates is a major
problem. The current study describes the usage of coatings composed of copper
oxide microparticles (CuO MPs) and zinc oxide nanoparticles (ZnO NPs) in
greenhouse cooling systems for biofouling protection. A simple spray coating
method was employed to coat cooling cardboard with the CuO MPs and ZnO
NPs. Biofouling properties of coated cardboard were investigated as
antimicrobial activities in laboratory experiments under light and dark
conditions using different types of Gram-positive and Gram-negative bacteria
isolated from the greenhouse. CuO MPs coating showed the strongest
antimicrobial activity compared to ZnO NPs in Gram-positive bacteria (Bacillus
infantis) under both conditions. Almost the same antimicrobial activity was
observed for CuO MPs and ZnO NPs with Gram-negative (Escherichia coli)
bacteria. Furthermore, the antialgal activity of the coatings was investigated
against Scenedesmus sp. and Pinnularia sp. isolated from the greenhouse.
Results demonstrated that CuO MPs exhibited the strongest antialgal activity.
The observed antifouling activity was mainly due to the production of reactive
oxygen species (ROS) and ions from ZnO NPs and CuO MPs coatings. The results
of this study suggest that CuO MPs coatings can be applicable for antifouling
protection of greenhouse cooling systems.

KEYWORDS
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1 Introduction

The global wastewater discharge rate is 400 billion cubic meters (m’) per year,
contaminating approximately 5,500 billion m® of water each year (Zhang and Shen,
2019). Ineffective discharge of non-treated wastewater into the environment may cause
contamination by pollutants and the discharge and growth of harmful pathogens (Dacewicz
and Chmielowski, 2018). In dry and semiarid areas, one of the possible uses of treated
wastewater after treatment is irrigation, particularly in dry and semiarid areas, due to the
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FIGURE 1
A diagram shows the main components of the greenhouse.

low availability of water and high content of nutrients like nitrogen
and phosphorus (Zhang and Shen, 2019). Moreover, treated
wastewater contains sufficient levels of nutrients for plant
growth, thus promoting plant growth and thereby reducing the
need for chemical fertilizers (Ghernaout, 2018). Treated wastewater
irrigation is already utilized in many regions of the world, primarily
for orchards and landscaping. However, treated wastewater
irrigation of vegetables is prohibited due to the potential health
dangers that such water may produce pathogens for consumers of
fresh vegetables (Obayomi et al, 2019). Moreover, treated
wastewater contains sufficient nutrients for plant growth, thus
reducing the use of chemical fertilizers.

The Sultanate of Oman is an arid and semiarid country with
temperatures exceeding 45°C in summer and an average annual
rainfall of 100 mm per year (Al-Ismaili and Jayasuriya, 2016).
Therefore, Oman’s weather is not highly suitable for open-field
cultivation, especially in the summertime, which is almost 8 months
of the year (Al-Ismaili and Jayasuriya, 2016). Besides, around 52% of
the agricultural lands were banned due to salt accumulation that
came from saline irrigation which mainly happened in the Al-
Batinah region due to seawater intrusion. To overcome the
problem of hot weather, Controlled Environment Agriculture
(CEA) was widely adopted for vegetable crops throughout the
country. It aims to improve the quality and quantity of crops
through a controlled environment in greenhouses. Al-Ismaili and
Jayasuriya (2016) reported that greenhouse production rises
12 times more than open field-grown crops in Oman due to CEA.

To reduce the temperature ina greenhouse in an arid climate, an
air heat exchanger and fogging (an evaporative cooling system) are
used to control the interior temperature and humidity (Hegazy et al.,
2022). Thus, greenhouse cooling pads are constructed in the
ventilation opening of the pad-and-fan framework, so that
practically all incoming ventilation air travels through the pads
before reaching the greenhouse area. Typically, these pads are made
of cardboard and are stuck together in a way that air can pass
through them while at the same time maintaining the optimum
contact area between the air and the material of the wet pad
(Figure 1). Water is drained to the top of the pads and released
through small holes along the whole of the supply pipe. The spacing
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of the hole is designed to ensure that the passing water wets the
entire pad surface consistently without allowing the patches to dry
out. Water at the bottom of the pads is collected and returned to a
storage tank to be reused (Both, 2007). When the warm, dry air flows
through the pad, some of the water evaporates. The air passing over
the pad is thus cooled and humidified at the same time due to the
evaporation process, which requires no additional energy source. As
a result, the greenhouse atmosphere’s humidity rises and the
temperature falls (Jain and Hindoliya, 2011). Such a system
allows for a reduction in the freshwater consumed by 50% and
the interior temperature reduced from 50 to 35° C. To reduce the
amount of freshwater used in such greenhouses, it is proposed to use
treated wastewater to cool greenhouses. However, compared to
freshwater, treated wastewater is rich in nutrients that could
support algal growth and cause significant biofouling in the
cooling system of the greenhouse (Al-Busaidi et al., 2022).

