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Interest in the use of zinc oxide nanoparticles (ZnO NPs) in surface coatings and films has increased as its incorporation can
significantly improve the mechanical and antimicrobial properties of coatings and film solutions. In an effort to produce green or
eco-friendly products, the potential use of ZnO NPs biosynthesized from natural resources to replace conventional petroleum-
derived polymers has been investigated. This review provides an insight into the growing trend of incorporating ZnO NPs into
synthetic or semi-synthetic or bio-based polymeric materials via different synthesis methods as well as its characteristics and
potential applications in surface coatings and films. The antimicrobial potential of ZnO NPs to inhibit the growth of various types
of microorganisms as well as its use in surface coatings or films to impart antimicrobial activities that prevent the spread of
microorganisms, especially the COVID-19 virus, was also discussed.

1. Introduction

Large structures (i.e., buildings, monuments, and ship hulls)
and smaller structures (i.e., furniture, household appliances)
require protection for effective long-term use. As such,
surface coatings comprising polymeric materials and ad-
ditives are often used to provide protection from foulants,
harmful microorganisms, moisture, and UV radiation.
Furthermore, in the food and beverage industry, it is crucial
to use packaging film with adequate antimicrobial properties
to ensure that food quality is maintained and that food is
preserved from food-borne bacteria [1]. Petroleum-based
polymers were previously used as coating or packaging until
researchers discovered that these materials were nonbio-
degradable and harmed the ecosystem [2-4]. At present,
awareness on the use of eco-friendly products has risen to
reduce the risk of toxicity to the environment. As such, a
significant number of natural polymeric materials have been
developed from plants and biological materials to provide

more sustainable technologies in the future. Similarly,
carbon-based and metal or metal oxide-based nanotech-
nologies, dendrimers, and nanocomposites are also cur-
rently being investigated as these materials have immense
potential to improve the properties of films and surface
coatings. Of the various metal oxide nanoparticles, zinc
oxide nanoparticles (ZnO NPs) are the most commonly and
widely used in various applications in the food packaging,
cosmetics, biomedicine, agriculture, and coating industries
as it is abundantly available in nature, low cost, biocom-
patible, lack pigmentation, hydrophobic, UV protective, and
antimicrobial [5-8]. The addition of ZnO NPs to polymeric
matrices causes surface coatings and films to develop hy-
drophobicity towards water due to a reduction in the hy-
drogen bonding within the matrices that leads to the good
dispersion and less penetration of water into the surface [9].
ZnO NPs are also a potential antimicrobial agent as it is fine
in size, leading to a higher interfacial area that allows the NPs
to penetrate cells and, eventually, exhibit better bactericidal
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FIGURE 1: Two main approaches in synthesizing NPs.

activity against bacteria such as Staphylococcus aureus
(S. aureus) and Escherichia coli (E. coli) [10, 11].

This review is aimed at providing the current state and
biosynthesis of ZnO NPs that have been incorporated into
film and surface coating solutions via different methods and
types of surfaces. The interactions that occur between ZnO
NPs and the polymeric matrices of surface coatings and films
will also be discussed. The properties of ZnO NPs were also
compared with that of another NP. This review provides
insight into the potential behaviour of ZnO NPs when used
as an additive in surface coatings and films. This discussion
elaborates each of the topics as follows:

1. Introduction

2. ZnO NPs in surface coatings and films

2.1. Comparison of green-synthesized and nongreen-
synthesized ZnO NPs
2.2. Green approaches for surface coatings and film as
biopolymeric materials

2.2.1. Bio-based materials

2.2.2. Plant-based materials
2.3 Incorporation of ZnO NPs in coating materials
and films and its compatibility
2.4. Surface and coating method selection for ZnO
NPs.

3. Potential of ZnO NPs in surface coating and film
properties

3.1. Mechanical properties
3.2. Antimicrobial properties
3.2.1. Bacteria
3.2.2. Fungi
3.2.3. Algae
3.3. Antiviral potentials
3.4. Integration of ZnO NPs with other NPs for
surface coatings and films

4. Application of ZnO NPs in surface coatings and films

4.1. Food packaging

4.2. Textiles for biomedical applications
4.3. Paint industry

4.4. Marine antifouling

4.5. Preservation works

5. Emerging research on natural polymeric materials
containing ZnO NPs as a coating for antimicrobial and
antiviral purposes

6. Conclusions

2.ZnO NPs in Surface Coatings and Films

2.1. Comparison of Green-Synthesized and Nongreen-Syn-
thesized ZnO NPs. Different methods, such as direct blend
with determined ZnO NPs or through top-down or bottom-
up techniques, can be used to introduce ZnO NPs into
surface coating and film solutions [12-14]. Figure 1 shows
the two main methods of synthesizing NPs, which are the
top-down or bottom-up methods. In general, the joining of
multiple small particles to form a nanostructured building
block of NPs is called the bottom-up approach, while a size
reduction in the bulk nanomaterials is called the top-down
approach. Physical and chemical methods such as laser
ablation, chemical vapour deposition, ball milling, and
hydrothermal as well as green methods that can be used to
synthesize NP synthesis [13]. Of the physical methods, the
hydrothermal method is considered the most eco-friendly
and suitable for use in chemical solutions during NP
synthesis.

Mohan et al. [15] described the morphological charac-
teristics of ZnO NPs at varying temperatures and times
throughout the hydrothermal method (Figure 2). They
found that the synthesized ZnO NPs were spherical at 150°C
after 2 hours and were in the form of nanorods at 120°C after
3 hours. Ramimoghadam et al. [25] used the hydrothermal
method to synthesize ZnO with palm olein as a reducing
agent. The study found that ZnO NPs were nonspherical at
120°C after 18 hours.

However, physical and chemical methods have disadvan-
tages as they require costly equipment, high temperatures, and
high pressures [10], as well as a large area to set up the machines
and toxic chemicals that are hazardous to the environment.
Therefore, green-synthesizing NPs is favoured over physical
and chemical methods as it is an eco-friendly, feasible, safe, and
cost-effective procedure that uses minimal toxic chemicals and
produces less harmful by-products [13, 14].

Over the years, multiple studies have investigated green-
synthesizing NPs. Agarwal et al. [26] examined green-
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F1GURE 2: Fabrication of ZnO NPs using the hydrothermal method. Adapted from Ref. [15].

TaBLE 1: Biological materials used for ZnO NP synthesis via different synthesis methods.

Green materials Size of NPs (nm)

Shape of ZnO NPs

Method of synthesis ~ Zinc precursor ~ Ref

Zinc sulfate

Chitosan 15 (width) and 110 Nanorods Chemical conversion [5]
pentahydrate
Essential oil of Irregular needle and . . Zinc acetate
eucalyptus globulus 40 spherical Biosynthesis dihydrate [29]
Chamomile flower, olive leave 49.8-191.0
’ ’ 40.5-124.0 Pure crystalline or cubic Biosynthesis Zinc oxide [16]
and red tomato
65.6-133.0
Palm olein 20-500 Nanoflower Hydrothermal Zinc acetate [30]
Orange oil 20 Hexagonal and polyhedral Precipitation Zinc nitrate [31]
V. arctostaphylos L.(Caucasian 12 Nearly spherical Mlcrowave—a531§ted Zinc nitrate 32]
whortleberry) green synthesis
Citrus maxima (pomelo) juice 10-20 Nearly spherical Solution combustion Zinc nitrate [33]

synthesizing ZnO NPs using additives from various natural
sources. This included plant extracts such as Anisochilus
carnosus, Plectranthus amboinicus, Vitex negundo, Russian
olive [27], and Rambutan peel extract [28] as well as mi-
croorganisms such as Bacillus licheniformis, Aeromonas
hydrophila, and Sargassum muticum to name a few. The
study reported that the presence of phytochemicals such as
polyphenols in these natural strains and plant extracts acts as
a reducing and capping or stabilizing agent during NP
synthesis. Similarly, Obeizi et al. [29] concluded that the
phytochemical constituents of Eucalyptus globulus essential
oil act as a capping and reducing agent during ZnO NP
synthesis, where the colour of the mixture was monitored
from visible to light yellow. Table 1 outlines the biosynthesis
of ZnO NPs using additives from various natural sources as
well as their particle sizes and morphological properties.
Basnet et al. [12] successfully biosynthesized ZnO NPs using
flowering plants from the Fabaceae and Rutaceae species,

which is responsible for the reduction of metal salts. As the
synthesized NPs were narrowly distributed, they were ca-
pable of significant antibacterial, electrochemical, sensory,
and photocatalytic activity.

As seen in Table 1, chitosan, which is commonly found in
animal shells, has been reportedly used to produce ZnO
nanorods that could reduce aggregation and form small-
sized particles (15nm) [5]. Furthermore, plant-based oils
such as palm oil comprise saturated and unsaturated fatty
acids, vitamin E, tocotrienols, and vitamin A, which can be
used as a bio-template to synthesize ZnO NPs owing to their
mesoporous structures that promote the nucleation of ZnO
NPs onto the surface of material [25]. Ramimoghadam et al.
[30] used palm olein as a bio-template to synthesize ZnO
NPs via the hydrothermal method. The study proposed that
ZnO NPs formed due to interactions between hydroxyl
(-OH) and carboxylic (-COOH) groups of fatty acids in the
palm olein and the metal oxide NPs. It is believed that the
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FIGURE 3: FTIR spectra of (a) green-synthesized and (b) nongreen-synthesized ZnO NPs. Spectra were taken from Refs. [16, 17].
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FIGURE 4: Summary of (a) wavenumber from FTIR and (b) wavelength from UV-Vis spectra of nongreen- and green-synthesized ZnO NPs

from previous literatures.

carboxylic head groups combine with the surface of the
nanostructure via self-assembly and later construct spherical
micelles around the ZnO crystals. This inorganic-organic
hybrid provides sites for the ZnO NPs to nucleate and form
different morphologies [34]. Analytical instruments such as
ultraviolet visible (UV-Vis) spectroscopy, Fourier transform
infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM), and X-ray diffraction (XRD) are commonly used to
determine, characterize, and compare the structure and
particle sizes as well as the physical, chemical, and mor-
phological properties of synthesized ZnO NPs. Previous
studies [35, 36] reported that green-synthesized ZnO NPs
with particle sizes of 30-124 nm appear as a broad and strong
peak range around 350-386nm on the UV-Vis spectra.
However, chemically synthesized ZnO formed NPs with
particle sizes of 18-110 nm that appear as a broad and strong
peak at a similar region on the UV-Vis spectra of
350-380 nm [37, 38]. Figure 3 depicts the UV-Vis and FTIR
spectra of green- and chemically synthesized ZnO NPs. As
seen, peaks appear at similar wavenumber ranges, which are

around 378-532cm ™' and 380-667 cm ™', which represents
the Zn-O bonds of biosynthesized and chemically synthe-
sized ZnO NPs, respectively [17-19]. Therefore, although
these ZnO NP synthesis methods vary, they both yield ZnO
NPs with similar optical and physiochemical properties.
Figure 4 provides a graphical summary of the FTIR and
UV-Vis spectra of nongreen- and green-synthesized ZnO
NPs. The FTIR wavenumbers of ZnO NPs that had been
green-synthesized using palm olein, pomelo juice, Aegle
marmelos, and Eucalyptus globulus were compared with that
of nongreen-synthesized ZnO NPs (hydrothermal and
commercial ZnO NPs). The resulting peaks were found to
range between 375 and 470cm”’, indicating coherence
between both green and nongreen synthesis methods. This
can be attributed to the various parameters used during ZnO
NP fabrication such as precursor concentration, methods,
and reaction times to name a few that contribute to the
shifting peaks seen in the FTIR spectra. Furthermore, some
variations in wavenumber were also observed during green
synthesis using different plant extracts (Figure 4). This may
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FiGure 5: XRD spectrum of green-synthesized ZnO NPs (green
synthesized-GS) and commercialized ZnO NPs (commercial-C).
The image was adopted from Ref. [18].

be attributed to the different chemical compositions of
different plants, which leads to a shift in the peaks. This may
also explain the wavelength seen in the UV-Vis spectra, as
the ZnO NPs peaks were found to range between 360 and
380 nm.

