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Abstract: This article reviews the recent developments in the synthesis, antibacterial activity, and
visible-light photocatalytic bacterial inactivation of nano-zinc oxide. Polycrystalline wurtzite ZnO
nanostructures with a hexagonal lattice having different shapes can be synthesized by means of
vapor-, liquid-, and solid-phase processing techniques. Among these, ZnO hierarchical nanostructures
prepared from the liquid phase route are commonly used for antimicrobial activity. In particular,
plant extract-mediated biosynthesis is a single step process for preparing nano-ZnO without using
surfactants and toxic chemicals. The phytochemical molecules of natural plant extracts are attractive
agents for reducing and stabilizing zinc ions of zinc salt precursors to form green ZnO nanostructures.
The peel extracts of certain citrus fruits like grapefruits, lemons and oranges, acting as excellent
chelating agents for zinc ions. Furthermore, phytochemicals of the plant extracts capped on ZnO
nanomaterials are very effective for killing various bacterial strains, leading to low minimum inhibitory
concentration (MIC) values. Bioactive phytocompounds from green ZnO also inhibit hemolysis
of Staphylococcus aureus infected red blood cells and inflammatory activity of mammalian immune
system. In general, three mechanisms have been adopted to explain bactericidal activity of ZnO
nanomaterials, including direct contact killing, reactive oxygen species (ROS) production, and released
zinc ion inactivation. These toxic effects lead to the destruction of bacterial membrane, denaturation
of enzyme, inhibition of cellular respiration and deoxyribonucleic acid replication, causing leakage of
the cytoplasmic content and eventual cell death. Meanwhile, antimicrobial activity of doped and
modified ZnO nanomaterials under visible light can be attributed to photogeneration of ROS on their
surfaces. Thus particular attention is paid to the design and synthesis of visible light-activated ZnO
photocatalysts with antibacterial properties

Keywords: semiconducting oxide; synthesis; heterostructure; antimicrobial activity; photocatalytic
activity; free radicals; zinc ion; contact killing; phytocompounds; hemolysis

1. Introduction

Poor hygiene and ineffective hospital infection control practice contribute to the transmission
of nosocomial pathogens. Antibiotics are the drugs commonly used for combating microorganisms.
However, the overuse of antibiotics in humans and animals has led to the emergence of multidrug
resistant (MDR) bacteria [1-4]. Staphylococcus aureus and Staphylococcus epidermidis are opportunistic
pathogens that can cause surgical wound infections, bloodstream infections and infections associated
with indwelling medical devices. They are capable of developing resistance to multiple antibiotics.
Infections caused by MDR bacteria such as methicillin resistant Staphylococcus aureus (MRSA) and
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methicillin-resistant Staphylococcus epidermidis (MRSE) are difficult to treat, leading to high morbidity
and mortality in patients [5-7]. Thus the spread of MDR bacteria poses a serious threat to public health
globally. This motivates the researchers to develop various novel nanomaterials as alternatives to
antibiotics for the treatment of MDR bacterial infections [8,9].

Nanomaterials with enhanced chemical, physical and mechanical characteristics than their bulk
micromaterials have received considerable attention in materials science community recently [10-17].
Metal and metal oxide nanoparticles including silver, zinc, copper, zinc oxide, titanium dioxide,
copper oxide, and iron oxide are known to exhibit antimicrobial properties against various bacterial
strains [13,16-31]. Several mechanisms have been proposed for bactericidal activities of those
nanoparticles (NPs) (Figure 1). These include: (a) the disruption of bacterial cell membrane and
electron transport chain; (b) the generation of reactive oxygen species (ROS) and induction of oxidative
stress, resulting from the interaction of NPs with bacterial cell membrane, and cellular components such
as deoxyribonucleic acid (DNA) and protein; (c) released metal ions from metal or metal oxide NPs in
intracellular environment. Those ions can react with the functional groups of nucleic acid and protein
such as-SH,-NH and -COOH [14,16,25]. As an example, silver nanoparticles (AgNPs) can interact with
bacteria by releasing zero-valent metal (Ag”) or Ag* ions, so creating ROS and oxidative stress. In this
perspective, AgNPs are widely used in various commercial and healthcare products such as textiles,
cosmetics, coatings, food packaging and wound dressings [14,32,33]. However, AgNPs are toxic,
and would reduce the viability of several types of human cells in size- and concentration-dependent
manners [14,34].
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Figure 1. Antibacterial mechanisms of different nanoparticles (NPs) in fighting MDR bacteria. AuNPs:
gold NPs, CuONPs: copper oxide NPs; AgNPs: silver NPs; Fe3O4NPs: iron oxide NPs, and ZnONPs:
zinc oxide NPs. Reproduced from [16] under the terms of the Creative Commons Attribution License
(CCBY).

Zinc oxide (ZnO) with versatile properties is currently used for a wide range of chemical, electronic,
textile, pharmaceutical and medical applications, including fillers of rubber composites, sunscreens,
coatings, optoelectronic devices, sensors, photocatalysts and antimicrobial wound dressings. In rubber
industry, ZnO is often employed as an additive for the sulfur vulcanization of rubbers, thereby
enhancing the efficiency of the cross-linking system (Figure 2) [21,35]. ZnO is an n-type semiconductor
due to the presence of zinc interstitials and oxygen vacancies in its crystalline lattice. It has a large
exciton binding energy of 60 meV, and a wide bandgap energy of 3.37 eV [36]. Moreover, ZnO exhibits
a high dielectric permittivity (x = 8.66), thus making it an attractive material for forming gate dielectric
in semiconductor devices [37]. Generally, hafnium oxide (HfO,) with a larger bandgap (5.3-5.7 eV)
is commonly used as a high-k gate insulating material in semiconductors [38]. So HfO, and ZnO
dielectrics can effectively replace conventional thermally grown SiO, gate oxide [37]. ZnO with a
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wide bandgap absorb ultraviolet (UV) light effectively, giving rise to antibacterial and UV-protection
properties. In this respect, ZnO nanostructures show great potential for use in photodetectors, laser
diodes, sensors, and solar cells [39-41]. Moreover, ZnO NPs can be incorporated into polymers, textile
or cotton fibers, thereby producing UV-absorbing packaging films and fabrics for food and medical
textile applications [42—-46]. By utilizing polymers with several beneficial characteristics such as ease of
processing, good moldability, and mechanical properties [47-54], materials scientists are capable of
developing functional nanocomposites with UV-shielding properties. More importantly, nano-ZnO
exhibits selective toxicity to bacteria, rendering its great potential for antibacterial applications in many
fields such as water disinfection, food preservation and medical wound dressings [27,43—46,55].

Application
of ZnO

—

Figure 2. Schematic representation showing versatile applications of ZnO nanoparticles in chemical,
electronic, textile, pharmaceutical and cosmetic industries. Reproduced from [35] the terms of the
Creative Commons Attribution License (CC BY).