Biofouling is the undesirable deposition and growth of
microorganisms on wetted surfaces (Flemming, 2002). Biofouling
blocks the cooling pads, affects the efficiency of the greenhouse
cooling system and reduces the lifetime and efficiency of the
cardboard used in the cooling system. Moreover, it is unclear if
the treated water could be a source of any diseases by spreading
harmful microbes inside the greenhouse, affecting human health
and contaminating crops. Although wastewater treatment systems
are designed to minimize the concentration of contaminants, many
wastewater treatment plants release such effluents without
chlorination, resulting in the accumulation of pathogens (Iwane
et al, 2001). Examples of such bacteria include Escherichia coli
which has been commonly used in aquatic environments as a fecal
pollution predictor. Most strains of this bacterium are considered
nonpathogenic, while some strains may be pathogenic (Iwane et al.,
2001). Also, Pseudomonas mendocina, Enterobacter kobei, and
Pseudomonas alcaligenes are soil and water pathogenic bacteria
(Wehr et al., 2015; Brooke, 2012). Thus, the development of an
effective antifouling and antimicrobial treatment for the greenhouse
cooling system is required.

To prevent biofouling growth in industrial applications various
methods are used (Davidson et al., 2021). These methods range from
using toxic biocides, like copper, to non-toxic approaches that
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leverage the physical properties of surfaces including
microtopography and wettability (Weber and Esmaeili, 2023).
However, while toxic methods can effectively prevent biofouling,
they pose significant environmental risks (Weber and Esmaeili,
2023). Conversely, physical methods are not always effective,
highlighting the need for better biofouling management.

To deal with biofouling problems, it is important to develop
non-toxic or low-toxic antifouling methods (Bora and Dutta, 2014).
Nanotechnology in recent years has been used to provide a solution
for wastewater treatment as well as the prevention of biofouling
(Kumar et al., 2021). Nanotechnology uses nanoscale materials with
dimensions ranging from a few nanometers to approximately
100 nm in any or all dimensions (Bora and Dutta, 2014).
Nanomaterials usually have a high degree of reactivity and
functionalization, a broad higher specific surface area, and size-
dependent properties, among other things, making them ideal for
wastewater treatment and water purification. For example, zinc
oxide nanoparticles (ZnO NPs) have antibacterial, antifouling,
and anti-algal properties and low toxicity (Dobretsov et al., 2020;
Al-Fori et al.,, 2014; Sathe et al., 2017). It was proven that ZnO NPs
have lower toxicity to different trophic-level organisms than Zn ions
(Dobretsov et al., 2020; Falfushynska et al., 2019). Similarly, copper
oxide nano and microparticles (CuO MPs) have antimicrobial
properties (Chapman et al, 2013). CuO MPs is less toxic
compare to CuO NPs. Thus, it is possible that ZnO NPs and
CuO MPs can prevent biofouling in the cooling systems of
greenhouses.

The main aim of this study was to develop CuO microparticles
(MPs) and ZnO nanoparticles (NPs) coatings on the cardboard of a
greenhouse cooling system and test their antifouling properties. The
specific objectives of this study were to: 1) make CuO MPs and ZnO
NPs coatings on the cooling cardboard and characterize them; 2) test
the antifouling properties of CuO MPs and ZnO NPs coatings using
freshwater Gram-positive (B. infantis) and Gram-negative bacteria
(E. coli) and microalgae (Scenedesmus sp. and Pinnularia sp.)
isolated from a greenhouse cooling system; and 3) investigate
leaching of metal ions and the production of reactive oxygen
species (ROS) from CuO MPs and ZnO NPs coatings. The
results of this work have the potential for the prevention of
biofouling in greenhouse cooling of agricultural systems.