However, XRD analysis is used to determine the crys-
tallite state and size of the NPs using Debye Scherrer’s
equation as well as detect any impurities. Pavithra et al. [33]
used Citrus maxima (Pomelo) juice as a reducing agent
during ZnO NP fabrication and found that the average size
of the NPs ranged between 15 and 35nm at different
concentrations. Ghasem et al. [18] successfully bio-
synthesized ZnO NPs using Thymus pubescent leaf extract
and compared the XRD diffractograms of the samples with
that of commercial ZnO NPs (Figure 5). The study found
that the crystallite size of ZnO NPs was 58 nm, while the
diffractograms were clear, indicating the high purity of the
fabricated ZnO NPs. The small reduction in XRD intensity
observed in the spectra may be due to the presence of plant
extracts. As such, the particle sizes of ZnO NPs vary
according to the plant extract that is used as a reducing agent
during the synthesis process.

Table 2 shows the XRD data of ZnO NPs peaks observed
in green and nongreen-synthesized ZnO NPs. As seen, the
crystalline peaks of both methods were in a similar range of
around 30-80° of 26 with a wurtzite structure. In summary,
green and nongreen-synthesized ZnO NPs exhibit similar
characteristics during analysis with UV-Vis, FTIR, and XRD.
As such, green synthesis should be used more frequently to
fabricate NPs as it not only exhibits similar physicochemical
behaviour as nongreen methods but also preserves the en-
vironment and produces fewer toxic chemicals during ex-
perimental works. The subsequent section discusses the use
of green synthesis to produce NPs for surface coatings and
films.

2.2. Green Approaches for Surface Coatings and Films as Bio-
Polymeric Materials. Renewable sources such as plant-based
palm olein and bio-based peptides and chitosan from chitin
in crustacea exoskeletons are green and bio-organic mate-
rials that are potentially suitable for coating wood, glass, and
polyurethane [39-41, 43]. Figure 6 summarizes the tech-
niques used to fabricate biopolymeric materials for surface
coatings and films.

2.2.1. Bio-Based Materials. Bio-based materials such as
chitosan, gelatin, and peptides contain polysaccharides that
give them excellent mechanical and antimicrobial properties
that are suitable for surface coating and films as well as
biodegradable food packaging [42, 44]. According to Yu
et al. [41], peptides can potentially be used as an antimi-
crobial agent on the surfaces of polyurethane catheters as it is
commonly used to improve the surfaces of tools in the
healthcare sector. The application is common in hospitals
where catheter-associated urinary tract infections (CAUTIs)
occur due to the formation of a microbial biofilm on the
surface of the catheter. A coating of antimicrobial peptides
was found to inhibit the development of both Gram-negative
(gr-) and Gram-positive (gr+) microbial bacteria on the
surface by up to 99.9%. This provides some insight into the
efficacy of functionalizing surfaces with peptide biomaterials
to inhibit bacteria and biofilm formation.

2.2.2. Plant-Based Materials. Plant-based materials such as
starch are preferred as food packaging film due to their
homogeneous matrices [45]. However, in recent times, plant
oils such as acylated palm olein (APO), acylated jatropha oil
(AEJO), and acrylated epoxidized palm oil (AEPO) have
been used and modified to exhibit high yield and better
performance, such as UV-curable and high-hardness surface
coatings [46]. Figure 7 depicts the chemical structures and
condition of modified jatropha oil and acrylated epoxidized
palm oil.

These materials are more suited for use as a UV-curable
surface coating than unmodified or epoxidized oil due to
their unique fatty acid composition and high percentage of
cross-links (Table 3). Highly viscous materials are preferable
as they prevent unnecessary spreading and indicate high
fluid concentration. The mechanical properties of acylated
oils such as APO and AEJO indicate significant durability as
a coating material on wood and mil steel coating, respec-
tively. Furthermore, these green materials could also provide
good adhesion on surfaces post-UV treatment coating and
are suitable to replace current petroleum-based coatings.

Although plant-based polymers are less scratch-resistant
than petroleum-based coatings, different initiators or resins
can be added to these plant- or bio-based materials to
improve their scratch resistance. Al-Naamani et al. [47]
investigated the antifouling activity of synthesized chitosan-
ZnO NPs coating by adding acetic acid into the solution. The
study found that the chitosan-ZnO nanocomposite hybrid
coating had the lowest bacterial concentration after four
weeks under light conditions, indicating excellent anti-
fouling activity. Marsi and Rus [48] combined palm oil with
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TaBLE 2: The comparison for spectroscopy data between nongreen-synthesized and green-synthesized ZnO NPs.

Green or Method/source of ZnO NPs XRD (ZnO crystal analysis) Ref
non-green
Ton exchange with zeolite Crystalline peaks at 29=4°—7(£ range of sharp .intensity. The structure found is 1]
exagonal wurtzite.
Crystalline peaks at 26 = 31.52°, 34.15°, 35.95°, 47.28°, 56.28°, 62.52°, 66.11°, 67.68",
Nongreen Hydrothermal 68.83°, 72.22°, and 76.84°. Hexagonal structure with different crystal planes, [37]
(100), (002), (101), (102), (110), (103), (112), and (201).
Commercial (Systerm Chempur) Crystalline peaks at 26 = 3hl.98°, 34.63°, 36.4.16“, 47.69°, and 56.73°. Corresponds to [39]
exagonal wurtzite structure.
Commercial (NanoSany, Iran)  Crystalline peaks at 20 =30°-80" range of sharp intensity. Size of NPs=58nm.  [40]
Crystalline peaks at 20 = 31.74°, 34.38°, 36.21°, 47.49°, 56.54°, 62.86°, 66.43°, 67.89°,
Synthesized with essential oil 68.99°, 72.76°, and 76.94°. Hexagonal structure with different crystal planes, [12, 41]
of eucalyptus globulus (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202) with >
lattice constants a=b=3.2578 A, c=5.2179 A. Size of NPs =24 nm.
Crystalline peaks at 20=30°-70° range. Hexagonal wurtzite structure with
Synthesized with palm olein different crystal planes, (100), (002), (101), (102), (110), (103), (200), (112), (201).  [32]
Green Referred to standard value of JCPDS No. 36-1451.
Crystalline peaks at 20 =30°-80" range. Hexagonal wurtzite structure with
Synthesized with citrus maxima different crystal planes, (100), (002), (101), (102), (110), (103), (200), (112), (201), [35]
(Pomelo) juice (004), (202). Referred to standard value of JCPDS No. 36-1451. Crystalline size:
15-35nm.
Crystalline peaks at 20=30"-80° range with high and sharp intensities.
Synthesized with Aegle marmelos Hexagonal wurtzite structure with crystal planes (100), (002), and (101) of lattice  [17]

constants a=b=3.2417 A, c=5.1876 A. Size of crystals: 20 nm
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FIGURE 6: Two sources for biopolymeric materials from animal parts or plant extract.

FIGURE 7: The chemical structure of acrylated epoxidized palm oil (AEPO) for wood surface coating and acrylated epoxidized jatropha oil
(AEJO) for wood and mild steel surface coating. Adapted with permission from Ref. [19]. Copyright 2020 American chemical society.
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TaBLE 3: Comparison between nonderived and derived plant-based materials.

Sample Colour Viscosity 00C v AV

PO Yellow 72.00 0.05 60.98 0.03

EPO Light yellow 117.0 3.20 9.49 1.55

AEPO Dark brown 497.5 0.88 25.50 48.25

' 4

a I

Green/Bio-polymeric
materials

« Chitosan

e Orange oil
Jatropha oil

Starch and glycerol
Gelatin

Shellac

o /

Polymeric materials
blended with ZnO NPs
(Size of nps 15-150 nm)

N

/Semi—synthetic/synthetic N
polymeric materials
e Polyurethane (PU),

thinner, hardener

¢ Photoinitiator and
monomer

e Monoethanolamine
(MEA)

* Methyl Hydroxypropyl/
Hydroxypropyl Celluloses

\_ (MHP/HPC) Y,

FIGURE 8: List of polymeric materials mixed with ZnO NPs.

titanium dioxide (TiO,) at different metal oxide percentages
to improve the surface coating properties. It is noteworthy
that the incorporation of metal oxides could enhance the
properties of bio-sources and eventually be used as an al-
ternative to nonbiodegradable polymers.

2.3. Incorporation of ZnO NPs in Coating Materials and Films
and Its Compatibility. ZnO NPs are commonly integrated
with synthetic, semi-synthetic, and biopolymeric materials
via blending and have been used as a finishing on various
surfaces. As seen in Figure 8, resins and polymeric materials
successfully merged with ZnO NPs.

However, a few factors such as the pH, concentration,
size, smoothness, and distribution of the NPs need to be
taken into consideration when selecting coating materials
and films to be embedded with ZnO NPs. This is because the
inhomogeneity of ZnO NPs in a matrix, due to a high
concentration of NPs, could cause agglomeration that de-
grades its performance and aesthetical values [49, 50]. Aung
et al. [19] fabricated a Jatropha curcas oil-based polyol
comprising polyurethane (PU) and different concentrations
of ZnO NPs that possess anticorrosive properties. The study
found that low concentrations (<7%) of ZnO NPs facilitated
smooth dispersion while agglomeration started to occur at
ZnO NPs concentrations exceeding 7%, which decreased the
anticorrosive performance of the coating. Figure 9 depicts
the opacity of steel surfaces coated with different concen-
trations of ZnO NPs-AEJO. As seen, ZnO NPs-AEJO with
the highest concentration of fillers provided the clearest
opacity on steel surfaces. This indicates that suitable con-
centrations of NPs that can be used in the coating industry to

maintain the surface aesthetical values, colour, or opacity of
the biopolymer itself.

Weththimuni et al. [20] incorporated a bio-based resin
made of shellac insects with ZnO NPs that had been
functionalized with a silane compound to increase the
compatibility between the inorganic NPs and the organic
shellac. The study found that the particle size of function-
alized ZnO NPs was smaller than that of pristine ZnO NPs
due to the presence of silane, which was used to reduce NP
aggregation. Therefore, functionalizing the ZnO NPs could
minimize agglomeration as well as enhance the properties of
the materials. Furthermore, fabricating nanocomposites by
combining ZnO NPs and polymers such as tetramethylol-
propane triacrylate (TMPTA) and 2-hydroxy-2-methyl-
propiophenone (Darocur 1173) linked with chitosan also
exhibited good compatibility at sufficient compositions [19].

Shaban et al. [21] investigated the hydrophobicity of
ZnO NPs in a synthetic monoethanolamine (MEA) stabi-
lizer. The study found that hydrophobicity increased as the
ZnO NPs concentration increased before it dropped at
0.7 M. At a low ZnO NPs concentration (0.1 M), the hy-
drophobicity was low as the surface was not completely
coated and less hydrogen bonding. A ZnO NP concentration
of 0.5M was found to provide optimum coating due to the
presence of more oxygen vacancies and active sites for
adhesion on the surface. The ZnO NPs were found to ag-
glomerate and become less uniform at concentrations ex-
ceeding 0.5M, which reduces their ability to resist the
penetration of water. Therefore, the concentration of ZnO
NPs used in coatings and films is another vital factor that
needs to be taken into account, to prevent agglomerations
that reduce its performance.
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FIGURE 9: Steel surfaces coated with acrylated epoxy jatropha oil incorporated with ZnO NPs at different concentrations. Adapted with
permission from Ref. [19]. Copyright 2020 American chemical society.

The dispersion of ZnO NPs in a surface coating can also
be affected by its pH. This is because NPs tend to ag-
glomerate and nucleate at low pH due to the presence of
fewer hydroxyl groups (OH™) in the solution [51]. Therefore,
it is advisable to maintain a pH of 7 as this could facilitate the
homogeneous distribution of the ZnO NPs.