ZnO also exhibits additional attractive properties such as low cost, high photochemical stability
and photocatalytic activity [56]. In general, irradiation of a photocatalytic semiconductor with
photons of equal or higher energy than its bandgap, electron in the valence band (VB) jumps across
the large bandgap into the conduction band (CB), creating a positively charged hole in the VB
simultaneously. The photoinduced electron (¢”)-hole (h*) pair then migrates to the semiconductor
surface that provides reactive sites for these charge carriers. As such, e” reacts with adsorbed oxygen
molecules to form superoxide anion (eO,~), while h* reacts with water/hydroxyl molecules to yield
hydroxyl radical (¢OH) and H", as well as hydrogen peroxide (H,O;). The ¢O,~, «OH and H,0O,
are generally referred to as “reactive oxygen species”. ZnO has a wide bandgap of 3.37 eV, resulting
in a sharp UV emission in luminescence spectrum [36,57]. By interacting ZnO with bacterial cells
under UV irradiation, e”-h* pairs can be created readily for the ROS production. Those radical
species are very effective in disrupting bacterial respiratory chain, DNA and protein functions, leading
to cell death [58]. However, UV radiation accounts for less than 5% while visible light makes up
45% of the total solar spectrum [59]. Therefore it is necessary to extend the optical response of
ZnO from UV into the visible light region for practical purposes. This can be achieved by doping
nano-ZnO with metals and non-metals, modifying with carbon nanomaterials, and coupling with other
oxide semiconductors to form heterostructures [60-66]. In a previous article, we summarized and
discussed the toxic effects of nano-ZnO toward mammalian (eukaryotic) cells [67]. This article provides
an updated comprehensive review on the synthesis and antibacterial activity of ZnO hierarchical
nanostructures. Particular attention is paid to the the latest developments in the design and synthesis
of ZnO heterostructures with visible-light photocatalytic bactericidal activity via metal and non-metal
doping, carbon nanomaterial modification, and semiconductor heterojunction formation.



Int. ]. Mol. Sci. 2020, 21, 8836 4 0f 70

2. Photocatalytic Property of Nanostructured ZnO

The creation, recombination and separation of photoinduced charge carriers affect photocatalytic
performance of nano-ZnO greatly. Moreover, photocatalytic behavior depends greatly on the size,
structure, shape, and defects of ZnO nanostructures. Nanosized ZnO with enhanced surface area
exhibits improved photocatalytic activity for bacterial inactivation than micro-ZnO. ZnO exhibits
three crystalline structures including wurtzite (B4), zinc blende (B3), and rocksalt (B1). Wurtzite is the
most common and thermodynamically stable crystal structure. ZnO zinc-blende phase is metastable
under ambient conditions. The wurtzite structure of ZnO transforms into cubic rocksalt structure
under high pressures >6 GPa [68-71]. Wurtzite ZnO is hexagonal with a space group of P63mc having
lattice parameters a = 0.32496 nm and ¢ = 0.52042 nm; the c/a ratio is 1.6018, being close to that of an
ideal hexagonal close-packed structure of 1.633 [72]. In the hexagonal unit cell, four oxygen ions are
bounded with each tetrahedral Zn ion, and each tetrahedral oxygen ion is coordinated by four Zn ions.
So the wurtzite-type ZnO consists of tetrahedrally coordinated O? and Zn?* ions, which are piled
alternatively along the c-axis [73]. The specific distribution of Zn cations and O* anions leads to the
formation of polar Zn-(0001) and O-(0001) planes. The positively charged Zn-terminated (0001) surface
is chemically active, while negatively charged O-terminated (0001) is relatively inert. Thus Zn-(0001)
surface favors the growth of ZnO nanocrystals along the <0001> direction [74,75], giving rise to the
formation of nanoparticles, nanorods and nanoflowers [74,76-83].

The photocatalytic activity of ZnO is limited by several factors including fast recombination
of electron-hole pairs under UV irradiation, poor visible-light absorbance, and susceptibility to
photocorrosion in aqueous environments. The photogenerated charge carriers can readily recombine
either in the bulk or at the surface of ZnO through the dissipation of energy in form of light or heat.
Photocorrosion arises from the dissolution of ZnO into Zn?* ions in aqueous solutions under UV
irradiation [84-89]. As such, oxygen atoms in the ZnO lattice are oxidized by photogenerated holes to
release Zn?*. In other words, photogenerated holes on the ZnO surface attack the Zn-O bond, leading
to the dissociation of Zn?* from the surface [85,86]. So the holes would react with ZnO rather than
with adsorbed surface water molecules to form hydroxyl radicals. Photocorrosion reactions of ZnO
with photoinduced holes are expressed as follows [86-88],

ZnO + 2t — Zn>" + 050, (1)

or
ZnO + H,0 + 2h*— Zn>* + 20H 2)

In addition, ZnO undergoes dissolution in strong acidic and alkaline solutions, thereby degrading
its photocatalytic performance [85]. As such, photocatalytic activity of ZnO is limited in mild pH
solutions only. The chemical reactions of ZnO in acidic and alkaline solutions are given by [87,88],

Acidic medium ZnO + 2H* —»Zn** + H,0 3)

Alkaline medium ZnO + H,O + 20H™ — [Zn(OH)4]*~ 4)

Because of the above mentioned drawbacks, ZnO nanostructures have not been explored fully
as TiO, NPs with good photostability for photocatalytic applications. It remains a big challenge to
develop nano-ZnO with excellent photocatalytic efficacy. In this respect, much efforts have been
spent by the researchers to improve the photocatalytic performance of nano-ZnO by suppressing
electron-hole pair recombination, extending the optical absorption edge to the visible region, and
enhancing photocorrosion resistance [87-92]. Recombination of electron-hole pairs can be impeded by
trapping photogenerated electrons or holes, thereby extending the lifetime of separated charge carriers.
The photocatalytic activity of nano-ZnO under visible light can be improved through the induction
of oxygen vacancy defects, the doping of metal/non-metal elements, the modification with carbon
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nanomaterials, and the formation of heterojunctions by coupling with other semiconductor oxides.
In general, oxygen vacancies enhance optical absorbance of ZnO in the visible region. Those vacancies
produce midgap state near the top of VB of ZnO, acting as a deep donor level [93-96].

2.1. Metal Dopants

Magnesium (alkaline earth metal), transition metals, and noble metals can be utilized to mofify
photocatalytic activity of nano-ZnO. Magnesium ions with a smaller ionic radius can replace zinc
ions in the ZnO lattice. Magnesium doping generally widens the bandgap of ZnO NPs [97-99]; the
bandgap values increase with increasing Mg dopant concentrations [99]. As mentioned, ZnO with
a wide bangap is ineffective to induce electron-hole pairs under visible light. However, magnesium
doping induces many oxygen vacancy defects in ZnO NPs due to the size difference between Mg?*
(0.057 nm) and Zn?* ions (0.074 nm) [97,100]. Those oxygen vacancies facilitate the generation of a
high level of ROS in MgZnO NPs under dark, daylight and visible light. As a result, MgZnO NPs
exhibit good antibacterial activity against E. coli with or without visible light/daylight [97].