2 Materials and methods

2.1 Materials

Copper (II) sulfate pentahydrate and ascorbic acid were
Fisher
United Kingdom. Sodium hydroxide was

purchased from Scientific, Loughborough,
procured from
Honeywell, Germany. Absolute ethanol and terephthalic acid
were obtained from Merck, Darmstadt, Germany. Standard
deionized water (DI) was used throughout the experiment.
Nutrient broth was obtained from Sigma-Aldrich. In this
experiment, research grade zinc oxide nanoparticles (>99%) were
obtained from US Research Nanomaterials Inc., United States
(Houston, TX, United States) and used without any further
modification but copper oxide microparticles were synthesized

using the procedure shown below. An evaporating air-cooling

Frontiers in Nanotechnology

10.3389/fnano.2025.1545224

system cardboard for a greenhouse was obtained from China
Anhui Jimei Air Treatment Equipment Co. (Beijing, China).

2.2 Synthesis of CuO microparticles

The green chemical reduction process was used to synthesize
CuO microparticles (MPs) (Izwanie et al., 2019). To do this, 0.1 M
copper (II) sulfate pentahydrate solution was added to 1.44 g of
starch that dissolved in 100 mL of deionized water under continuous
stirring for half an hour (30 min). Then, 50 mL of 0.2 M ascorbic
acid solution was added to the synthesis solution. After that, 30 mL
of 1 M sodium hydroxide solution was slowly added to the prepared
solution and heated at 80°C for 2 h with constant stirring until the
color of the solution changed from yellow to ocher. Then, the
solution was removed from the hot plate and kept at room
temperature overnight to allow the particles to precipitate and
the supernatant solution was carefully discarded. A vacuum
filtration system with 0.2 um pore size and 47 mm diameter
filter paper was used to separate the precipitates from the
solution. To remove the excess starch bound with the particles,
the precipitates were washed with deionized water and ethanol
3 times. Finally, the microparticles were dried in a desiccator for
2 days and stored in a glass vial for further analysis (Khan
et al., 2016).

2.3 Spray coating of cardboards with Cu
microparticles and ZnO nanoparticles

To make coatings, 0.025 g of commercial ZnO NPs with the size
of 30-45 nm and the synthesized CuO MPs particles were dispersed
separately in 50 mL of ethanol (Al-Belushi et al., 2020). The solution
was sprayed by using a commercial spray gun on cooling system
cardboard (30 cm x 15 cm x 5 cm). After spraying, the cardboard
was dried at room temperature and covered with aluminum foil for
further use. These cardboards were used for antibacterial and anti-
algal testing, respectively (see below).

2.4 Characterizations

The crystal structure of CuO MPs and ZnO NPs was
characterized using X-ray diffraction (Rigaku Miniflex 600,
Tokyo, Japan). Surface morphology and elemental composition
were observed by field emission scanning electron microscopy
(JEOL JSM 7800F, Tokyo, Japan) attached with energy dispersive
X-ray spectroscopy (Oxford instrument, United Kingdom). Zeta
potential measurements of ZnO NPs and CuO MPs were conducted
using Zeta Analyzer (NICOMPTM 380 ZLS, United States).

2.5 Antibacterial testing

The antibacterial activity of CuO MPs and ZnO NPs coatings
was tested in the laboratory. Gram-positive and Gram-negative
freshwater bacteria were used. First, the bacteria B. infantis and
E. coli were isolated from the fouled cardboard of the greenhouse
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(Sultan Qaboos University, Agricultural and Experimental Station,
Muscat, Oman). Bacteria were identified using a MALDI-TOF
(matrix-assisted laser desorption ionization/time of flight)
biotyper (Bruker Daltonics, Leipzig, Germany). This method
identifies bacteria based on a unique proteomic fingerprint.
Second, the bacteria were incubated at 37°C for 24 h in a sterile
nutrient broth (Sigma-Aldrich, St. Louis, MO, United States).
Third, a small piece (I cm x 1 cm) of the cardboard coated
with CuO MPs and ZnO NPs was placed in a multi-well plate
Waltham, MA, United States).