The morphological properties of ZnO NP coatings such as
homogeneity, dispersion, size, and shape can be elucidated
through scanning electron microscope (SEM) and trans-
mission electron microscope (TEM) images. Amjadi et al.
[42] observed the SEM images of ZnO NP-chitosan and found
that the small ZnO NP particulates (23-62 nm) were able to
enter the porous structure of the chitosan nanofibers (CHNF)
(25-64 nm). Furthermore, ZnO NPs can also fill the spaces in
the gelatin matrix by increasing cross-linking to yield a
stronger structure against water [52, 53]. Afsharpour et al.
[10] fabricated uniformly dispersed ZnO NPs that had been
functionalized with Klucel™ G hydroxypropyl cellulose and
observed its morphological behaviour. The study discovered
that the integration of ZnO NPs into the structure of the fiber
cellulosic material yielded better mechanical properties,
relative to that of pristine ZnO NPs. Therefore, ZnO NPs
could prevent the leaching of excessive Zn>" ions as well as
improve the stability and ability of polymeric matrices to
adhere to surfaces and films [19, 31]. ZnO NPs have shown
potential to be encapsulated with various materials to obtain
nano-sized particles that could promote better stability and
antimicrobial properties, and reduce leaching of Zn** ions
[54, 55], relative to exposure to UV [56].

According to the Food and Drug Administration (FDA),
macrosized ZnO is safe for use in the eco-friendly food
packaging industry [57, 58]. However, there are still con-
cerns over the use of nano-sized ZnO as it has the tendency
to release excessive Zn>" ions, especially for applications in
the food industry and marine environments [59]. This is
because excessive Zn>" ions could cause cytotoxicity in
aquatic organisms, which will eventually lead to toxicity in
humans. Furthermore, certain solvents such as water can
promote the leaching of ions. The following equation ex-
plains the possible ionization of Zn>* ions from ZnO NPs
after exposure to water [47]:

ZnO + H,0 — Zn** + 20H . (1)

The leaching and aggregation of Zn>* ions during the
production of ZnO NPs has become a major concern. As
such, researchers have discovered a way of overcoming this
issue by encapsulating ZnO NPs in a polymeric agent, which
modifies its antimicrobial activity. Therefore, the addition of
a support matrix to ZnO NPs is an alternative that could be

ZnO NPs Solution Deposition Techniques and Surface Successfully Coated

raler | Techniques

Roller coating

i.m{ Spray-based Surfaces
Dip-coating
Spin-coating
) Casting

l ? i l Brushing
b&.\

Figure 10: Coating techniques to deposit ZnO NPs coatings on
different materials as found in literature studies. Techniques:
casting, roller coating, spray-based, brushing on surfaces such as
wood, cement slab, paper, and steel.

used to overcome the toxicity issue [60]. Tissera et al. [56]
used poly (acrylonitrile) (PAN) nanofibers to encapsulate
ZnO NPs for better photocatalytic activity. They found out
that the ZnO NPs with an average size of 35nm had suc-
cessfully embedded in the PAN nanofibers through SEM
photomicrographs.

Tajau et al. [14, 46] reported the synthesis of nano-sized
particles of acrylated palm olein (APO) NPs using gamma
radiation techniques for use as an encapsulating agent to
deliver the drug, paclitaxel, to combat cancer cells. The fine
size of the APO NPs is believed to be able to trap ZnO
precursors and, eventually, generate stable ZnO NPs
[24, 62, 63]. Furthermore, encapsulation is thought to
counteract the toxic risks to humans, animals, and the
environment as it can reduce the amount of ZnO NPs
leakage, which consequently decreases the release of Zn**
from coating solutions.

2.4. Surface and Coating Method Selection for ZnO NP
Fabrication. As the dispersion of ZnO NPs in a biopolymer
increases the transparency of the biopolymer film, it is
suitable for surface coatings as it will not change the aes-
thetics, which can damage the value of the surface. Fur-
thermore, as the polymer is found to be less in water in the
presence of ZnO NPs, it makes coated surfaces such as steel,
glass, and wood become more durable [9]. Films commonly
used as food wrappings also need to maintain their quality to
ensure that the packaged food can last longer [64]. Coatings
and films that contain ZnO NPs possess excellent antimi-
crobial, anticorrosive, UV protective, and mechanical
properties in addition to super-hydrophobicity. Figure 10
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depicts several coating techniques that integrate ZnO NPs
into polymeric matrices.

In the roller coating method, bar rollers automatically
apply a uniform thickness of the coating solution on a flat
surface. Aung et al. [19] used the roller coating method to
coat steel, while Mizielinska et al. [65] used a similar method
to coat polyethylene film via the use of UV radiation. This
technique is preferable as it can be conducted at room
temperature under a medium-pressured UV lamp [66].
However, it may not be suitable for coating nonflat surfaces
due to its uneven outer layer. In such instances, spray-based
techniques are preferred, especially for nonflat materials
such as 3D helical springs and furniture as well as surfaces
with low mechanical and thermal resistance such as paper
[67]. Spray-based coating is done by manually or auto-
matically spraying a certain amount of liquid coating so-
lution onto the surface of a material using special equipment
such as a spray gun [68]. Some spray guns require gas (i.e.,
nitrogen) and suitable pressure for operation.

In the textile industry, the dip-spin coating method is
commonly used to coat the surfaces of fiber-textured ma-
terials as it provides strong adhesion to ensure that the ZnO
NPs are embedded on each strand. Meanwhile, smaller
fabrics are immersed in a selected coating solution, with-
drawn, and then dried at a suitable temperature. This process
is repeated in cycles to ensure that the surfaces are well-
coated. Altering parameters such as the type and concen-
tration of the coating solution could modify the ability of
NPs to adhere to the surface of a textile. Ridulescu et al. [31]
altered coating solutions by varying the volume of ZnO NPs
in a mixture of orange oil and sodium hydroxide (NaOH).
Apart from textiles, this method can also be used to coat
wood samples. Additionally, the adhesion quality of the NPs
to the surfaces of a material can be improved by merging the
dip-coating technique with other methods, such as pre-
cipitation and hydrothermal [22].

Sol-gel spin coating is another technique that is com-
monly used to coat cotton with ZnO NPs [21]. This is done
by dropping a coating solution on the surface of a sample
and then spinning the sample with the help of vacuum
suction at a constant rate and time, to ensure the stability of
the sample during coating. The coated sample is then dried

(b)

Figure 11: Illustration of the techniques used to coat NPs on textiles; (a) dip-coating and (b) spin coating.

to remove excess coating solvent. This technique is more
advantageous and reliable than dip coating due to its easy
thickness control, better homogeneity, and suitability for
large-sized textiles such as clothing fabrics [62]. Figure 11
illustrates the dip-spin coating method on a material that
comprises fibrous structures to ensure that each strand of the
fiber is well-coated.

The brushing method is commonly used to coat surfaces
such as buildings with NPs. This is a feasible method of de-
positing polymeric resins containing ZnO NPs on surface
[24]. Weththimuni et al. [61] used the brushing technique to
coat maple wood with a shellac-based varnish embedded with
ZnO NPs to reduce the occurrence of photo-and biodegra-
dation as well as impart antifungal properties. The number of
brushings was fixed to 20, and the brush was adjusted to be
perpendicular to the brushed area for uniformity during the
experiment. The number of coatings was found to affect the
performance of the ZnO NPs in the coating solution. Ex-
ceeding a certain number of coats was found to cause the ZnO
NPs to agglomerate, which was unfavourable for the structure
[21]. Lastly, the casting method is frequently used in the
fabrication of ZnO NPs that are integrated with bio-composite
films such as gelatin, starch, and chitosan [9, 35, 42]. In this
method, ZnO NPs are first sonicated to form a homogeneous
solution before it is poured into a moulder such as Petri dish or
polystyrene plate and left to dry. The presence of ZnO NPs in
the film enhanced the potent mechanical properties of these
biopolymeric films specifically.

3. Potential of ZnO NPs in Surface Coating and
Film Properties

3.1. Mechanical Properties. Mechanical properties are the
physical properties that a material exhibits upon the ap-
plication of forces. Variations in materials, techniques, and
parameters could change the mechanical properties of
materials. Therefore, the presence of ZnO NPs on the surface
of a coating or film will modify and improve its mechanical
characteristics such as hardness, ability to adhere to surfaces,
and UV resistance, as well as its tensile characteristics such as
elongation time to break (ETB), ultimate tensile strength
(UTS), and Young’s Modulus (YM). Table 4 provides a list of
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the mechanical properties of surface coatings and films with
and without the use of ZnO NPs.

As seen in Table 4, NPs can improve the physical
properties of natural-based polymers such as chitosan,
gelatin, and starch. For instance, the presence of ZnO
nanofillers in reinforcing starch film was found to enhance
its barrier and thermal stability performance [63]. These
improvements in mechanical properties are mainly due to
good interaction between the NPs and the matrix as well as
the homogeneous dispersion of the NPs in the matrices [69].
Chang et al. [70] suggested that the high value of Young’s
modulus for starch-ZnO NPs system was due to the strong
molecular interaction between ZnO NPs and starch chain.
However, this metal oxide-loaded matrix was less water
soluble due to the formation of hydrogen bonds between the
ZnO NPs and the starch, which decreased the OH™ group in
the matrix. Furthermore, the starch-ZnO NPs matrix be-
came more hydrophobig, relative to the original starch, due
to the presence of ZnO NPs that filled up the empty spaces
and consequently facilitated hydrogen bonding [71]. Amjadi
et al. [42] reported that ZnO NPs with gelatin-based film had
low water solubility, indicating the strong water resistance of
the film. These physical properties may be due to the ability
of ZnO NPs to fill gaps in the film matrix, which reduces the
mobility of its chains resulting in higher cross-linking and
better water resistance [53]. Das et al. [72] also suggested that
the water resistance of a synthesized bio-composite con-
sisting of chitosan loaded with ZnO NPs was due to the
formation of a three-dimensional (3D) network of NPs that
provides a stabilization effect to the chitosan.

Furthermore, hardness is also an important mechanical
property that is commonly tested. This test is performed by
firmly pushing the lead of a pencil into the surface of a
material at a 45° angle. The hardness of a surface that had
been coated with a coating containing ZnO NP filler was
found to have increase as a 6H pencil was required to scratch
the coated surface, while a HB pencil was sufficient to scratch
the uncoated surface [73, 74].

3.2. Antimicrobial Properties. ZnO NPs are known to pos-
sess antimicrobial properties that can inhibit the presence of
microorganisms such as fungi and bacteria. According to
extant studies [1, 5, 8, 16, 21, 29, 36, 75], ZnO NPs of various
shapes, of spherical, nanorods, cubic hexagonal or irregular,
and various sizes (<200nm) have been found to exhibit
potential antimicrobial properties. Figure 12 provides a list
of the bacteria and fungi that have been successfully
inhibited by ZnO NP materials.

The agar diffusion method is commonly used to test the
antimicrobial activity of a compound. A broth solution is
first prepared using a specific agar media depending on the
microorganisms tested. In general, yeast extract glucose
chloramphenicol (YGC) agar is used for fungi, while nu-
trient agar is used for bacteria [8, 29]. The broth solution is
then incubated and plated until it solidifies. A broth con-
taining a specific concentration of the selected microor-
ganisms is then swabbed onto the solidified agar media
before NPs are deposited on the agar. Antimicrobial
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potential is then determined by measuring the inhibition
zone (Figure 13) or optical density (OD) to observe mi-
croorganism concentrations [8, 21].

Another method that can be used to determine anti-
microbial activity is microbroth dilution [42]. In this
technique, microorganisms are first prepared according to
McFarland No. 1 opacity in sterile normal saline. A series of
broths containing different ZnO NP dilutions are then
prepared before the microorganism suspension is added.
The solutions are incubated after which the bacterial growth
in the well is observed via minimum inhibition concen-
tration (MIC) [76].