2.1.1. Transition Metal Doped ZnO

The photocatalytic performance of ZnO nanostructures under visible light can be enhanced by
doping with transition metals and noble metal NPs. Typical transition metal dopants include copper
(Cu), iron (Fe), cobalt (Co), manganese (Mn), nickel (Ni) and chromium (Cr) [100-112], while noble
metal NPs used are gold (Au), and silver (Ag) [113-119]. The ionic radius of Zn?*, Co?*, Cu®*, and
Mn?* is 0.074, 0.072, 0.073, and 0.080 nm, respectively [100,106]. Apparently, Co>" and Cu®* are the
best transition metal dopants because of their similar ionic size with Zn?*. These cations can readily
substitute for Zn?* without causing a large lattice distortion. Figure 3a shows the UV-visible spectra of
pure ZnO, Mn-doped ZnO and Co-doped ZnO nanowires. The bandgap energy of these nanowires
determined from Tauc plots are shown in Figure 3b [108]. The bandgap of ZnO (3.26 eV) reduces
to 3.20 eV and 3.11 eV by doping with Mn?* and Co?*, respectively. The bandgap reduction can be
attributed to the introduction of midgap states below the CB (Figure 3c). The midgap states serve as
effective sites for trapping electrons to retard recombination of electron-hole pairs. A red shift of the
optical absorption edge facilitates the formation of ROS on Co- and Mn-doped ZnO under visible light
irradiation. Figure 4 shows an example of the formation of oxygen superoxide and hydroxyl radicals
on Mn-doped ZnO NPs for degrading Orange II dye upon solar light irradiation [109].

As recognized, two or more types of metallic cations can substitute for Zn?* in the ZnO lattice to
further improve the phototocatalytic activity. This is commonly referred to as the ‘co-doping” approach.
Comparing with a single-element doping, enhanced photocatalytic performance of co-doped ZnO
arises from the synergistic effect of each ionic dopants in increasing visible light absorption. As such,
co-doping is a promising approach for tuning the dopant populations, electronic properties, and
magnetic properties of metal oxide semiconductors [120]. Recently, Modwi et al. reported that doping
ZnO with 5% Cu alone reduces its bandgap from 3.15 to 2.95 eV. Moreover, co-doping 5%Cu/ZnO NPs
with 1% Fe, 1% %Ni, or 1% Ag further decreases the bandgap to 2.90, 2.83 and 2.79 eV, respectively [101].
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Figure 3. (a) UV-visible spectra of pure ZnO, Mn-doped ZnO and Co-doped ZnO nanowires, and (b)
Tauc plots of («hv)? versus ho for ZnO-based nanowires showing the reduction of bandgap energy
through transition metal doping. (c) The generation of superoxide anion and hydroxyl radicals on ZnO
nanowires under visible light due to the creation of midgap states in the bandgap by doping with Mn
or Co. Reproduced from [108] under the terms of the Creative Commons Attribution License (CC BY).
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Figure 4. Formation of superoxide anion and hydroxyl radicals on Mn-doped ZnO nanoparticles

for degrading Orange II dye under solar light irradiation at different intervals of time. Reproduced
from [109] with permission of Elsevier.

2.1.2. Noble Metal Doped ZnO

The photocatalytic efficiency of ZnO under visible light can also be improved by doping with
noble metals such as Au, and Ag [113-118]. By modifying with noble metals, a Schottky barrier is
established at the interface junction that facilitates the electron-hole pair separation, thus retarding
the recombination of photogenerated charge carriers [121]. Furthermore, noble metal NPs exhibit
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localized surface plasmon resonance (LSPR) resulting from a collective oscillation of free electrons in the
electromagnetic field of the incident light. After excitation, the electron oscillations lose their collective
nature in which LSPR decays into hot electrons and holes via Landau damping at a relatively short time
scale [122-124]. The frequency range for inducing LSPR effect relies greatly on the chemical nature of
noble metal nanoparticles. For instance, AgNPs and AuNPs absorb photons and induce LSPR upon
visible light irradiation. In contrast, platinum (Pt) NPs display LSPR in the UV range, so exhibiting a
strong absorption at ~380 nm [125]. Therefore, PtNPs induce a blue shift in the optical spectrum of
Pt/ZnO nanocomposites [126]. In this respect, plasmonic AgNPs are commonly employed to enhance
photocatalytic efficiency of ZnO under visible light [127,128]. As mentioned, a Schottky barrier is
established at the metal/ZnO interface when noble metal comes in contact with ZnO. The Fermi energy
level (FM) of AgNPs or AuNPs is higher than ZnO Fermi level (FMO), leading to the transfer of
electron from the FM of AgNPs or AuNPs to the FMO until the attainment of a new equilibrium Fermi
level (FEq) [127]. Under visible light, LSPR absorption causes a rapid heating of noble metal NPs.Thus
hot electrons from AgNPs/AuNPs are injected into the CB of ZnO for reacting with adsorbed oxygen
molecules to create superoxide anion radical. The superoxide anion then reacts with H,O to generate
hydroxyl radicals. On the contrary, photoexcited electrons in the CB of ZnO are transferred to AgNPs

or AuNPs upon exposure to UV light. This is because CB of ZnO is higher than the newly generated
Fermi energy level of AgNPs/ZnO or AuNPs/ZnO. As such, AgNPs or AuNPs act as electron trapping
sites, thus enhancing the charge separation efficiency of ZnO (Figure 5A,B) [127].
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Figure 5. (A) Visible light induces localized surface plasmon resonance (LSPR) in AgNPs or AuNPs

such that hot electrons are injected into the CB of ZnO for generating superoxide anion and hydroxyl
radicals. (B) Under UV irradiation, photoexcited electrons are transferred from the CB of ZnO to
AgNPs or AuNPs. VB = valence band, CB: conduction band, FMO: Fermi level of metal oxide, FM:
Fermi level of metal, FEq: Fermi level of equilibrium, and M: Au and Ag. Reproduced from [127] with
permission of the Royal Society of Chemistry.

2.2. Non-Metal Dopants

Metal dopants have a certain limitation for achieving high photocatalytic activity under
visible-light, especially at high concentrations. This is due to photogenerated charge carriers recombine
at trapping defect sites, leading to a reduction in the photocatalytic efficiency. In this respect, non-metal
dopants such as carbon, nitrogen, and sulfur can be used to improve visible-light photocatalytic activity
of ZnO [129-134]. Non-metal dopants introduce an intermediate energy level just above the VB of ZnO.
Accordingly, the dopants narrow the bandgap and facilitate the separation of photoexcited charge
pairs in ZnO. For example, sulfur dopant can elevate the valence band maximum by hybridizing S-3p
orbital with the VB of ZnO, leading to a bandgap reduction of ZnO from 3.22 eV to 2.85 eV [129].
Zhang et al. demonstrated that carbon doping is effective for narrowing bandgap of ZnO nanorods
from ~3.19 to ~2.72 eV. Carbon doping induces the formation of oxygen vacancy defects in ZnO,
thereby serving as the trapping sites for photogenerated electrons. In this respect, carbon doping
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and oxygen vacancies increase the separation efficiency of photogenerated electron—hole pairs, thus
enhancing the photocatalytic activity of ZnO [130]. Similarly, carbon-doped ZnO nanorods and
C-doped ZnO nanoparticles have been reported to have a reduced bandgap energy of 2.69 and 3.08 eV,
respectively [131].