Uncoated cardboard was used as a control. Fourth, 3 mL of

(Thermo Fisher Scientific,

sterile nutrient broth was mixed with the bacterial culture and
added to each well. There were three replicates in this experiment.
Two experiments were conducted: in the dark and in the light.
Light conditions were 30.0-31.5 kLux light intensity generated by
white luminescence lamps. To make the dark conditions (0 Lux),
all samples were covered with aluminum foil. For B. infantis, a
bacterial culture of around 10 CFU/mL was combined with 3 mL of
sterile marine broth and put into each well. For E. coli, a bacterial
culture of around 12 CFU/mL was combined with 3 mL of sterile
nutrient broth and added to each well. In both experiments, plates
were incubated at 37°C for 24 h. The optical density (OD at
600 nm) of all treatments was measured after 0 and 24 h using
a spectrophotometer (Thermo Fisher Scientific United States,
Waltham, MA, United States). Antibacterial activity of CuO
MPs, ZnO NPs, and control (uncoated cardboard) was counted
as Log CFU/mL using 23.018*OD + 0.0326 equation for B. infantis
and 23.846*OD + 0.0732 for E. coli.

2.6 Anti-algal test

Freshwater algae (Scenedesmus sp., Chlorophyta and
Pinnularia sp., Bacillariophyta) from the treated wastewater
cooling system of the greenhouse (Sultan Qaboos University,
Agricultural and Experimental Station, Muscat, Oman) were
used in this study. Algae were isolated according to Lee et al.
(2014). Before the experiment, algae were cultivated for 7 days in
F2 media at 27°C with a photoperiod of 12/12 (Light/Dark, h) and
light intensity of 5 kLux. For the experiment, small pieces (1 cm X
1 ¢cm) of cardboard coated with CuO MPs, ZnO NPs, and an
uncoated one (control) were used. There were three replicates for
each treatment. All samples were incubated at 27°Candinal2h
light: dark photoperiod (Intensity: 30.0-31.5 kLux). The
experiment was conducted for 72 h. The growth of algae was

measured as the OD at the wavelength of 664 nm after 72 h.

2.7 Leaching test

To conduct a leaching test, 1 x 1 cm of cardboard coated with
CuO MPs, ZnO NPs, and uncoated ones were immersed in 100 mL
of deionized water (DI). 10 mL from each sample were collected
after 72 h. There were three replicates for each treatment.
Inductively coupled plasma-optical emission spectrometry (ICP-
OES, Perkin Elmer 8000 DV, Waltham, MA, United States) was
utilized to analyze the concentration of Zn** and Cu’" ions from the
leaching test.
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2.8 Reactive oxygen species test

To probe reactive oxygen species (ROS) from ZnO NPs and CuO
MPs, 0.5 mM terephthalic acid (TA) was prepared in 0.2 mM aqueous
NaOH solution. ZnO NPs and CuO MPs deposited cardboard, and was
cut to 1 cm® and kept in the 5 mL TA solution. The samples with TA
solutions were placed under the solar-simulated light at 1000 W/m?
(Sciencetech, Canada). The emission light was measured using a
photoluminescence spectrometer (PerkinElmer LS 55, United States)
with an excitation wavelength of 315 nm after 1 h of visible light
irradiation to the samples.

2.9 Data analysis

Means and standard errors were calculated for bacterial density
and algal density using Excel software. The errors were calculated
using the standard deviation based on three multiple measurements.
The differences between densities of bacteria and algae in different
treatments were analyzed using ANOVA followed by Tukey’s post
hoc test. Before the test, the normality and homogeneity of the data
were verified by the Shapiro-Wilk and Levene tests. In all cases, the
significant difference was P < 0.05.

3 Results
3.1 X-ray diffraction (XRD) and zeta potential

XRD patterns of CuO MPs and ZnO NPs on cardboard show
different diffraction peaks at specific degrees. CuO MPs have diffraction
peaks at 43.16°, 50.27°, and 83.97° which can be assigned as (110), (200)
and (311) planes of monoclinic CuO crystal structure (Khashan et al,,
2018; Menamo et al,, 2017; ElFaham et al., 2021) (Figure 2a). However, the
ZnO NPs have diffraction peaks at 31.7°, 34.35", 36.18°, 47.42°, 56.52’,
62.77", 66.28", 67.88", 69.02, 72.50° and 76.90° which can be assigned as
(100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (201)
planes of hexagonal wurtzite ZnO crystal structure (Ashkarran, 2012)
(Figure 2b). in Figure la and b showed sharp diffraction peaks indicating
well crystalline structure of CuO MPs and ZnO NPs.

The average zeta potentials of ZnO NPs and CuO MPs were
found to be —17.23 mV and —50.21 mV, respectively.