Some of the several proposed mechanisms by which ZnO
NPs inhibit microorganisms include the ionization of ZnO
NPs, the photocatalytic activity of the reactive oxygen
species (ROS) produced by the ZnO NPs, and the accu-
mulation of ZnO. Figure 14 depicts a simplified schematic of
the possible mechanism that ZnO NPs use to kill
microorganisms.

ZnO NPs are believed to undergo ionization, which
releases Zn”* ions that disturbs the cell wall of a microor-
ganism. These Zn>" ions eventually pass through the cells
and disrupt the enzymatic system of the cell, which sub-
sequently kills the microorganisms [77-79]. The idea has
been supported by Kanmani and Rhim [80] in which they
explained that the presence of the metal may form pits in the
cell membrane permeability, leading to cell death. Another
proposed mechanism of ZnO NPs in inhibiting the bacte-
ricidal strain is through the generation of ROS [81, 82]. Jin
et al. [83] described that ZnO NPs and their aggregates can
produce ROS including singlet oxygen (‘O,), hydroxyl
radicals (OH), hydrogen peroxide (H,0,), and superoxide
(O™") under UV irradiation. They initiated oxidative stress of
mitochondria and endoplasmic reticulum dysfunction in
E. coli resulting in irreversible membrane damage, DNA
mutation, and death in E. coli. According to their study, the
antibacterial potential of ZnO NPs was not mediated by Zn>*
ions, which suggested that the Zn>" ions were not escaped
from NP or NP network. Hiibner and Haase explained that
zinc itself is redox-inactive and always present in the valence
state Zn (II) in biological systems causing the zinc unable to
directly participate in redox reactions [84]. Lastly, an ac-
cumulation of ZnO NPs on the cell wall of a bacteria due to
electrostatic forces causes the internalization of ZnO NPs
that hinder the metabolism of the cell and cause its de-
struction [85, 86]. This suggested mechanism is more effi-
cient under UV radiation as the UV light provides better
conductivity that can activate interactions between the ZnO
NPs and the cell wall of the microorganism [87].

3.2.1. Bacteria. ZnO NPs possess antimicrobial properties
towards various species of gr— bacteria such as E. coli,
Pseudomonas aeruginosa (P. aeruginosa), Xanthomonas
oryzae pv. oryzae (Xoo) strain GZ 0003, Pseudoalteromonas
nigrifaciens, Klebsiella pneumoniae (K. pneumoniae), and
Pseudomonas fluorescens [1, 16, 21, 36, 42, 47] and gr+
bacteria such as S. aureus, Bacillus subtilis (B. subtilis), and
Listeria monocytogenes [1, 21, 42]. However, ZnO NPs have
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GRAM- NEGATIVE BACTERIA

E_coli

Maturzl chemical present: Gelating starch, Encal globuins ial oil, degle marmelos Fuit pulp extract, orangs oil.
Semi-synthetic'synthetic chemical present: Hydroxypropyl celluloss, 2-methoxy ethanol, 4A zeolite.

Efficiency of Zn0 NPs: The inhibition percentage reported were up to 100%. Signification inhibition zone reported of uvp
to 25.1 mmand the MIC value of 2z low 2= 10 pe'ml wsz Sund.

P Asrugingsa

Maturzl chemical prezent: Gelating essentisl oil of Encalyptus globulus, degle marmelos Fuit pulp extract.

Efficiency of Zn0 NPs: The inhibition percentsge reported were up to 97%. Signification inhibition zone

reported of up to 36.4 mm and the MIC value of 2z low 2= 2 pg'ml was und.

Xoo strain GZ0003

Natural chemical prezent: Chamomile lower, olive lesve, red tomato Suit.

Efficiency of Zn0 NPs: The inhibition percentsge reported were up to 67.5%. Signification inhibition zone

reposted of up to 22.0 mm and the MIC value of a: low 2= 4 pz'ml was Dund.

| P nigrifacies
Natural chemical prezent: Chitossn
| Efficiency of Zn0 NPs: OD 600 resultz dund to be 2z low as 0.2 absorbance.

K pneumonia

Semi-zynthetic'synthetic chemical present: 2-methoxy ethanol, ethenolamine (MEA)
Efficiency of Zn0O NPs: Significant inhibition zone reported of up to 36.4 mm.

P flugrescenes

Semi-zynthetic'synthetic chemical present: 44 zeolite
Efficiency of Zn0O NP=: Significant inhibition zone reportsd of up to 6.34 mm.

/ GRAM POSITIVE BACTERIA \

5. aureus
Natural chemicsl present: Gelatin, starch, Encalyptus globulus eszentisl oil, degle marmelos fuit pulp extract, orange oil.
Semi-synthetic'synthetic chemical present: Hydroxypropyl celluloze, 4A zeolite.

: Efficiency of Zn0 NPs: The inhibition percentage reported were up to 100%6. Signification inhibition zone reported of up

)3 to 33.13 mm.

B. subrilis

Semi-zynthetic'synthetic chemical present: 2-methoxy ethanol, monosthenolamine (MEA).
Efficiency of Zn0 NPs: Signification inhibition zone reported of up to 17.3 mm.

L. monoctogenss

Semi-zynthetic/synthetic chemical pressnt: 4A zeolits.

Efficiency of Zn0 NPs: Signification inhibition zone reposted of up to 6.25 mm.

/ FUNGI

C. albican

Natural chemical present: Essential oil of Encahprus globulus.

Semi-synthetic'synthetic chemical present: Hydroxypropyl cellulosa.

Efficiency of Zn0 NPs: The inhibition parcentage reportad were up to 25%. Signification inhibition zone reponted of vp to
18.15 mm.

A.niger

Natural chemical present: degle marmelos fuit pulp extract

Efficiency of Zn0 NPs: The inhibition percentage reported were up to 6% which iz low. Small inhibition zone was

\ J
- ALGAE N
Chiorella, Amphora, Arthrospira
Natural chemicsl present: Chitossn.
Semi-synthatic'synthetic chemical present: Dolyurethana.
Efficiency of Zn0 NPs: The concentration of Arthrespira and cell count of Chiorella and Amphora algse on Zn0 NPz coated
zamples iz lesz then the uncoated samples in 2 period of 30 davs. It was zlso z=en thet reduction of the alzse ooour afer 20
dayz indicating killing of the spacies by ZnO NP: in chitosan.
Navieula sp.
Natural chemical present: Chitosan
Efficiency of ZnO NPs: The count for the cell decreased sbruptly fom approximately 0000 call/lmm? to 0.
Almost 100% inhibition of Navieula sp. is seen compared to the vnooatad z=mple.

A /

FIGURE 12: Antimicrobial properties of ZnO NPs against different types of microorganisms.

4
™\

4

Antimicrobial Activities of ZnO NPs with Presence of Other Materials

lower antibacterial activity towards Gram-positive bacteria =~ ROS [88]. Therefore, gr— bacteria are more sensitive to
as they have thicker cell walls unlike Gram-negative bacteria,  antibacterial activity than gr+ bacteria [36, 42].

which have a thinner outer membrane composed of lipo- The antimicrobial activity of the synthesized ZnO NPs is
polysaccharide and peptidoglycan that is less of a barrier to  usually determined using common antibiotics such as
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FIGURE 14: Simplified diagram showing the mechanisms of antimicrobial activity of ZnO NPs through (1) formation of zinc (Zn2+) ions
produced by the NPs, (2) reactive oxygen species (ROS) of OH- ions, O; ions or H202, (3) accumulation of small-size ZnO NPs in the cell.

Chloramphenicol, Ampicillin, and Gentamycin, to study the
effectiveness of materials in these properties. According to
previous studies [21, 31], materials coated with ZnO NPs
exhibit good antimicrobial activity against S. aureus and
K. pneumoniae but are less effective against E. coli, Sal-
monella typhimurium, and B. subtilis than commercially
available antibiotics. Therefore, coating materials loaded
with ZnO NPs can inhibit the growth of bacteria over a
period of time.

3.2.2. Fungi. Apart from bacteria, ZnO NPs also show
significant antimicrobial activity against fungi species such

as Candida albicans (C. albicans, white mould) and As-
pergillus Niger (A. niger, black mould) [29, 36]. Afsharpour
and Imani [8] found that ZnO NPs successfully inhibit the
growth of white mould and black mould on the surface of
paper. As such, coatings containing ZnO NPs have been
used on varnished wood surfaces and exhibit excellent
antifungal characteristics that inhibit growth of undesired
fungi on the surface of the wood [20]. Figure 15 displays the
photographs of the surface of wood (a) with plain varnish
and (b) coated with ZnO NPs. As seen, fungal (mould) was
clearly present on wood coated with non-ZnO NPs varnish,
while wood coated with ZnO NPs was clear. This proved that
ZnO NPs had the potential to treat surfaces infected by
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FiGure 15: Comparison of fungal growth after 40 days on wood (a) coated with plain varnish and (b) wood coated with varnish containing

ZnO NPs. The photogram was adopted from Ref. [20].

fungi. However, Anupama et al. [36] found that the anti-
microbial activity of ZnO NPs against fungi species, A. Niger
(black mould) and Fusarium solani, was almost negligible,
which contradicts the former statement. These results may
vary from one another due to the synthesis methods, the type
of fungus, and the size of the NPs used.

3.2.3. Algae. Other than bacteria and fungi, ZnO NPs can
also inhibit the growth of algae species. The interactions
between NPs and algae are similar to its interactions with
bacteria, in which it generates ROS, accumulates ZnO NPs
or Zn*" ions in cells, and disrupts the cell membrane with
electrostatic forces [89]. According to Abiraman et al. [5],
coatings containing ZnO NPs were 75-90% effective at
inhibiting the growth of marine algae strains such as
Chlorella, Amphora, and Arthrospira that were deposited on
the antifouling paint and left for 30 days in sea and fresh-
water. Al-Naamani et al. [47] synthesized a ZnO coating to
act as an antidiatom agent for Navicula sp and found that
coatings with ZnO NPs particle sizes ranging between 50 and
60 nm possess good antidiatom activity. Apart from anti-
microbial potential, ZnO NPs are also reported to have the
ability to act as antiviral agents.

3.3. Antiviral Potentials. Viruses such as influenza A, HIN1,
human papilloma virus (HPV), and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) can be transferred
from one host to another via aerosolized particles and
droplets on surfaces [90]. Therefore, it is imperative that
alternatives to prevent such viruses from spreading in the
community be found. One way of combatting the spread of
such viruses is by creating coatings with antiviral potential.
Silver nanoparticles (Ag NPs) are well-known antiviral
agents that have been commercialized by the paint industry.
However, the antiviral potential of ZnO NPs has yet to be
fully explored and warrants more extensive study. To date,
only in situ experiments involving virus-infected cells and
computational chemistry studies have been used to study the
antiviral potential of ZnO NPs. According to these studies,
two mechanisms correspond to NPs and viruses: (i) a re-
duction in the replication of RNA viruses via the penetration
of ZnO NPs or Zn>* ions into virus cells and (ii) the for-
mation of free radicals from ZnO NPs [91]. Recent studies by

Ghaffari et al. [92] have concluded that ZnO NPs sub-
stantially inhibit HIN1 and SARS-CoV-2 by 52.2% and 45%,
respectively. An in vivo study has also been conducted to
determine the efficacy of using ZnO NPs to clear planar
warts on 16 patients with a median age of 29 years over four
weeks. The study found a significant reduction in the di-
ameter, surface area, and volume of the warts beginning
from week two [93], indicating that spherical ZnO NPs
ranging between 20 and 50nm in size are effective at
inhibiting plantar warts caused by HPV. However, as the
study was only conducted over a four-week period, a longer
study is necessary to obtain more reliable results.