Metal/Non-Metal Co-Dopants

In a recent study of Gupta et al., N and Cu co-dopants narrow the bandgap of ZnO NPs
effectively [135]. Figure 6a shows the Tauc plots of the Kubelka-Munk function vs photon energy for
ZnO NPs, and Cu-doped ZnO NPs with 0.5%, 1.5%, 2.5% and 5.0% Cu, denoting as Cu0.5Z, Cul.5Z,
Cu2.5Z and Cu5.0Z, respectively. The bandgap of ZnO NPs is 3.16 eV, while that of the Cu0.5Z, Cul.5Z,
Cu2.5Z and Cub.0Z is 3.09, 3.00, 2.91 and 2.84 eV, respectively. By doping with nitrogen, the bandgap
of N-doped ZnO slightly decreases to 3.11 eV (Figure 6b). Co-doping of ZnO with N and 0.5%, 1.5%,
2.5%, 5.0% Cu (i.e., Cu0.5NZ, Cul.5NZ, Cu2.5NZ and Cu5.0NZ) leads to a further bandgap reduction
having the energy value of 3.07, 2.91, 3.03 and 2.98 eV, respectively. The reduction of band gap is due to
the hybridization of N-2p state with O-2p level. This creates a defect energy state just above the VB of
ZnO, serving as the site for trapping the holes. Meanwhile, Cu?*-doping introduces a sub-energy level
below the CB, acting as the site for trapping electrons. These defect states promote photogenerated
charge separation, and improve photocatalytic activity in the visible region. Figure 6c reveals that the
(N, Cu) co-doped Cub5.0NZ exhibits a higher absorbance than Cu5.0Z in the visible light region. This
is due to the synergistic action of both Cu?>* and N dopants in Cu5.0NZ during the photoexcitation
process [135]. Similarly, synergistic effects of both Mn?* and N dopants also enhance the absorption of
Zn0O nanofibers in the visible-light region [136].
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Figure 6. The plots of Kubelka-Munk function vs photon energy for evaluating bandgap energy of

(a) ZnO and Cu0.5Z, Cul.5Z, Cu2.5Z and Cub.0Z, and (b) NZ, Cu0.5NZ, Cul.5NZ, Cu2.5NZ and

Cub.0NZ. (c) Optical absorbance of ZnO, Cu0.5Z, Cul.5Z, Cu2.5Z, Cu5.0Z, NZ, Cu0.5NZ, Cul.5NZ,

Cu2.5NZ and Cu5.0NZ. Reproduced from [135] with permission of the Royal Society of Chemistry.
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2.3. Carbon Nanomaterials Modified ZnO

2.3.1. Graphene

Graphene exhibits a two-dimensional honeycomb lattice consisting of a single layer of sp?
hybridized carbon atoms. It is a building block of carbonaceous materials including zero-dimensional
(OD) fullerene, one-dimensionl (1D) carbon nanotube (CNT), and three-dimensional (3D)-graphite [137].
A single graphene layer rolls into a cylindrical shape to form a single-walled carbon nanotube (SWCNT),
while multiple graphene layers roll into a multi-walled carbon nanotube (MWCNT). Graphene and
CNTs exhibit excessively high elastic modulus (~1 TPa), excellent electrical conductivity, high optical
transparency, large surface area, and superior antimicrobial properties [13,137-143]. Therefore,
graphene and its derivatives, as well as CNTs show attractive applications as transparent conducting
films in optoelectronic devices, conducting fillers of functional polymer nanocomposites, active
photocatalysts for water splitting, and drug delivery vehicles in the pharmaceutical field [50-54,144-159].
In the case of photocatalysis, graphene and CNTs improve the photocatalytic activity and reduce
photocorrosion of ZnO markedly [89,160-162].

Large-area graphene layers for optoelectronic applications are generally prepared from chemical
vapor deposition (CVD) [160,161]. However, the high cost of fabrication, tedious film transferring
procedure, contamination and defect formation in the film during the transfer process, have limited
the widespread use of graphene in optoelectronic industry [163-166]. In this respect, graphene
oxide (GO) is considered as an alternative for graphene. It can be synthesized in large quantities by
oxidation—exfoliation of graphite flakes in a mixture of concentrated sulfuric acid, sodium nitrate, and
potassium permanganate, using a modified Hummers process [167]. The as-synthesized GO contains
hydroxyl and epoxide groups on the graphene basal plane, with carboxyl and carbonyl groups at the
edges [168]. Those oxygen functional groups impair electrical conductivity of graphene, causing GO to
become an insulator. Therefore, the oxygenated groups of GO must be removed in order to restore its
electrical conductivity. Several reducing agents, such as hydrazine hydrate, sodium borohydride, and
hydroquinone can reduce GO into reduced graphene oxide (RGO) [169,170]. However, those agents
remove oxygenated groups of GO to a certain degree. Thus RGO still bears a small fraction of residual
oxygen groups. Among those reductants, hydrazine hydrate is commonly used for forming RGO, but
it is highly toxic and explosive. Alternatively, RGO can be obtained through hydrothermal reduction
of GO in an aqueous sulfuric acid suspension [171].

Graphene oxide sheet with the lateral size up to several micrometers acts as a 2D template for
nucleating ZnO crystals during the synthesis process. So oxygenated groups of GO favor the nucleation
of ZnO nanocrystals by interacting with zinc salt precursor. As such, Zn?* ions released from the
Zn salt precursor tend to interact with the negatively charged oxygen functional groups on GO via
electrostatic interactions. Consequently, oxygenated groups are removed from GO, leading to the
formation of RGO-ZnO nanocomposites [161,172]. Figure 7a shows the typical optical absorbance
of RGO/ZnO nanocomposites. The enhanced absorbance of nanocomposites with increasing RGO
content in the visible light range can be readily observed. Without RGO, neat ZnO nanorod has a low
absorbance in the visible light as expected. The bandgap of neat ZnO is 3.17 eV, and decreases to 3.07,
3.03,2.94, and 2.88 by modifying with 1%, 3%, 5%, and 10% RGO, respectively (Figure 7b). Similarly,
Wu et al. also indicated that strong interactions between ZnO and GO during hydrothermal synthesis
favor the formation of visible-light active RGO-ZnO nanocomposites [173].
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Figure 7. (a) UV-vis diffuse reflectance spectra, and (b) the plots of Kubelka-Munk function versus light
energy for neat ZnO nanorod and RGO/ZnO nanocomposites. Reproduced from [172] with permission
of the Royal Society of Chemistry.