3.2 CuO MPs and ZnO NPs coated cardboard
surface: surface morphology and
elemental analysis

CuO MPs and ZnO NPs were successfully deposited on the cooling
system cardboard (Figure 3). Some unwanted debris was observed in
pristine uncoated cardboard surfaces, and EDS analysis displayed the
elements of O, C, Si, Al, Fe, K, Mg, and Na (Figures 3a, b). These
materials might come from the environment and the cardboard
materials themselves (Figure 3b). For CuO MPs coated on the
cardboard surface, CuO MPs existed as in agglomerated form with a
mean diameter of ~ 2-8 pm (Figure 3c), which comprised C, O, and Cu,
respectively. Apart from the expected elements (C, O, and Cu), no other
elements were detected. This could be due to the removal of other
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FIGURE 2
XRD patterns of (a) CuO MPs and (b) ZnO NPs.

components from the original surface while spraying CuO MPs onto the
cardboard (Figure 3d). On the other hand, ZnO NPs with a diameter of
~30-45 nm (Figure 3e) were randomly coated on the cardboard in an
aggregated way, and the EDS result showed the presence of C, O, and Zn
on the surface (Figure 3f).

3.3 Antibacterial test with gram-positive
bacteria under different treatments

Under light conditions, the average growth of Gram-positive
bacteria B. infantis bacteria was increased in all treatments. After
24h, the growth of B. infantis in the presence of CuO MPs coating
was lower by 39.0% than ZnO NPs, and by 44.0% than the control
(bacteria and carboard) (Figure 4). It can be seen that there was a
significant difference in bacterial growth between treatments
(ANOVA, P = 0.0005) (Supplementary Table S1). There were
significant differences in the growth of B. infantis between CuO
MPs and ZnO NPs and between CuO MPs and the control (Tukey
post hoc, p < 0.05) (Supplementary Table S2). The lowest growth was
observed in the case of CuO MPs coating.

In the dark condition, the average growth of Gram-positive bacteria
B. infantis was decreased after 24 h in CuO MPs and ZnO NPs
treatments, while it increased in the control (bacteria and cardboard)
(Figure 5). The growth of B. infantis in the presence of CuO MPs coating
after 24 h was lower by 68.1% than ZnO NPs and by 89.3% than the
control (Figure 5). It can be seen that there was a significant difference in
bacterial growth between treatments (ANOVA, p 0.0003)
(Supplementary Table S3). Additionally, there were significant
differences in the growth of B. infantis between ZnO NPs and
control and between CuO MPs and control in the dark (Tukey post
hoc, p < 0.05) (Supplementary Table S4).

3.4 Antibacterial test with gram-negative
bacteria under different treatments

Under light conditions, the average growth of Gram-negative

E. coli bacteria was increased after 24 h in all treatments (Figure 6).
The growth of E. coli was lower in CuO MPs treatment by 56.0%
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than ZnO NPs and 61.0% than the control (bacteria and cardboard).
It can be seen that there was a significant difference in bacteria
growth between treatments (ANOVA, p = 0.0046) (Supplementary
Table S5). There were significant differences in the growth of E. coli
between ZnO NPs and the control and between CuO MPs and the
control (p < 0.05) (Tukey post hoc, Supplementary Table S6). The
lowest growth was observed in the case of CuO MPs coating.

In the dark condition, the growth of all Gram-negative bacteria
was increased after 24 h in all treatments (Figure 7). The lowest
growth was in the presence of CuO MPs coating, followed by ZnO
NPs and control treatments. The growth of E. coli was lower than
that in CuO MPs treatment by 16.2% than ZnO NPs and 53.5% than
in control (Figure 7). It can be seen that there was no significant
difference in the growth of bacteria between all treatments
(ANOVA, p = 0.0007) (Supplementary Table S7). However, there
were significant differences in the growth of E. coli between ZnO
NPs and control treatments and between CuO MPs and control
treatments (Tukey post hoc, p < 0.05) (Supplementary Table S8).
Both ZnO NPs and CuO MPs coatings were effective in reducing
E. coli growth in the dark condition.

3.5 Anti-algal test with growth of algae in
different treatments

The average growth of the green alga Scenedesmus
sp. (Chlorophyceae) was slightly increased after 72 h in CuO
MPs and ZnO NPs and significantly in the control treatment
(Figure 8a). However, the growth of Scenedesmus sp. expressed as
optical density (OD) was significantly lower in the case of CuO MPs
by 87.8% and ZnO NPs by 84.2% compared to control treatments
(algae with cardboard) (Supplementary Tables S9, S10).