El-Megharbel et al. [37] used ZnO NPs ranging between
40 and 60 nm in size as an antiviral agent for SARS-CoV-2
[94]. The study found that nanocomposite materials com-
prising ZnO NPs and polyethylene glycol (PEG) possess
good antiviral characteristics and cytotoxicity towards the
virus [95]. Adhikari et al. [22] developed an anti-SARS-CoV-
2 face mask that employed ZnO nanoflower NPs on a cotton
surface. The study conducted a simulation that showed the
mechanism by which the ZnO NPs inhibited the growth of
SARS-CoV-2 by trapping, denaturing, and removing its
spike proteins. The bacteria, P. aeruginosa, was used for the
antimicrobial test as the amino acids present in P. aeruginosa
are very similar to the spike receptor-binding domain (RBD)
of SARS-CoV-2.

3.4. Integration of ZnO NPs with Other NPs for Surface
Coatings and Films. ZnO NPs possess better mechanical
strength and antimicrobial potential than other NPs such as
Ag NPs and TiO, NPs. As such, ZnO NPs have been added
to surface coatings and films that contain other NPs to
overcome the weakness of pristine NPs. For instance, Ag
NPs are highly toxic to human cells and the environment as
it releases Ag" ions. Therefore, Nguyen et al. [75] immo-
bilized Ag NPs on ZnO NPs to overcome the toxicity issue
and impart better antimicrobial characteristics. Lallo da Silva
[11] integrated ZnO NPs with TiO, NPs as ZnO NPs are
biocompatible and have better photocatalytic activity, higher
durability, and higher heat resistance than TiO, NPs alone.
Peighambardoust et al. [35] examined and compared the
mechanical properties of starch films containing different
types of metallic NPs. The study concluded that starches with
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ZnO NPs had higher elastic break (EB) and YM than
starches with Ag NPs and copper oxide nanoparticles (CuO
NPs). The study also observed that agglomeration did not
occur between NPs and starch due to increased surface
contact between the NPs and their matrix [2]. A similar
result was also found by Amjadi et al. [42].

The integration of two or more antimicrobial NPs, by
combining with ZnO NPs in a system, fosters bio-activity
against infections and controls resistance of bacterial or
fungal strains. For instance, the addition of different per-
centages of magnesium (Mg) dopants in ZnO NPs coatings
on cotton has been found to vary the performance of ZnO
NPs [21]. Increasing the Mg doping percentage was found to
decrease the hydrophobicity of the surface coating as the Mg
deteriorates the crystallinity of the coating structure. Fur-
thermore, hybrid metallic NPs has been found to exhibit
better performance in terms of mechanical strength, anti-
microbial activity, and toxicity. As such, this method could
be used to reduce the use of expensive materials such Ag
NPs, in either coatings or materials. Moreover, Ag NPs and
ZnO NPs could be combined to reduce the material cost
while retaining their antimicrobial properties.

4. Application of ZnO NPs in Surface Coatings
and Films

Coating a material is an important part of ensuring that its
performance, and aesthetics do not degrade easily [5]. In
recent times, ZnO NPs have garnered considerable attention
among researchers and industries for use in various appli-
cations such as food packaging film, biomedical textiles, and
the paint industry due to its outstanding mechanical and
antimicrobial activities [22]. Figure 16 provides a list of
applications related to ZnO NPs surface coatings and films.

4.1. Food Packaging. Although the FDA has deemed mac-
rosized ZnO safe, ZnO NPs are highly toxic to humans and
are a major concern that requires alternatives to overcome
the toxicity issue [96]. However, emerging ZnO NPs with
polymeric materials or other NPs could reduce or eliminate
its toxicity. To that end, gelatin and starch are biomaterials
that are commonly used to promote green food packaging
films over petroleum-based films [35, 42]. Embedding ZnO
NPs in the gelatin matrix of food packaging film has been
found to provide better mechanical strength as well as
protect food for a long time. The incorporation of ZnO NPs
in gelatin films has been found to successfully inhibit the
growth of food-borne bacteria, such as P. aeruginosa,
S. aureus, and E. coli. Meanwhile, chitosan NPs loaded with
ZnO NPs have also been used as food packaging to reduce
the release of excessive Zn>" ions into food. Fruits and
vegetables such as oranges, apples, carrots, and broccoli are
commonly required good food packaging to prevent the
growth of bacteria and mould that could deteriorate the
freshness of these foods. According to previous literature [9],
the food (carrot) was preserved for five days due to effective
interactions between the ZnO NPs and the hydroxyl (-OH)
and amino (-NH,) groups in the chitosan as well as the
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FIGURE 16: Applications of ZnO NPs coatings and films.

presence of the bio-active components of azadirachtin in the
neem oil.

Apart from food packaging, ZnO NPs are also useful in
the textile industry, especially for biomedical applications, as
they could potentially control antimicrobial activities and
protect the surface of textiles from microorganisms. The
application and functionality of ZnO NPs in the textile
industry is discussed in the next subtopic.

4.2. Textiles for Biomedical Applications. The use of ZnO NPs
in the textile industry is increasing due to its unique
properties such as hydrophobicity, UV protection, self-
cleaning, and antimicrobial activity [49], which could pre-
vent the transmission and spread of harmful microbials. The
advantages of ZnO NP coatings in the textiles industry have
contributed to its wider application such as medical
equipment, home curtains, beddings, and car seats to name a
few. For instance, face masks and personal protection
equipment (PPE) will perform better with these coatings as
they provide an extra barrier for microbial organisms to
overcome. Furthermore, cotton and wound dressings coated
with ZnO NPs exhibit significant antimicrobial activity
against E. coli [21, 22, 31]. Furthermore, reducing or killing
bacteria on these textiles may reduce odour as well as help
them last longer by preventing the formation of mould.
Cotton is generally used in daily life due to its softness
and affinity to skin [97, 98]. As cotton fabrics comprise
threaded textures that are rich in OH™ groups, they are easily
stained by liquids that eventually lead to bacterial growth.
Recently, ZnO NPs have been reported to create super-
hydrophobic surfaces on cotton fabrics via the Lotus effect
[99, 100]. Wound dressings have also been innovated by
adopting nanotechnologies such as the addition of NPs,
including ZnO NPs, that could improve their antimicrobial
activity [31]. The antiviral potential of ZnO NPs can be used
to make cotton-based face masks, especially to prevent
SARS-CoV-2 infection [22]. This is an important discovery
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FIGURE 17: (a) ZnO NPs coating on cotton to form an antiviral filter for face masks, (b) SEM images of ZnO nanoflowers coated on cotton
fabric and (c) water droplets fully absorbed on the untreated cotton surface and (d) water droplet with high contact angle on ZnO NP-coated
cotton surface indicating good hydrophobicity. Reprinted with permission from Refs. [21, 22]. Copyright (2021) American chemical society.

as face masks are one of the new norms implemented to
prevent SARS-CoV-2 from spreading. Figure 17 presents the
mechanisms by which face masks coated with ZnO NPs
interact with SARS-CoV-2. As seen, the virus is expected to
bind to the ZnO nanoflowers on the surface of the cotton
face mask, leading to the denaturation of its spike proteins
and its eventual death. The benefits of using ZnO NPs in the
paint industry are discussed in the next subtopic.

4.3. Paint Industry. Furniture, decorations, and walls are
familiar surfaces in homes that could harbor and support the
growth of microorganisms such as fungi, viruses, and
bacteria, especially in moist environments. Wood such as
maple and rubber wood are popular choices of materials for
furniture and decorations in homes. However, they are easily
exposed to the formation of fungi and bacteria. Therefore,
the addition of ZnO NPs into resin coatings such as varnish
could improve the quality of wood surfaces as ZnO NPs are
less pigmented, hydrophobic, and self-cleaning, which is
favoured in painting applications as the coating needs to be
transparent, restrict moisture penetration as well as require
only a few cleanings [20]. Paints containing ZnO NPs have
been found to possess effective antifungal, antimicrobial,
anticorrosive, antidiatom, and self-cleaning properties [23].
However, the current antimicrobial coatings available in the
industry contain a non-natural chemical that may be
harmful to the environment. Therefore, green alternatives
that use plants and bio-based materials for coatings can
overcome this issue as well as the shortage of nonrenewable
resources such as petroleum. Figure 18 shows that a few
items that use commercial paints such as PU, enamel, and
acrylic, with ZnO NPs, perform better as coatings [101].
Furthermore, ZnO NPs are also compatible with resins due
to their good blending ability as well as their ability to
maintain its viscosity and consistency. As wood is com-
monly used in the marine industry to construct boats and
jetties, paints that contain ZnO NPs have good antimicrobial
properties that can be used to support antifouling activity.
This will be elaborated upon in the next subtopic.

4.4. Marine Antifouling. Antifouling agents are important in
the marine industry as the presence of foulants such as
marine algae and bacteria can degrade mechanics and
aesthetics of infrastructure. For instance, an increase in the
growth of microorganisms on the hull of ships can con-
tribute to decreased vessel performance such as slower speed
and higher fuel consumption [102, 103]. The major concern
about antifouling coatings is the release of toxic biocides that
contain harmful compounds such as lead, arsenic, and
mercury [104, 105]. Despite the ability of these compounds
to prevent fouling activities, their drawbacks should not be
overlooked. As such, other options such as zwitterionic
silane and poly (ethylene glycol) nanofibrous mesh should
be investigated. However, these materials are expensive and
less eco-friendly. To that end, Abiraman et al. [5] introduced
a chitosan-ZnO nanocomposite coating that offers marine-
friendly antifouling activity. Another application of ZnO
NPs in surface coatings is preservation, which will be dis-
cussed in the subsequent subtopic.

4.5. Preservation Works. The preservation of old manu-
scripts and buildings are necessary to restore culture heritage
sites. As such, ZnO NPs are widely used in the preservation
industry due to their resistance to microorganisms and its
self-cleaning ability [106-109]. As seen in Figures 19(a) and
19(b), a ZnO NPs coating can be used to maintain the
aesthetics of an old manuscript. Furthermore, the antimi-
crobial properties of these NPs can protect the surface of the
paper from destructive microorganisms such as C. albicans
(white mould), fungus, and dirt as well as provide a UV
protective barrier. Protective coatings such as paper varnish
could also be blended with ZnO NPs to preserve coloured oil
paintings in museums for a longer period of time [110].
Additionally, ZnO NPs are also used as reinforcing fillers in
steel surface coatings as it is cheap, convenient, biocom-
patible, anticorrosive, antibacterial, and antifungal as well as
possesses good mechanical properties and is nontoxic
[111-113]. Moreover, the addition of consolidates or water-
repellent materials blended with ZnO NPs can reduce the
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Ficure 18: Different surfaces coated with paint containing ZnO NPs. (a) Carbon steel surface coated with paint blended with 2% ZnO NPs,
(b) clear PU and white PU blended with ZnO NPs for wood and cement slab panels, respectively, (c) and (d) display common wood used in

households. The image was taken from Ref. [23].

FiGgure 19: Conditions of old manuscript (a) before and (b) after coating with ZnO NPs, (c) building for the in situ experimentation of
coating, and (d) the tested area results between coated and uncoated parts. Illustration was taken from Ref. [24].

formation of A. niger (black mould) on stone monuments by
tenfold [24]. As seen in Figures 19(c) and 19(d), varnishes
containing ZnO NPs (C1 and C2) improved the properties
of the surface in terms of mould formation and colour
compared to uncoated surfaces (Al and A2) and varnishes
without ZnO NPs (B1 and B2) after 40 days. Therefore, ZnO
NPs are suitable for use in the preservation of old manu-
scripts and buildings.

5. Emerging Research on Natural Polymeric
Materials Containing ZnO NPs as a
Coating for Antimicrobial and
Antiviral Purposes

At present, the paint industry has extensively explored the
integration of nanotechnology to maintain the conditions
and properties of material surfaces. Therefore, utilizing ZnO
NPs in surface coatings and films has greatly contributed to

various applications such as paint, textiles, and food pack-
aging, to name a few. The incorporation of ZnO NPs in
biopolymeric materials via green approaches has attracted
significant attention among researchers in the hope of
sustaining the environment. Therefore, future studies may
use natural materials to synthesize ZnO nanocomposite
coatings without removing the natural synthesizing agent.
For instance, palm olein (PO), a natural polymer, has been
found to be able to synthesize ZnO NPs as NPs are
amorphous and possess potential biodegradable chemical
compositions [46]. As PO is usually used in cooking and will
be removed after several uses as waste cooking oil (WCO),
instead of throwing the WCO away, it can be recycled and
converted into a useful product such as biodiesel, thereby
preventing pollution. Furthermore, PO can be converted to
APO, whose derivatives could potentially be used as a
surface coating for wood. However, one of the major
concerns of using natural polymers is the poor mechanical
strength of most biopolymer coatings as they are not
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compatible with synthetic coatings [114, 115]. Therefore, the
use of additional of NPs, including ZnO NPs, is expected to
mitigate the issue.