As mentioned, graphene modification is an effective way to prevent photocorrosion of
ZnO [89,160-162]. Under visible light irradiation, photoexcited electrons from the graphene sheet are
injected into the CB of ZnO NPs. Consequently, those electrons reduce surface oxygen molecules
through a series of reactions to produce superoxide anion, hydrogen peroxide and hydroxyl radical
for bacterial inactivation (Figure 8) [173]. In this context, photocorrosion resulting from the ZnO
degradation due to the attack of positively charged holes as described by the reaction (1) and reaction
(2) can be avoided. Therefore, graphene sheet plays the role of a photosensitizer by directly injecting
photoexcited electrons into the CB of ZnO under visible light without inducing positively charged
holes. On the other hand, graphene with excellent electrical conductivity also acts as an electron
acceptor for ZnO. By irradiating ZnO with UV light, photogenerated electrons are holes are created
in the CB and VB, respectively. The electrons are then transferred from the CB of ZnO to graphene
sheet, thereby inhibiting the recombination of electron-hole pairs, enhancing photocatalytic activity
and photostability of ZnO nanostructures. On the other hand, photogenerated holes in the VB of ZnO
react with the adsorbed hydroxyl group to give reactive hydroxyl species. As a result, photogenerated
holes would not destruct the structural integrity of ZnO by degrading the Zn-O bond for releasing Zn>*
from the surface [87]. This implies that the photocorrosion of ZnO nanostructures can be prevented
under UV irradiation effectively by modifying with graphene.

Figure 8. Electron transfer from graphene sheet to the conduction band of ZnO under visible light for
generating ROS. Reproduced from [173] with permission of Elsevier.

2.3.2. Carbon Nanotubes

Carbon nanotubes with large aspect ratios are inert, exhibiting no oxygenated functional groups
on their surfaces. However, hydroxyl and carboxyl functional groups can be formed on CNTs by
oxidizing in a mixture of H,SO4/HNOj (3:1; v/v) [174]. Analogously, those oxygen functional groups
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can react with Zn?* ions deriving from the dissolution of ZnO salt precursor in an aqueous solution for
nucleating ZnO nanocrystals. This leads to homogeneous dispersion of ZnO NPs on the CNTs. Under
the UV exposure, photogenerated electron from the CB of ZnO is transferred to the CNT. Therefore,
CNT acts as an effective electron trapping site, hindering the recombination of electron-hole pair
(Figure 9) [175]. On the contrary, photoexcited electron is injected from the CNT to the CB of ZnO
under visible light irradiation for triggering the formation of ROS.

Figure 9. The transfer of photogenerated electron from the conduction band of ZnO to a single nanotube
under UV irradiation. Reproduced from [175] with permission of Elsevier.

2.4. Semiconductor Heterojunctions

Coupling ZnO with semiconductors of different bandgap energies is considered to be an effective
strategy to form visible-light-driven photocatalysts. ZnO can form heterojunctions with other
semiconductors such as copper oxide (CuO), titania (TiO;), tin oxide (SnO;), cadmium sulfide (CdS),
and zinc sulfide (ZnS). Some semiconductors have a larger bandgap energy than ZnO. So they are
unfavored materials for coupling with ZnO to form visible-light-activated photocatalysts. As an
example, the bandgap energy of SnO, is 3.67 eV [176], thus facilitating the formation of UV-responsive
ZnO/SnO; heterojunctions [177]. Titania is an UV-active semiconductor with a bandgap energy
of 3.2 eV [178,179]. ZnS with a wide bandgap of 3.6-3.8 eV absorbs UV light only [180]. CdS is
a visible-light active semiconductor with a narrow bandgap of 2.40 eV [180]. However, CdS is a
highly toxic carcinogen, and thus unfavorable to form CdS/ZnO heterojunction based on public health
considerations. On the other hand, CuO and iron oxide (x-Fe;O3) have a relatively narrow bandgap of
2.00 eV and 2.20 eV, respectively [180,181], so they are ideal metal-oxide semiconductors for coupling
with ZnO to yield visible-light photocatalyts.

The visible-light photocatalytic performance of semiconductor heterojunctions depends greatly
on the energy band alignment of the CB and VB of two dissimilar materials. Certain conditions
must be met for achieving improved photocatalytic activity of semiconductor heterostructures under
visible light. There exists three types of coupled heterojunctions, i.e., type-I, type-II and type-III
in terms of the alignment of their energy levels (Figure 10a) [181-186]. In type-I heterostructure,
the CB and VB levels of the smaller bandgap semiconductor lie between those of a wider bandgap
semiconductor. Therefore, photoexcited electron and hole from the larger bandgap material migrate
across the heterojunction and accumulate at the CB and VB of smaller bandgap semiconductor
under visible light irradiation, producing ROS accordingly. In type-II heterostructure, both the CB
and VB of narrow-gap semiconductor lie above those of large bandgap material. In this respect,
photoexcited electron from the narrow-gap semiconductor moves to the large bandgap material, while
the hole migrates from the large-gap material across the junction in the opposite direction. Thus
type II heterojunction is very effective to promote the charge carrier separation, thereby reducing the
recombination of electron-hole pairs. The CuO/ZnO and Cuy;O/ZnO systems are typical examples of
the type-II heterostructure [90,185]. For the CuO/ZnO system, photogenerated electron from the CB of
CuO is transferred to the CB of ZnO for generating superoxide anion, while the hole from the VB of
Zn0 is migrated to the VB of CuO for creating hydroxyl radical (Figure 10b). The formation of type-II
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CuO/ZnO heterojunction improves the separation of photogenerated electron-hole pair, leading to
enhanced photocatalytic activity under visible light [185]. In type-III heterostructure, the bandgaps
of two dissimilar semiconductors do not overlap at all. So the transfer of electron and separation of
electron-hole pair are unlikely to occur at the heterojunction.
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Figure 10. (a) Energy band alignments of type-I, type-II, and type-III heterojunctions. Reproduced
from [186] with permission of Frontiers under the Creative Commons Attribution License. (b) The
charge carrier transfer in CuO/ZnO photocatalyst under sunlight irradiation. Reproduced from [185]
the terms of the Creative Commons Attribution License.

3. Synthesis of ZnO Nanostructures

3.1. Vapor Phase Route

Zinc oxide of zero-, one-, two- and three-dimensional nanostructures can be synthesized by
means of vapor-, liquid-, and solid-phase processing techniques. Conventional French process is
a straightforward method to fabricate ZnO nanostructures by melting zinc at 1000-1400 °C in an
air or oxygen atmosphere. As such, zinc vapor chemically reacts with oxygen to form ZnO with
a purity of up to 99.9%, and sizes ranging from about 0.1 pm down to the nanoscale dimension.
The ZnO nanostructures produced include nanorods, nanoplates, nanoboxes, polyhedral drums and
irregularly-shaped particles. Those nanostructures generally grow either along the <0001> or <1010>
plane directions [186]. The ratio between the Zn vapor pressure and oxygen pressure, or the Zn/O
flux ratio must be carefully monitored for attaining the desired ZnO nanostructures [187]. Very
recently, Hanif et al. reported a facile synthesis of spherical ZnO NPs (21.31 nm) with high crystallinity
through the thermolysis of zinc acetate dihydrate [Zn(CH3COO),.2H,0] under high temperatures and
pressures [188].