The growth of a diatom Pinnularia sp. (Bacillariophyceae) in all
treatments was increased after 72 h (Figure 8b). The lowest growth
was observed in the presence of CuO MPs cardboard, while the
highest growth was found in the control treatment. The growth of
Pinnularia sp. increased in ZnO NPs and the control treatments by
37.5% and 46.9%, respectively, compared to the CuO MPs treatment
(Figure 7b). In the case of CuO MPs, the growth of Pinnularia
sp. was significantly lower compared to the control. There was no
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The scanning electron microscope (SEM) images and energy-dispersive X-ray spectroscopy of the cooling system cardboard with different
coatings: (a) and (b) pristine, uncoated cardboard, (¢, d) CuO MPs, and (e) and (f) ZnO NPs coatings on cardboard. The ZnO NPs and CuO MPs are

randomly distributed on the cardboard surface.

difference in Pinnularia sp. growth between ZnO and control
treatments (ANOVA, P = 0.235) (Supplementary Table S10).

3.6 Leaching test and ROS production
As expected, Zn*" and Cu®" ions were released from ZnO NPs

and CuO MPs coatings, correspondingly (Figure 9a). The leaching
test demonstrated the presence of Cu** ions in all samples including

Frontiers in Nanotechnology

control ones (Figure 9a). This suggests that the cardboard surface
contains Cu-based compounds that leached during the experiment.
The highest ion concentration was observed in the case of ZnO NPs
(Zn** = 0.038 ppm). The average leaching of Cu** ions was higher in
the case of CuO MPs by 57.1% compared to the control treatment.
Cu”" ions released in the case of ZnO NPs coatings could be due to
the presence of Cu in cardboard. There was a significant difference
in the leaching of Zn>* and Cu®* ions between different treatments
(ANOVA, P = 1E-20) (Supplementary Table S11).
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Average density Log(CFU/mL) of B. infantis in the presence of
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FIGURE 6
Average density Log(CFU/mL) of E. coli in the presence of CuO

MPs, ZnO NPs, and control (bacteria and cardboard) in light
conditions.
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Average density Log(CFU/mL) of E. coli in the presence of CuO
MPs, ZnO NPs and control (bacteria and cardboard) in dark conditions.

ROS presence was confirmed by observing the production of
eOH from the ZnO NPs and CuO MPs surfaces in PL measurement
(Figure 9b). Although the size of CuO MPs is bigger compared with
ZnO NPs, the PL emission results show that CuO MPs produce
more (®¢OH) production than ZnO NPs.

4 Discussion

To grow crops, countries with arid and semi-arid climates use
greenhouses with an evaporative cooling system to reduce the
temperature and increase humidity (Hegazy et al, 2022).
However, biofouling of evaporative pads of the cooling system of
greenhouses impacted their performance and increased the cost of
operation. In this study, we isolated bacteria and microalgae from a
greenhouse and tested the antifouling properties of copper oxide
microparticles (CuO MPs) and zinc oxide nanoparticles (ZnO NPs)
coatings of cooling system evaporative cardboards of greenhouses.
The CuO MPs used in this study were synthesized using a green
chemistry approach. This environmentally friendly method results
in the formation of micro-sized particles rather than nanoparticles.
Additionally, CuO MPs are less toxic than CuO NPs (Maciel-
Magalhées et al., 2020) and have a reduced environmental impact.

4.1 Bacteria and microalgae isolated from
the greenhouse

In this study, the bacteria B. infantis and E. coli from treated
wastewater and fouled cardboard of the greenhouse were isolated. B.
infantis is a Gram-positive bacterium that has been previously
isolated from waste (Moumita and Tapobrata, 2024), soil (Saggu
and Mishra, 2017), and marine waters (Soni et al., 2023). According
to Vaz-Moreira et al. (2012) and Kumar et al. (2016), B. infantis is
commonly found in freshwater, drinking water treatment plants,
and treated wastewater treatment plants. This bacterium could be
pathogenic and isolated from the blood of newborns (Ko et al., 2006)
and could induce heart autoimmunity (Massilamany et al., 2016). To
our knowledge, this is the first record of the isolation of B. infantis
from a greenhouse cooling system and it could be due to the use of
waste-treated water. On the opposite, E. coli is a Gram-negative
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bacterium. It is usually harmless; however, since this bacterium is
associated with the lower intestine, its presence indicates water
contamination. E. coli was previously found in soil (Sharma
et al,, 2016), water (Lopez-Galvez et al., 2016), as well as fruits

and vegetables in greenhouses (Shaw et al., 2015). The presence of
B Zn this bacterium is probably due to the use of wastewater for cooling in
0.041 mm Cu our study. The health risks posed by B. infantis and E. coli in
greenhouse settings are significant because they directly impact food

0.03- safety, human health, and the performance of the heat exchanger of
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greenhouses.