Parameters such as material type, method of use, tem-
perature, and reaction time should be taken into consid-
eration to control the adhesion performance and quality of
ZnO NPs. The use of polymeric nanomaterials with stable
encapsulating properties and biocompatibility is favoured to
maintain the features and values of ZnO NPs. As most
natural-based biopolymers contain —H groups that facilitate
surface modifications that improve the properties of
nanocomposites, it birthed the idea of using green materials
to encapsulate ZnO NPs so that these eco-friendly materials
have the potential to prevent the SARS-CoV-2 virus [116].
Nevertheless, material cost, safety, skills, and setup for in
vitro studies are some of the challenges that warrant serious
consideration to avoid accidents during experimentation.

6. Conclusion

In conclusion, ZnO NPs hold great potential as surface
coatings and films due to their ability to blend with poly-
meric solutions. Apart from excellent antimicrobial activity
against bacteria, fungi, algae, and viruses, ZnO NPs are also
highly durable in external conditions such as UV, friction,
and humidity, which is vital for coating and film applica-
tions. The addition of ZnO NPs in polymer matrices seems
to be an effective way of overcoming issues such as ag-
glomeration and Zn** ion leaching. It is strongly recom-
mended that future studies examine assimilating bio-sources
or waste into ZnO NPs and coating and film solutions to
support green technologies. As most of the biopolymeric
materials available for surface coatings and films have in-
adequate mechanical properties to replace nonsustainable
materials, ZnO NPs are an excellent filler that can enhance
this physical behaviour. It is hoped that this review spurs the
exploration of ZnO NPs in coating materials and films,
especially natural-based, so that more emerging research on
sustainable bio-composites will be published.

Data Availability

No data were used to support this study.

Ethical Approval

This article does not contain any studies with human or
animal subjects.

Conflicts of Interest

The authors declare no conflicts of interest.

Authors’ Contributions

N. S. E. D. conceived and investigated the study, and pre-
pared the original draft of the manuscript; ; R. R. supervised
and reviewed the study, and helped with the funding ac-
quisition. All authors have read and agreed to the published
version of the manuscript.

Bioinorganic Chemistry and Applications

Acknowledgments

The authors would like to express their gratitude toUni-
versiti Kebangsaan Malaysia for their assistance and en-
couragement. The authors would like to acknowledge the
financial support from the Geran Universiti Penyelidikan
(GUP/2021/027) of UKM. In addition, the authors wish to
thank the Department of Chemical & Process Engineering at
UKM for all technical support given.

References

[1] M. Azizi-Lalabadi, A. Ehsani, B. Divband, and M. Alizadeh-
Sani, “Antimicrobial activity of titanium dioxide and zinc
oxide nanoparticles supported in 4A zeolite and evaluation
the morphological characteristic,” Scientific Reports, vol. 9,
no. 1, p. 17439, 2019.

[2] S. H. Fasihnia, S. H. Peighambardoust, and
S. J. Peighambardoust, “Nanocomposite films containing
organoclay nanoparticles as an antimicrobial (active)
packaging for potential food application,” Journal of Food
Processing and Preservation, vol. 42, no. 2, Article ID e13488,
2018.

[3] B. Kuswandi, “Environmental friendly food nano-packag-
ing,” Environmental Chemistry Letters, vol. 15, no. 2,
pp. 205-221, 2017.

[4] W. Wang, H. Zhang, R. Jia et al., “High performance ex-
trusion blown starch/polyvinyl alcohol/clay nanocomposite
films,” Food Hydrocolloids, vol. 79, pp. 534-543, 2018.

[5] T. Abiraman, G. Kavitha, R. Rengasamy, and

S. Balasubramanian, “Antifouling behavior of chitosan

adorned zinc oxide nanorods,” RSC Advances, vol. 6, no. 73,

pp. 69206-69217, 2016.

I. Perelshtein, E. Ruderman, N. Perkas et al., “Chitosan and

chitosan-ZnO-based complex nanoparticles: formation,

characterization, and antibacterial activity,” Journal of Ma-

terials Chemistry B, vol. 1, no. 14, p. 1968, 2013.

[7] R. Dastjerdi and M. Montazer, “A review on the application
of inorganic nano-structured materials in the modification of
textiles: focus on anti-microbial properties,” Colloids and
Surfaces B: Biointerfaces, vol. 79, no. 1, pp. 5-18, 2010.

[8] M. Afsharpour and S. Imani, “Preventive protection of paper
works by using nanocomposite coating of zinc oxide,”
Journal of Cultural Heritage, vol. 25, pp. 142-148, 2017.

[9] S. Sanuja, A. Agalya, and M. J. Umapathy, “Synthesis and
characterization of zinc oxide-neem oil-chitosan bionano-
composite for food packaging application,” International
Journal of Biological Macromolecules, vol. 74, pp. 76-84,
2015.

[10] A. Sirelkhatim, S. Mahmud, A. Seeni et al., “Review on zinc
oxide nanoparticles: antibacterial activity and toxicity
mechanism,” Nano-Micro Letters, vol. 7, no. 3, pp. 219-242,
2015.

[11] B. Lallo da Silva, M. P. Abugafy, E. Berbel Manaia et al.,
“Relationship between structure and antimicrobial activity of
zinc oxide nanoparticles: an overview,” International Journal
of Nanomedicine, vol. 14, pp. 9395-9410, 2019.

[12] P. Basnet, T. Inakhunbi Chanu, D. Samanta, and
S. Chatterjee, “A review on bio-synthesized zinc oxide
nanoparticles using plant extracts as reductants and stabi-
lizing agents,” Journal of Photochemistry and Photobiology B:
Biology, vol. 183, pp. 201-221, 2018.

[6



Bioinorganic Chemistry and Applications

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

[21]

(22]

(23]

(24]

[25]

(26]

L. Jjaz, E. Gilani, A. Nazir, and A. Bukhari, “Detail review on
chemical, physical and green synthesis, classification, char-
acterizations and applications of nanoparticles,” Green
Chemistry Letters and Reviews, vol. 13, no. 3, pp. 223-245,
2020.

R. Tajau, R. Rohani, S. S. Abdul Hamid, Z. Adam, S. N. Mohd
Janib, and M. Z. Salleh, “Surface functionalisation of poly-
APO-b-polyol ester cross-linked copolymers as core-shell
nanoparticles for targeted breast cancer therapy,” Scientific
Reports, vol. 10, no. 1, pp. 1-17, 2020.

S. Mohan, M. Vellakkat, and A. U. R. Aravind, “Hydro-
thermal synthesis and characterization of zinc oxide nano-
particles of various shapes under different reaction
conditions,” Nano Express, vol. 11088 pages, 2020.

S. O. Ogunyemi, Y. Abdallah, M. Zhang et al., “Green
synthesis of zinc oxide nanoparticles using different plant
extracts and their antibacterial activity against Xanthomonas
oryzae pv. oryzae,” Artificial Cells, Nanomedicine, and Bio-
technology, vol. 47, no. 1, pp. 341-352, 2019.

G. Doganli, B. Yuzer, I. Aydin et al., “Functionalization of
cotton fabric with nanosized TiO, coating for self-cleaning
and antibacterial property enhancement,” Journal of Coat-
ings Technology and Research, vol. 13, no. 2, pp. 257-265,
2016.

R. Ghasem, C. C. Lazado, H. H. Mahboub et al., “Chemically
and green synthesized ZnO nanoparticles alter key immu-
nological molecules in common carp (Cyprinus carpio) skin
mucus,” International Journal of Molecular Sciences, vol. 22,
2021.

M. M. Aung, W. J. Li, and H. N. Lim, “Improvement of
anticorrosion coating properties in bio-based polymer epoxy
acrylate incorporated with nano zinc oxide particles,” In-
dustrial ¢ Engineering Chemistry Research, vol. 59, no. 5,
pp. 17531763, 2020.

M. L. Weththimuni, C. Milanese, M. Licchelli, and
M. Malagodi, “Improving the protective properties of
shellac-based varnishes by functionalized nanoparticles,”
Coatings, vol. 11, no. 4, p. 419, 2021.

M. Shaban, F. Mohamed, and S. Abdallah, “Production and
characterization of superhydrophobic and antibacterial
coated fabrics utilizing ZnO nanocatalyst,” Scientific Reports,
vol. 8, no. 1, p. 3925, 2018.

A. Adhikari, U. Pal, S. Bayan et al., “Nanoceutical fabric
prevents COVID-19 spread through expelled respiratory
droplets: a combined computational, spectroscopic, and
antimicrobial study,” ACS Applied Bio Materials, vol. 4, no. 7,
pp. 5471-5484, 2021.

R. Solano, D. Patifio-Ruiz, and A. Herrera, “Preparation of
modified paints with nano-structured additives and its po-
tential applications,” Nanomaterials and Nanotechnology,
vol. 10, Article ID 184798042090918, 2020.

L. D. van der Werf, N. Ditaranto, R. A. Picca, M. C. Sportelli,
and L. Sabbatini, “Development of a novel conservation
treatment of stone monuments with bioactive nano-
composites,” Heritage Science, vol. 3, no. 1, pp. 1-9, 2015.
D. Ramimoghadam, M. Z. Bin Hussein, and Y. H. Taufig-
Yap, “Hydrothermal synthesis of zinc oxide nanoparticles
using rice as soft biotemplate,” Chemistry Central Journal,
vol. 7, no. 1, p. 136, 2013.

H. Agarwal, S. Venkat Kumar, and S. Rajeshkumar, “A re-
view on green synthesis of zinc oxide nanoparticles-an eco-
friendly approach,” Resource-Efficient Technologies, vol. 3,
no. 4, pp. 406-413, 2017.

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

19

A. Singh, N. Singh, I. Hussain, H. Singh, V. Yadav, and
S. Singh, “Green synthesis of nano zinc oxide and evaluation
of its impact on germination and metabolic activity of so-
lanum lycopersicum,” Journal of Biotechnology, vol. 233,
pp. 84-94, 2016.

R. Yuvakkumar, J. Suresh, B. Saravanakumar, A. Joseph
Nathanael, S. I. Hong, and V. Rajendran, “Rambutan peels
promoted biomimetic synthesis of bioinspired zinc oxide
nanochains for biomedical applications,” Spectrochimica
Acta Part A: Molecular and Biomolecular Spectroscopy,
vol. 137, pp. 250-258, 2015.

Z. Obeizi, H. Benbouzid, S. Ouchenane, D. Yilmaz, M. Culha,
and M. Bououdina, “Biosynthesis of zinc oxide nanoparticles
from essential oil of eucalyptus globulus with antimicrobial
and anti-biofilm activities,” Materials Today Communica-
tions, vol. 25, Article ID 101553, 2020.

D. Ramimoghadam, M. Z. B. Hussein, and Y. H. Taufiq-Yap,
“Synthesis and characterization of ZnO nanostructures using
palm olein as biotemplate,” Chemistry Central Journal, vol. 7,
no. 1, p. 71, 2013.

M. Rédulescu, E. Andronescu, A. Cirja et al., “Antimicrobial
coatings based on zinc oxide and orange oil for improved
bioactive wound dressings and other applications,” Roma-
nian Journal of Morphology and Embryology, vol. 57, no. 1,
pp. 107-114, 2016.