The vapor-phase methods include physical vapor deposition (PVD), chemical vapor deposition
(CVD), and molecular beam epitaxy (MBE). PVD techniques include sputtering, thermal evaporation
and pulsed laser deposition [189]. Sputtering is a typical plasma-assisted PVD technique in which
collisions between gaseous ions and the target material resulting in the ejection of atoms from the
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target surface [190]. A typical inert gas such as argon is ionized under the application of direct-current
(DC), or radio-frequency (RF) voltages. The inclusion of additional magnetic field further increases the
ionization rate of inert gas, and guides the ion flux towards the substrate. So magnetron sputtering
employs strong electric and magnetic fields to trap electrons close to the target surface to deposit ZnO
film on the substrate. Magnetron sputtering offers the advantages of high deposition rate and low
substrate temperature, but suffers from the high equipment cost and high defect concentration in the
deposited films [191]. Pulsed laser deposition (PLD) is based on the ablation of target material placed
inside the vacuum chamber using a laser source [192]. A high-power laser beam strikes ZnO or pure
Zn target, resulting in its local heating and evaporation. This leads to the deposition of high purity
ZnO film on the substrate [193-195]. PLD is simple and versatile, however, the use of high vacuum
deposition chamber and high-power laser source, as well as the particulate emission during the target
ablation are the major drawbacks of this process [196,197].

As it is known, atomic layer deposition (ALD) and chemical vapor deposition (CVD) are widely
used for a large-scale production of thin films for electronic and optoelectronic device applications.
In particular, ALD has been employed for forming a large range of metal oxide films including
ZnO [198-200]. In the process, chemical precursor reactants (e.g., diethylzinc and water vapor) are
alternatively introduced into the growth chamber, and react sequentially on desired substrate surfaces
to form nano-ZnO films of uniform and reproducible thickness, even at low deposition temperatures
of 25-300 °C [199,200]. Recently, 1D-ZnO nanostructures have received considerable attention because
of their potential applications in advanced optoelectronic devices. The CVD method is an effective tool
to fabricate 1D-ZnO using Zn source material, i.e., a mixture of ZnO/C powder in the presence of metal
catalyst such as Au or tin. The process requires high-temperature heat unit deriving from thermal,
microwave or radio frequency induced plasma [201]. Vaporization of ZnO/C is achieved through
carbothermal reduction of ZnO/C powder at elevated temperatures. In the process, i.e., Zn or ZnO/C
powderis placed inside a furnace quartz tube, and heated at 800-1000 °C to achieve zinc vapor saturation.
The substrate (sapphire or silicon) is coated with Au catalyst. The growth of 1D-ZnO nanostructures
has been ascribed to the vapor-liquid-solid (VLS) mechanism [202,203]. The condensation of zinc
vapor on Au results in the formation of liquid Au-Zn alloy droplet. Subsequently, supersaturation of
the liquid with Zn vapor leads to the nucleation of crystals at the liquid-solid interface, facilitating
the growth of 1D-ZnO [204]. As mentioned, Zn-terminated (0001) surface with a higher surface
energy (Yzn = 2.49 J/m?) is more active than the O-(0001) plane having a lower surface energy (yo =
1.35 J/m?2) [204]. Thus the Zn-(0001) plane provides an effective site for nucleating crystals, leading to
anisotropic growth of ZnO nanorods along the c-axis direction (Figure 11a,b) [74,205]. In other words,
the growth rate is faster on the Zn-(0001) plane having higher surface energy, and so vertically aligned
nanorods grow preferentially along the <0001> direction.

One-dimensional ZnO nanostructures can also be synthesized without using metal catalysts.
In this respect, zin vapor condenses directly onto the surface of a solid substrate, and the vapor-solid
(VS) mechanism is responsible for the growth of catalyst-free ZnO nanostructures [79,206,207]. As the
VS grown ZnO nanostructures are catalysts free, thus it is more difficult to control over their morphology
than those formed from the VLS mechanism using the catalysts. Several processing parameters such as
temperature, oxygen and argon flow rate, amount of precursor, growth time, and type of the substrates,
affect the morphology of nano-ZnO greatly. In particular, the growth temperature plays a key role to
regulate the morphology of nano-ZnO ranging from polycrystalline thin films to nanowhiskers [207].
Very recently, Karnati et al. employed high pressure assisted pulsed laser deposition to form vertically
aligned ZnO nanorods on various substrates. Temperature and number of pulsed laser shots during the
deposition play important roles in the alignment of ZnO nanorods [79]. Kong and Wang reported that
1D-ZnO of various morphologies such as nanobelts, nanowires, nanorings, nanohelixes/nanosprings,
nanocombs, nanobows, and nanocages can be synthesized under specific growth conditions using
a solid-vapor phase thermal sublimation method [208,209]. Helical ZnO nanobelts with top and
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bottom flat surfaces consist of £(0001) polar surfaces serve as the building blocks to form nanorings,
nanohelixes and nanosprings (Figure 12) [208,209].

(b)

Figure 11. (a) Scanning electron microscope (SEM) image showing ZnO nanorods and nanobelts grown
on the top (0001) and side surfaces of the ZnO microrods, respectively for 15 min. Inset: Magnified
SEM image. (b) SEM image of ZnO nanorods and nanobelts after growing for 30 min at 1100 °C. Black
arrows indicate nanobelts. Reproduced from [205] with permission of the American Chemical Society.
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Figure 12. (a) SEM image of ZnO nanobelts. (b) Transmission electron micrograph of a helical nanobelt.
Inset: structural model of ZnO nanobelt. Reproduced from [208] with permission of the American

Chemical Society.
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3.2. Liquid-Phase Route

3.2.1. Co-Precipitation Method

The liquid phase synthesis can be used to fabricate ZnO nanomaterials in an aqueous or organic
medium using a wide range of precursors under different processing conditions. Liquid phase
synthesis has many advantages over vapor phase route for fabricating ZnO nanostructures in terms of
simplicity, versatility, low cost, low temperature and scalability. The solution phase synthesis generally
includes co-precipitation, sol-gel, hydrothermal/solvothermal treatment, and microemulsion. ZnO
nanostructures with different dimensions such as spherical nanoparticles, nanoprisms, nanorods,
nanowires, nanodisks and nanoflowers can be obtained by controlling the synthetic parameters such
as the types of metal salt precursor and solvent, zinc salt concentration, solution pH and temperature,
reaction time, surfactant type and concentration, ZnO seed layer utilization, etc.