In addition, the green alga Scenedesmus sp. and the diatom
0.02 1 Pinnularia sp. were isolated in this study. Scenedesmus sp. is
primarily found in freshwater environments (Xin et al, 2011).
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freshwater environments with high levels of organic pollution
attached to different substrata (Brake and Hasiotis, 2010). The
presence of nutrients in wastewater in our study could explain
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the growth of this alga on cooling pads. However, neither
Scenedesmus nor Pinnularia were recorded in the cooling pads of
greenhouses before this study. According to our observations,
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presence CuO MPs, ZnO NPs coatings and control (cardboard) after
72 h (b). Photoluminescence emission spectra of terephthalic acid (TA)
reacts with (®OH) produced from the ZnO NPs and CuO MPs highest density was found on ZnO NPs coating and control (not

coatings under visible light irradiation. coated cardboard). Similarly, CuO MPs coating showed a significant
reduction in the growth of Gram-negative bacteria E. coli in

bacteria B. infantis was observed in CuO MPs coating, while the
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comparison to the control. In comparison to the light condition, in
the dark, bacterial growth was lower. In the dark conditions, both
CuO MPs and ZnO NPs coatings significantly reduced the growth of
bacteria. However, the growth of Gram-positive B. infantis was
reduced strongly than Gram-positive E. coli. Differences in the cell
wall structure of Gram-positive and Gram-negative bacteria can
explain the different activity of ZnO and CuO against B. infantis and
E. coli (Xiao et al.,, 2015). Copper can change the Bacillus biofilm
hydrophobicity and make them more sensitive to antibiotics and
biocides (Falcon Garcia et al,, 2020). According to Perelshtein et al.
(2013), Cu** and Zn*" ions are positively charged, and they interact
with negatively charged lipid-based bacterial membranes. During
this process, the permeability of the Gram-negative membranes
could change and, as a result, reduce bacterial cell growth and
cell viability.

The cooling system cardboard coating with CuO MPs and ZnO
NPs significantly inhibited the growth of freshwater algae
Scenedesmus sp. and Pinnularia sp. compared to the control in
laboratory experiments. The effects of heavy metal ions on different
algal species are different (Hugo et al., 2007). This could explain why
the coatings had different antifouling effects on Scenedesmus sp. and
Pinnularia sp. algae. Both coatings were equally effective against
Scenedesmus sp. On the opposite end, according to Terry and Stone,
2002, Scenedesmus species can tolerate heavy metals and could be
used to remove heavy metals from the water via biosorption. The
difference between this and our results could be explained by several
hypotheses. First, the concentration of heavy metals in our study is
different from the study of Terry and Stone, 2002. Second, CuO MPs
and ZnO NPs coatings not only produce heavy metal ions but also
release ROS under light conditions (see mechanism of action).

4.3 Mechanism of antifouling action

The antifouling activity of coatings could be explained by the
production of reactive oxygen species (ROS) and metal ions. CuO
MPs and ZnO NPs can produce reactive oxygen species under light
conditions through water photocatalysis (Ivask et al, 2010;
Sirelkhatim et al, 2015; Al-Belushi et al., 2020). The ROS
presence was confirmed by observing the production of hydroxyl
radicals (¢OH) from the ZnO NPs and CuO MPs in the PL
measurement. When ZnO NPs and CuO MPs are exposed to
visible light, they undergo photoexcitation, where photons excite
the electrons in the valence band to the conduction band, leaving
behind holes in the valence band (Al-Belushi et al., 2020). The
conduction band electrons and valence band holes could react with
water in the environment, generating ROS such as ®OH, superoxide
ions (O,®"), and hydrogen peroxide (H,0,). ROS are well-known for
degrading contaminants and inhibiting bacterial and algal growth by
causing damage to cell membranes, mitochondria, and DNA,
resulting in bacterial and algal death (Al-Belushi et al., 2020).
According to Franklin et al. (2007), under light conditions, ZnO
NPs produce ROS that are harmful to the freshwater microalga
Pseudokricheriella subcapitata.