R. Mohammadi-Aloucheh, A. Habibi-Yangjeh, A. Bayrami,
S. Latifi-Navid, and A. Asadi, “Enhanced anti-bacterial ac-
tivities of ZnO nanoparticles and ZnO/CuO nanocomposites
synthesized using Vaccinium arctostaphylos L. fruit extract,”
Artificial Cells, Nanomedicine, and Biotechnology, vol. 46,
no. supl, pp. 1200-1209, 2018.

N. Pavithra, K. Lingaraju, G. Raghu, and G. Nagaraju,
“Citrus maxima (Pomelo) juice mediated eco-friendly syn-
thesis of ZnO nanoparticles: applications to photocatalytic,
electrochemical sensor and antibacterial activities,” Spec-
trochimica Acta Part A: Molecular and Biomolecular Spec-
troscopy, vol. 185, pp. 11-19, 2017.

F. N. Maluin, M. Z. Hussein, and A. S. Idris, “An overview of
the oil palm industry: challenges and some emerging op-
portunities for nanotechnology development,” Agronomy,
vol. 10, no. 3, p. 356, 2020.

S.J. Peighambardoust, S. H. Peighambardoust, N. Pournasir,
and P. M. Pakdel, “Properties of active starch-based films
incorporating a combination of Ag, ZnO and CuO nano-
particles for potential use in food packaging applications,”
Food Packaging and Shelf Life, vol. 22, Article ID 100420,
2019.

C. Anupama, A. Kaphle, G. Nagaraju, and G. Nagaraju,
“Aegle marmelos assisted facile combustion synthesis of
multifunctional ZnO nanoparticles: study of their photo-
luminescence, photo catalytic and antimicrobial activities,”
Journal of Materials Science: Materials in Electronics, vol. 29,
no. 5, pp. 4238-4249, 2018.

S. M. El-Megharbel, M. Alsawat, F. A. Al-Salmi, and
R. Z. Hamza, “Utilizing of (zinc oxide nano-spray) for
disinfection against “SARS-CoV-2.” and testing its biological
effectiveness on some biochemical parameters during
(COVID-19 pandemic)-ZnO nanoparticles have antiviral
activity against (SARS-CoV-2),” Coatings, vol. 11, no. 4,
p- 388, 2021.

M. Mansournia and L. Ghaderi, “CuO@ ZnO core-shell
nanocomposites: novel hydrothermal synthesis and en-
hancement in photocatalytic property,” Journal of Alloys and
Compounds, vol. 691, pp. 171-177, 2017.



20

(39]

(40]

(41]

[43]

(44]

(51]

(52]

N. A. Rahman, K. H. Badri, and N. G. N. Salleh, “UV-curable
acrylated coating from epoxidized palm oil,” AIP Conference
Proceedings, vol. 1614, 2014.

R. Tajau, M. L. Ibrahim, N. M. Yunus, M. H. Mahmood,
M. Z. Salleh, and N. G. N. Salleh, “Development of palm oil-
based UV-curable epoxy acrylate and urethane acrylate
resins for wood coating application,” AIP Conference Pro-
ceedings, vol. 1584, no. 1, pp. 164-169, 2014.

K. Yu, J. C. Lo, M. Yan et al., “Anti-adhesive antimicrobial
peptide coating prevents catheter associated infection in a
mouse urinary infection model,” Biomaterials, vol. 116,
pp. 69-81, 2017.

S. Amjadi, S. Emaminia, S. Heyat Davudian,
S. Pourmohammad, H. Hamishehkar, and L. Roufegarinejad,
“Preparation and characterization of gelatin-based nano-
composite containing chitosan nanofiber and ZnO nano-
particles,” Carbohydrate Polymers, vol. 216, pp. 376-384,
2019.

C. M. Hussain, Handbook of Nanomaterials for Industrial
Applications, Elsevier, Amsterdam, Netherlands, 2018.

J. M. Lagarén, M. J. Ocio, and A. Lopez-Rubio, “Antimi-
crobial packaging polymers. a general introduction,” 2011,
https://www.sciencedirect.com/topics/materials-science/
antimicrobial-polymer.

L. Barberia-Roque, O. F. Obidi, E. Gamez-Espinosa,
M. Viera, and N. Bellotti, “Hygienic coatings with bioactive
nano-additives from senna occidentalis-mediated green
synthesis,” NanolImpact, vol. 16, Article ID 100184, 2019.
R. Tajau, R. Rohani, and M. Z. Salleh, “Physicochemical and
thermal properties of acrylated palm olein as a promising
biopolymer,” Journal of Polymers and the Environment,
vol. 28, no. 10, pp. 2734-2748, 2020.

L. Al-Naamani, S. Dobretsov, J. Dutta, and J. G. Burgess,
“Chitosan-zinc oxide nanocomposite coatings for the pre-
vention of marine biofouling,” Chemosphere, vol. 168,
pp. 408-417, 2017.

N. Marsi and A. Z. M. Rus, “The effects of biopolymers
composite based waste cooking oil and titanium dioxide
fillers as superhydrophobic coatings,” IOP Conference Series:
Materials Science and Engineering, vol. 226, Article ID
012161, 2017.

A. Verbi¢, M. Gorjanc, and B. Simon¢i¢, “Zinc oxide for
functional textile coatings: recent advances,” Coatings, vol. 9,
no. 9, p. 550, 2019.

A. Mostafaei and F. Nasirpouri, “Epoxy/polyaniline-ZnO
nanorods hybrid nanocomposite coatings: synthesis, char-
acterization and corrosion protection performance of con-
ducting paints,” Progress in Organic Coatings, vol. 77, no. 1,
pp. 146-159, 2014.

S. Alias, A. Ismail, and A. Mohamad, “Effect of pH on ZnO
nanoparticle properties synthesized by sol-gel centrifuga-
tion,” Journal of Alloys and Compounds, vol. 499, no. 2,
pp. 231-237, 2010.

F. Shahmohammadi Jebel and H. Almasi, “Morphological,
physical, antimicrobial and release properties of ZnO
nanoparticles-loaded bacterial cellulose films,” Carbohydrate
Polymers, vol. 149, pp. 8-19, 2016.

H. Mohammadi, A. Kamkar, and A. Misaghi, “Nano-
composite films based on CMC, okra mucilage and ZnO
nanoparticles: physico mechanical and antibacterial prop-
erties,” Carbohydrate Polymers, vol. 181, pp. 351-357, 2018.
L. K. Adams, D. Y. Lyon, and P. J. Alvarez, “Comparative
eco-toxicity of nanoscale TiO,, SiO,, and ZnO water

(55]

(56]

(57]

(58]

(59]

[60]

(61]

(62]

(63]

[64]

(65]

[66]

(67]

(68]

(69]

Bioinorganic Chemistry and Applications

suspensions,” Water Research, vol. 40, no. 19, pp. 3527-3532,
2006.

V. Ravishankar Rai, “Nanoparticles and their potential ap-
plication as antimicrobials,” Science against Microbial
Pathogens: Communicating Current Research and Techno-
logical Advances, vol. 1, 2011.

N. D. Tissera, R. N. Wijesena, C. S. Sandaruwan,
R. M. de Silva, A. de Alwis, and K. N. de Silva, “Photocatalytic
activity of ZnO nanoparticle encapsulated poly (acryloni-
trile) nanofibers,” Materials Chemistry and Physics, vol. 204,
pp. 195-206, 2018.

M. Koushesh Saba and R. Amini, “Nano-ZnO/carbox-
ymethyl cellulose-based active coating impact on ready-to-
use pomegranate during cold storage,” Food Chemistry,
vol. 232, pp. 721-726, 2017.

N. Noshirvani, B. Ghanbarzadeh, R. Rezaei Mokarram, and
M. Hashemi, “Novel active packaging based on carbox-
ymethyl cellulose-chitosan-ZnO NPs nanocomposite for
increasing the shelf life of bread,” Food Packaging and Shelf
Life, vol. 11, pp. 106-114, 2017.

L. Al-Naamani, S. Dobretsov, and J. Dutta, “Chitosan-zinc
oxide nanoparticle composite coating for active food
packaging applications,” Innovative Food Science ¢ Emerging
Technologies, vol. 38, pp. 231-237, 2016.

M. Heinlaan, A. Ivask, I. Blinova, H.-C. Dubourguier, and
A. Kahru, “Toxicity of nanosized and bulk ZnO, CuO and
TiO, to bacteria Vibrio fischeri and crustaceans Daphnia
magna and Thamnocephalus platyurus,” Chemosphere,
vol. 71, no. 7, pp. 1308-1316, 2008.

M. L. Weththimuni, D. Capsoni, M. Malagodi, and
M. Licchelli, “Improving wood resistance to decay by
nanostructured ZnO-based treatments,” Journal of Nano-
materials, vol. 2019, Article ID 6715756, 11 pages, 2019.

T. Saidani, M. Zaabat, M. Aida, and B. Boudine, “Effect of
copper doping on the photocatalytic activity of ZnO thin
films prepared by sol-gel method,” Superlattices and Mi-
crostructures, vol. 88, pp. 315-322, 2015.

A. A. Oun and J.-W. Rhim, “Preparation of multifunctional
chitin nanowhiskers/ZnO-Ag NPs and their effect on the
properties of carboxymethyl cellulose-based nanocomposite
film,” Carbohydrate Polymers, vol. 169, pp. 467-479, 2017.

D. S. B. Anugrah, H. Alexander, R. Pramitasari,
D. Hudiyanti, and C. P. Sagita, “A review of polysaccharide-
zinc oxide nanocomposites as safe coating for fruits pres-
ervation,” Coatings, vol. 10, no. 10, p. 988, 2020.

M. Mizielinska, L. Lopusiewicz, M. Mezynska, and
A. Bartkowiak, “The influence of accelerated UV-A and
Q-SUN irradiation on the antimicrobial properties of
coatings containing ZnO nanoparticles,” Molecules, vol. 22,
no. 9, p. 1556, 2017.

J. Moon, Y. Shul, H. Han, S. Hong, Y. Choi, and H. Kim, “A
study on UV-curable adhesives for optical pick-up: I. Photo-
initiator effects,” International Journal of Adhesion and
Adhesives, vol. 25, no. 4, pp. 301-312, 2005.

L. Clime, B. L. Drogoft, S. Zhao, Z. Zhang, and T. Veres,
“Magnetic nanocarriers: from material design to magnetic
manipulation,” International Journal of Nanotechnology,
vol. 5, p. 1268, 2008.

S. Gol, R. N. Pena, M. F. Rothschild, M. Tor, and J. Estany, “A
polymorphism in the fatty acid desaturase-2 gene is asso-
ciated with the arachidonic acid metabolism in pigs,” Sci-
entific Reports, vol. 8, no. 1, Article ID 14336, 2018.

A. Babaei-Ghazvini, I. Shahabi-Ghahfarrokhi, and
V. Goudarzi, “Preparation of UV-protective starch/kefiran/


https://www.sciencedirect.com/topics/materials-science/antimicrobial-polymer
https://www.sciencedirect.com/topics/materials-science/antimicrobial-polymer

Bioinorganic Chemistry and Applications

(71]

(74]

[75]

(76]

(77]

(81]

(82]

(83]

ZnO nanocomposite as a packaging film: Characterization,”
Food Packaging and Shelf Life, vol. 16, pp. 103-111, 2018.
A. M. Nafchi, A. K. Alias, S. Mahmud, and M. Robal,
“Antimicrobial, rheological, and physicochemical properties
of sago starch films filled with nanorod-rich zinc oxide,”
Journal of Food Engineering, vol. 113, no. 4, pp. 511-519,
2012.

X. Ma, P. R. Chang, J. Yang, and J. Yu, “Preparation and
properties of glycerol plasticized-pea starch/zinc oxide-
starch bionanocomposites,” Carbohydrate Polymers, vol. 75,
no. 3, pp. 472-478, 2009.

K. Das, S. Maiti, and D. Liu, “Morphological, mechanical and
thermal study of ZnO nanoparticle reinforced chitosan based
transparent biocomposite films,” Journal of the Institution of
Engineers: Series D, vol. 95, no. 1, pp. 35-41, 2014.