Co-precipitation method involves the dissolution of a metal salt precursor in water/organic solvent
for precipitating oxo-hydroxide in the presence of a strong alkali metal hydroxide (MOH; M = Li, Na,
K, Cs), or weak hexamethylenetetramine (HMTA) [210-214]. In the process, zinc metal salt precursor
decomposes in the solution to yield Zn?* for forming Zn(OH),. By adding MOH dropwise, Zn(OH),
dissolves in the solution due to an increase of the basicity, and reacts with OH™ to give [Zn(OH)4]*.
The [Zn(OH)4]*>~ complex is generally known as the growth unit, serving as the nucleation site for
growing ZnO crystals by precipitating on positively charged Zn-terminated (0001) surface [76,77,210].
Nano-ZnO is formed via dehydration of [Zn(OH)4]*~. When hexamethylenetetramine [(CHjy)sNy] is
used instead of MOH, thermal decomposition of HMTA generates ammonia and formaldehyde (HCHO).
Ammonia serves as a weak base by accepting hydrogen ions from water to produce ammonium NHy*
and OH™ ions. Hydroxyl ions are needed for triggering the precipitation reaction. Zinc ions from zinc
salt precursor react with hydroxide ions to form Zn(OH), and [Zn(OH),]*~. Furthermore, zinc ions
also react with ammonia to yield tetraamminezinc(Il) complex (Zn-tetraamine), i.e., [Zn(NH3)4]%*.
The [Zn(NH3),]** complex also acts as the growth unit for ZnO nuclei. Overall, the reactions are given
as follows [210,211],

(CH;)6Ny + 6H,O — 6HCHO + 4NHj; (5)
NH; + H,O — NH,* + OH™ (6)
Zn(OH),_+ 20H~ —[Zn(OH)4]*~ 7)
[Zn(OH)4]*~ — ZnO + H,O + 20H" (8)
Zn%* + 4NH; — [Zn(NH3)4]** )
[Zn(NH3)4]** + 20H™ — ZnO + 4NHj; + H,O (10)

Pourrahimi et al. dissolved several zinc salt precursors like zinc nitrate, chloride, sulfate and
acetate in aqueous solutions in the presence of NaOH to synthesize nano-ZnO [215]. The acetate
precursor produces nanoprismatic particles with a narrow size distribution having an average size of
25 nm. The chloride and sulfate precursors give rise to ZnO NPs with sizes of 10-30 nm, and larger
particles (petals) with sizes of 80-100 nm, respectively. The petals derive from the self-assembly of
nanoprisms along the ¢ axis of ZnO. For zinc nitrate salt, the petals link each other into flower-shaped
particles with an average size of 500 nm. Furthermore, acetate ions from zinc acetate are effective
to stabilize nanoprisms during the crystal growth, thereby preventing their assembly to large petals.
However, nitrate counter-ions favor the growth of nanoprisms into large petals and flower-like crystals.
Akhtar et al. fabricated ZnO NPs by reacting zinc acetate dihydrate (Zn(CH3;COO); - 2H,0) with
NaOH [212]. Prismatic ZnO NPs with hexagonal/polygonal shapes having an average size of 21.34 nm
are precipitated in the solution accordingly (Figure 13A,B) [212].
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Figure 13. (A) SEM and (B) transmission electron microscope (TEM) images of ZnO nanoparticles
(NPs) prepared by co-precipitation process using zinc acetate dihydrate and NaOH. Inset in (B) shows
a high-magnified TEM image of hexagonal shaped ZnO NPs. Reproduced from [212] under a Creative
Commons License.

Biosynthesis

Comparing with chemical reagents, toxic free and eco-friendly plant extracts are cost competitive
agents for preparing ZnO NPs [216-220]. The plant-based organic compounds are abundant and
renewable bioresources. The phytochemical constituents such as alkaloids, flavonoids, phenols, amino
acids, polysaccharides, and tannins extracted from various parts of plants like leaves, fruits, seeds
and flowers can be used for driving reduction reactions during the ZnO synthesis. They also act as a
capping agent/stabilizer for forming ZnO NPs. In some cases, hydroxyl and carboxylic groups of citrus
fruit peel extracts (e.g., flavonol and carotenoid) serve as natural ligand agents for zinc ions from zinc
salt precursor [217-219]. For instance, Fumar et al. proposed the reactions between functional groups
of grapefruit peel extract and zinc ions from zinc sulfate precursor in forming a zinc-ligand complex as
given in Figure 14a [217]. Figure 14b shows a facile and eco-friendly process for synthesizing ZnO
nanoflowers using zinc nitrate and sea buckthorn fruit extract [220]. Apprarently, biosynthesis of ZnO
nanoflowers is a single step process via the reactions between the functional groups of sea buckthorn
fruit extract and zinc nitrate precursor. The resultant mixture is collected by centrifugation at 5000 rpm
for 15 min followed by calcination in a muffle furnace at 600 °C for 2 h to form ZnO nanoflowers. Very
recently, Thi et al. employed an aqueous extract of orange peel and zinc nitrate to synthesize ZnO NPs
for antibacterial purposes [219]. The orange peel extract phytochemicals (e.g., flavonoid, limonoid,
carotenoid) act as natural ligand agents. So hydroxyl aromatic ring groups from the extract tend to form
a ligand complex with zinc ions from zinc nitrate. The reaction product is then dried at 150 °C followed
by calcination at 300-900 °C to yield ZnO NPs. During drying and calcining stages, zinc ligand complex
converts into ZnO NPs accordingly. The as-synthesized ZnO NPs exhibit low crystallinity, and their
crystallinity improves with increasing calcination temperatures (Figure 14c) [219]. Fourier transform
infrared spectra also reveal the peak intensity associated with the stretching vibration of Zn-O at
around 450 cm~! increases while the band intensity due to organic functional groups C=C and C=0 of
orange peel extract at 1640 cm~! decreases with increasing calcination temperatures. A broad band
centered at 3448 cm™! is ascribed to adsorbed water molecules on ZnO NPs (Figure 14d). Apparently,
FTIR spectra confirms the presence of pell extract residuals on the nanoparticles upon calcination for
different temperatures. Those phytochemicals are beneficial in assisting ZnO NPs for killing various
bacterial strains.
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ZnO Seed Layer