Additionally, both tested coatings release ions that could kill
bacteria and microalgae under dark and light conditions. This is
supported by our ICP-MS results. The concentrations of ions
observed in our study were enough to kill bacteria and algae but
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lower than the ones that caused the mortality of human T cells
(Reddy et al., 2007). This suggests the potential safety of using tested
coatings in greenhouse applications. The release of Cu®* ions was
detected in our study, even in the case of the control (clean
cardboard). This could suggest that the manufacturer used
copper to prevent the growth of bacteria on cooling cardboard or
possible environmental contamination. However, the concentration
of Cu™ ions released by the cardboard was not enough to inhibit the
growth of Gram-positive and negative bacteria and microalgae used
in this study. This demonstrated the necessity of additional
antifouling defense of the cooling cardboard of greenhouses.

4.4 Differences between antifouling activity
of CuO MPs and ZnO NPs

There were differences in the antifouling activity of CuO MPs
and ZnO NPs coatings. CuO MPs coating was more effective in the
inhibition of the growth of Gram-positive and Gram-negative
bacteria, the diatom Pinnularia sp., and the green alga
Scenedesmus sp. compared to ZnO NPs coating. The size of
micro- and nano-particles could change the surface area, thus
affecting the production of ROS and the release of ions. Smaller
particles tend to leach more ions, which explains why ZnO NPs
coatings released more ions than CuO MPs. However, the
antifouling effect of CuO MPs was higher than that of ZnO NPs
coatings. It could be due to the higher toxicity of Cu’" compared to
Zn** jons (Terry and Stone, 2002; Zhang et al, 2016). The
accumulation of Cu®* ions leads to metabolic alkalosis (Karlsson
et al., 2008). According to Hugo et al. (2007), Cu** is toxic to
chromosomes, causes DNA damage and oxidative DNA lesions, and
disrupts the mitosis cycle, which could explain their higher activity
in this study.

The selection of CuO MPs was because CuO NPs have
significantly higher toxicity and environmental impact (Maciel-
Magalhdes et al., 2020). Although the size of CuO MPs was
bigger compared with ZnO NPs, the production of ROS by CuO
MPs was higher. Additionally, CuO MPs had higher zeta potential
compared to ZnO NPs. This suggests that CuO MPs are likely to be
more stable in suspension due to greater electrostatic repulsion. Zeta
potential plays a crucial role in the antimicrobial activity of
nanoparticles (NPs) and microparticles (MPs) because it
influences particle interactions with microbial cells (Jastrzebska
et al.,, 2015). Higher ROS generation and greater stability in the
suspension of CuO MPs coatings compared to ZnO NPs explain the
improved antimicrobial and antialgal properties of CuO MPs.

4.5 Conclusion

Biofouling is a common problem and critical issue in the cooling
systems of greenhouses in arid climates. It can compromise the
efficiency of cooling systems essential for maintaining optimal
conditions. In this study, the use of innovative coatings, such as
CuO MPs and ZnO NPs, to address the practical biofouling
problems of greenhouses was studied. CuO MPs and ZnO NPs
coatings provide several advantages over traditional cleaning
methods, such as chlorine treatment or physical cleaning,
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particularly when considering their efficiency, scalability, and cost-
effectiveness. Traditional methods like chlorine cleaning can release
harmful byproducts, which can be environmentally damaging and
require careful disposal. This study demonstrated the ability of CuO
MPs and ZnO NPs coatings to effectively reduce the growth of Gram-
positive and Gram-negative bacteria, as well as microalgae isolated from
the greenhouse cooling system. The antifouling effect was due to ROS
and ion production. The application of CuO MPs coatings was more
effective than ZnO NPs coatings in the prevention of biofouling of
greenhouse cooling systems. However, care must be taken in the use of
these antifouling coatings in greenhouse cooling systems for longer
periods. Further studies are needed to test the durability of the coatings
and the efficiency of antifouling solutions in field experiments.
Additionally, future investigations are required to test long-term Cu
and Zn accumulation risks in soil and water systems, as well as their
potential health impacts. Furthermore, the findings suggest that CuO
MPs coatings can lead to more sustainable agricultural practices by
treatments  traditionally  used  for

minimizing  chemical

biofouling control.
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