T. O. Siyanbola, K. Sasidhar, B. V. S. K. Rao et al.,, “De-
velopment of functional polyurethane-ZnO hybrid nano-
composite coatings from Thevetia peruviana seed oil,”
Journal of the American Oil Chemists’ Society, vol. 92, no. 2,
pp. 267-275, 2015.

S. John, A. Joseph, A. J. Jose, and B. Narayana, “Enhance-
ment of corrosion protection of mild steel by chitosan/ZnO
nanoparticle composite membranes,” Progress in Organic
Coatings, vol. 84, pp. 28-34, 2015.

V. T. Nguyen, V. T. Vu, T. H. Nguyen, T. A. Nguyen,
V. K. Tran, and P. Nguyen-Tri, “Antibacterial activity of
TiO,-and ZnO-decorated with silver nanoparticles,” Journal
of Composites Science, vol. 3, no. 2, p. 61, 2019.

S. Shankar and J.-W. Rhim, “Facile approach for large-scale
production of metal and metal oxide nanoparticles and
preparation of antibacterial cotton pads,” Carbohydrate
Polymers, vol. 163, pp. 137-145, 2017.

J. Pasquet, Y. Chevalier, E. Couval, D. Bouvier, and
M.-A. Bolzinger, “Zinc oxide as a new antimicrobial pre-
servative of topical products: interactions with common
formulation ingredients,” International Journal of Pharma-
ceutics, vol. 479, no. 1, pp. 88-95, 2015.

I. Brunnert, P. Wick, S. Manserp et al., “In vitro cytotoxicity
of oxide nanoparticles: comparison to asbestos, silica, and
the effect of particle solubility,” Environmental Science and
Technology, vol. 40, no. 14, pp. 4374-4381, 2006.

M. Li, L. Zhu, and D. Lin, “Toxicity of ZnO nanoparticles to
Escherichia coli: mechanism and the influence of medium
components,” Environmental Science & Technology, vol. 45,
no. 5, pp. 1977-1983, 2011.

P. Kanmani and J.-W. Rhim, “Physicochemical properties of
gelatin/silver nanoparticle antimicrobial composite films,”
Food Chemistry, vol. 148, pp. 162-169, 2014.

N. Padmavathy and R. Vijayaraghavan, “Enhanced bioac-
tivity of ZnO nanoparticles-n antimicrobial study,” Science
and Technology of Advanced Materials, vol. 9, 2008.

B. L. Guo, P. Han, L. C. Guo et al., “The antibacterial activity
of Ta-doped ZnO nanoparticles,” Nanoscale Research Letters,
vol. 10, no. 1, p. 336, 2015.

S.-E. Jin, J. E. Jin, W. Hwang, and S. W. Hong, “Photo-
catalytic antibacterial application of zinc oxide nanoparticles
and self-assembled networks under dual UV irradiation for
enhanced disinfection,” International Journal of Nano-
medicine, vol. 14, pp. 1737-1751, 2019.

C. Hiibner and H. Haase, “Interactions of zinc-and redox-
signaling pathways,” Redox Biology, vol. 41, Article ID
101916, 2021.

R. Brayner, R. Ferrari-Iliou, N. Brivois, S. Djediat,
M. F. Benedetti, and F. Fiévet, “Toxicological impact studies

(86]

(87]

(88]

(89]

[90]

(91]

(92]

(93]

(94]

(95]

(96]

(97]

(98]

[99]

[100]

[101]

21

based on Escherichia coli bacteria in ultrafine ZnO nano-
particles colloidal medium,” Nano Letters, vol. 6, no. 4,
pp. 866-870, 2006.

P. K. Stoimenov, R. L. Klinger, G. L. Marchin, and
K. J. Klabunde, “Metal oxide nanoparticles as bactericidal
agents,” Langmuir, vol. 18, no. 17, pp. 6679-6686, 2002.

L. Zhang, Y. Jiang, Y. Ding et al., “Mechanistic investigation
into antibacterial behaviour of suspensions of ZnO nano-
particles against E. coli,” Journal of Nanoparticle Research,
vol. 12, no. 5, pp. 1625-1636, 2010.

S. Shankar, X. Teng, G. Li, and J.-W. Rhim, “Preparation,
characterization, and antimicrobial activity of gelatin/ZnO
nanocomposite films,” Food Hydrocolloids, vol. 45,
pp. 264-271, 2015.

A. Emamifar, M. Kadivar, M. Shahedi, and S. Soleimanian-
Zad, “Evaluation of nanocomposite packaging containing Ag
and ZnO on shelf life of fresh orange juice,” Innovative Food
Science & Emerging Technologies, vol. 11, no. 4, pp. 742-748,
2010.

P. D. Rakowska, M. Tiddia, N. Faruqui et al., “Antiviral
surfaces and coatings and their mechanisms of action,”
Communications Materials, vol. 2, no. 1, p. 53, 2021.

C. Songsantiphap and P. Asawanonda, “Topical 15% zinc
oxide ointment significantly reduces the size of common
warts after four weeks: a randomized, triple-blinded, pla-
cebo-controlled trial,” The Journal of Clinical and Aesthetic
Dermatology, vol. 12, no. 9, pp. 26-31, 2019.

H. Ghaffari, A. Tavakoli, A. Moradi et al., “Inhibition of
HINI influenza virus infection by zinc oxide nanoparticles:
another emerging application of nanomedicine,” Journal of
Biomedical Science, vol. 26, no. 1, p. 70, 2019.

J. A. Khattar, U. M. Musharrafieh, H. Tamim, and
G. N. Hamadeh, “Topical zinc oxide vs. salicylic acid-lactic
acid combination in the treatment of warts,” International
Journal of Dermatology, vol. 46, no. 4, pp. 427-430, 2007.
P. Zhou, “Perspective of antiviral protective material,” Ad-
vanced Fiber Materials, no. 2, p. 123, 2020.

7Z. M. Khoshhesab, M. Sarfaraz, and M. A. Asadabad,
“Preparation of ZnO nanostructures by chemical precipi-
tation method,” Synthesis and Reactivity in Inorganic, Metal-
Organic, and Nano-Metal Chemistry, vol. 41, no. 7,
pp. 814-819, 2011.

N. S. E. Dzulkharnien and R. Rohani, “A review on current
designation of metallic nanocomposite hydrogel in bio-
medical applications,” Nanomaterials, vol. 12, no. 10, p. 1629,
2022.

V. G. Dev, J. Venugopal, S. Sudha, G. Deepika, and
S. Ramakrishna, “Dyeing and antimicrobial characteristics of
chitosan treated wool fabrics with henna dye,” Carbohydrate
Polymers, vol. 75, no. 4, pp. 646-650, 2009.

D. Zhang, L. Chen, C. Zang, Y. Chen, and H. Lin, “Anti-
bacterial cotton fabric grafted with silver nanoparticles and
its excellent laundering durability,” Carbohydrate Polymers,
vol. 92, no. 2, pp- 2088-2094, 2013.

L. Zhang, R. Dillert, D. Bahnemann, and M. Vormoor,
“Photo-induced hydrophilicity and self-cleaning: models
and reality,” Energy ¢ Environmental Science, vol. 5, no. 6,
p. 7491, 2012.

V. A. Ganesh, H. K. Raut, A. S. Nair, and S. Ramakrishna, “A
review on self-cleaning coatings,” Journal of Materials
Chemistry, vol. 21, no. 41, p. 16304, 2011.

H. B. Kamal, “Nano ZnO/amine composites antimicrobial
additives to acrylic paints,” Journal of Petrology, vol. 24,
p. 397, 2015.



22

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111)

(112

[113]

[114]

[115]

[116]

W. J. Yang, T. Cai, K.-G. Neoh et al., “Biomimetic anchors
for antifouling and antibacterial polymer brushes on
stainless steel,” Langmuir, vol. 27, no. 11, pp. 7065-7076,
2011.

M. S. Selim, S. A. El-Safty, M. A. El-Sockary et al., “Modeling
of spherical silver nanoparticles in silicone-based nano-
composites for marine antifouling,” RSC Advances, vol. 5,
no. 78, pp. 63175-63185, 2015.

D. M. Yebra, S. Kiil, and K. Dam-Johansen, “Antifouling
technology-past, present and future steps towards efficient
and environmentally friendly antifouling coatings,” Progress
in Organic Coatings, vol. 50, no. 2, pp. 75-104, 2004.

P. Buskens, M. Wouters, C. Rentrop, and Z. Vroon, “A brief
review of environmentally benign antifouling and foul-re-
lease coatings for marine applications,” Journal of Coatings
Technology and Research, vol. 10, no. 1, pp. 29-36, 2013.
E. Terzi, S. N. Kartal, N. Yilgor, L. Rautkari, and
T. Yoshimura, “Role of various nano- particles in prevention
of fungal decay, mold growth and termite attack in wood,
and their effect on weathering properties and water repel-
lency,” International Biodeterioration ¢ Biodegradation,
vol. 107, pp. 77-87, 2016.

A. A. Tuduce Traistaru, I. Crina Anca Sandu, M. Cristina
Timar, G. Lucia Dumitrescu, and I. Sandu, “SEM-EDX, water
absorption, and wetting capability studies on evaluation of
the influence of nano-zinc oxide as additive to paraloid B72
solutions used for wooden artifacts consolidation,” Mi-
croscopy Research and Technique, vol. 76, no. 2, pp. 209-218,
2013.

W. Al Sekhaneh and H. Dahmani, “Nanosized zinc oxide
deposited on single wall carbon nanotubes composites for
nitrogen dioxide-sensors in museums and art galleries
monitoring,” Mediterranean Archaeology and Archaeometry,
vol. 14, no. 1, pp. 25-35, 2014.

H. R. Nawaz, B. A. Solangi, B. Zehra, and U. Nadeem,
“Preparation of nano zinc oxide and its application in leather
as a retanning and antibacterial agent,” Canadian Journal on
Scientific and Industrial Research, vol. 2, no. 4, pp. 164-170,
2011.

O. M. El-Feky, E. A. Hassan, S. M. Fadel, and M. L. Hassan,
“Use of ZnO nanoparticles for protecting oil paintings on
paper support against dirt, fungal attack, and UV aging,”
Journal of Cultural Heritage, vol. 15, no. 2, pp. 165-172, 2014.
A. M. Diez-Pascual, C. Xu, and R. Luque, “Development and
characterization of novel poly (ether ether ketone)/ZnO
bionanocomposites,” Journal of Materials Chemistry B,
vol. 2, no. 20, p. 3065, 2014.

S. Heberer, R. Maier, R. Mertsch, G. Michael, and M. Pridohl,
“Novel UV protection coatings based on nano-ZnO parti-
cles,” in Proceedings of the European Coatings Conference:
Smart Coatings III, Berlin, Germany, 2004.

S. K. Dhoke, A. Khanna, and T. J. M. Sinha, “Effect of nano-
ZnO particles on the corrosion behavior of alkyd-based
waterborne coatings,” Progress in Organic Coatings, vol. 64,
no. 4, pp. 371-382, 2009.

S.N.F. Syed Adam, A. F. Osman, and R. Shamsudin, “Tensile
Properties, biodegradability and bioactivity of thermoplastic
starch (TPS)/bioglass composites for bone tissue engineer-
ing,” Sains Malaysiana, vol. 47, no. 6, pp. 1303-1310, 2018.
D. Tholibon, I. Tharazi, A. B. Sulong et al., “Kenaf fiber
composites: a review on synthetic and biodegradable poly-
mer matrix,” Jurnal Kejuruter, vol. 31, no. 1, pp. 65-76, 2019.
S. F. Abd Hadi, M. F. Kamaruzaman, J. Salimon, and
M. F. Mohd Yusoffi “Thermal and mechanical

Bioinorganic Chemistry and Applications

characterisation of poly (w-Hydroxy Pelargonate): a pre-
liminary study for bioplastic,” Sains Malaysiana, vol. 50,
no. 2, pp. 361-371, 2021.