Generally, ZnO nanorods prepared from co-precipitation without using a seeded substrate are
oriented randomly. Thus, a two-step approach, including the synthesis of a thin seed layer on the
substrate and co-precipitation in aqueous solutions, has been adopted widely to prepare vertical
aligned ZnO nanorods/nanowires. The seed layer serves as the nucleation site for vertical growth of
dense ZnO nanostructures [200,210,221-223]. ZnO seed layer can be deposited on desired substrates
using PLD, ALD, spin coating and sol-gel techniques [200]. For instance, Liu et al. first deposited a
thin ZnO seed layer on the glass and indium tin oxide (ITO) respectively, followed by growing ZnO
nanorods on those substrates upon immersion in a solution of Zn(NO3); and HMTA [221]. Without
ZnO seeding, the sizes of ZnO nanorods grown on bare substrates are larger than those on ZnO-seeded
substrates. This is due to few nucleation sites are available for forming crystals on bare substrates.
In contrast, the coverage density of ZnO nanorod arrays is much higher on the seeded substrates
as expected. More recently, Karim et al. synthesized ZnO nanorod arrays on ZnO-seeded SiO,/Si
substrate by dipping in an aqueous solution of zinc acetylacetonate hydrate and HMTA at 85 °C for
0.5-4 h [223]. High-density of vertically aligned nanorods are grown on the ZnO-seeded substrate for
0.5 h. The length of ZnO nanorod array is ~0.9 um (Figure 15a). By increasing immersion time to 2 h,
the length of ZnO nanorods is increased to ~1.6 um (Figure 15b). As aforementioned, aligned ZnO
nanorods can be prepared using vapor-phase CVD process. However, CVD requires a relatively high
synthetic temperature, long deposition time, and large energy consumption for forming ZnO nanorods.
Apparently, the liquid-phase solution synthesis offers a good opportunity for forming aligned ZnO
nanorods at relatively low temperatures and low cost.
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Figure 14. (a) Proposed reaction mechanism between functional groups of grapefruit peel extract and

zinc ions from zinc sulfate in forming zinc-ligand complex and ZnO NPs after drying in an oven at
150 °C. Reproduced from [217] under the Creative Commons Attribution License. (b) A schematic
showing biosynthesis of ZnO nanoflowers (NFs) using Zn(NOj3),.6H,O and sea buckthorn (SBT) fruit
extract. Reproduced from [220] under the terms of the Creative Commons Attribution License. (¢) X-ray

diffraction patterns showing the wurtzite structure of as-synthesized ZnO nanoparticles calcined at

different temperatures. ZnO NPs are biosynthesized from Zn(NOj3),.6H,O and orange peel extract.

(d) Fourier transform infrared spectra of orange peel extract and the as-synthesized ZnO NPs heat

treated at different temperatures. Reproduced from [219] under the terms of the Creative Commons

Attribution-NonCommercial 3.0 Unported License.
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Figure 15. SEM images of top and cross-sectional views of ZnO nanorods formed on ZnO-seeded
5i0O,/Si substrate by immersing in zinc acetylacetonate hydrate and HMTA solution for (a) 0.5 h
and (b) 2 h. Insets in left panels of (a,b): High-magnification plan-view SEM images. Right panels:
cross-sectional SEM micrographs. Reproduced from [223] under the terms of the Creative Commons
Attribution License (CC BY).

Co-precipitation process generally yields a large particle size distribution, and poor control on the
particle shape formation. Moreover, ZnO NPs tend to agglomerate into clusters during the synthesis.
In this respect, capping agents or surfactants are added into zinc salt precursor solutions to control
the morphology and size of ZnO nanostructures, and to prevent the aggregation of ZnO nanocrystals.
Typical capping agents include cetyl trimethyl ammonium bromide (CTAB), sodium dodecyl sulfate
(SDS), Triton X-100, oleic acid, elaidic acid, etc. [224-226]. Cationic CTAB and anionic SDS surfactants
are typically used for stabilizing colloidal NPs. Ramimoghadam et al. demonstrated that the mixture
of cationic-anionic CTAB and SDS surfactants can significantly modify the shape and size of ZnO
NPs [225]. However, CTAB is highly toxic, and SDS is a hazardous agent [227]. Thus their use for
stabilizing colloidal nanoparticles must be restricted. In this respect, recent attention has paid to the use
of green chemical agents extracted from the plants such as ascorbic acid and citric acid for stabilizing
colloidal ZnO NPs [228,229].

3.2.2. Hydrothermal/Solvothermal Synthesis

The hydrothermal/solvothermal strategy utilizes water or organic solvent as the reaction
medium for synthesizing ZnO nanostructures in a sealed autoclave system at moderate to
high reaction temperatures. The recent studies on hydrothermal/solvothermal synthesis of ZnO
nanostructures/nanocomposites of different geometries have been reported elsewhere [230-237].
In some cases, surfactants are added to control the size and shape of nano-ZnO synthesized under
hydrothermal or solvothermal treatment [225,226,234]. ZnO nanostructures can be synthesized
hydrothermally with or without ZnO-seeded substrates. For instance, Dong et al. prepared ZnO
nanorod arrays using ZnO seeded ITO substrate, Zn(NO3),-6H,O precursor and HMTA weak base [230].
Figure 16a,b are the SEM images showing the top view and 45° tilt view of ZnO nanorod arrays grown
on ITO in 0.05 M Zn(NO3),-6H,O and HMTA solution at 80 °C for 3 h. The nanorod arrays with a
hexagonal feature are oriented normal to the substrate.
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Figure 16. SEM images showing (a) top view and (b) 45° tilt view of ZnO nanorod arrays. Reproduced
from [230] under the terms of the Creative Commons Attribution 4.0 International License.

Qiu et al. prepared ZnO nanoflowes using a surfactant-free hydrothermal process. Thin-ZnO film
coated glass slides, Zn(NOs3),-6H;0O, and HMTA were used, and the mixed reagent solutions were
preheated at 95 °C for 12h [231]. In the process, ZnO-coated glass substrates are immersed in preheated
aqueous solutions for different time periods. As such, ZnO nanorods are grown on the seeded glass
slide along <0001> direction after dipping for 2 h (Figure 17a). By increasing the growth time to 4 h,
secondary nucleation takes place on nanorods, and the rods contact each other to form the petals [238].
Those petals then link together to form corolla (Figure 17b and inset). More flower-like ZnO can be
readily observed as the growth time increases to 6h (Figure 17c and inset). Thus the formation of
ZnO nanoflower derives from self-assembly of zincates into nonorods, and secondary nucleation on
nanorods to form the petals. Further increasing the reaction time to 24 h leads to a complete formation
of numerous nanoflowers on seeded glass substrate (Figure 17d).

As aforementioned, polar Zn-terminated ZnO (0001) with a higher surface energy and reactivity
than polar O-(0001), non-polar (2110) and (0110). Thus Zn-terminated (0001) plane attracts negatively
charged [Zn(OH)4]*" to its surface during the synthesis process. The amount of [Zn(OH),]? deposited
on Zn-(0001) surface increases with the growth time and temperature as expected. The growth units
then self-assemble rapidly into nanoparticles on Zn-(0001) surface, and grow along the <0001> direction
to form 1D nanorods as shown in Figure 17a. Secondary nucleation occurs on the nanorod surfaces as
the crystallization time increases during hydrothermal synthesis [238]. These rods contact and link
each other under a prolonged reaction time to form 3D-ZnO nanoflowers. Figure 18 is a schematic
illustration showing the deposition of [Zn(OH)4]?>~ on Zn-(0001) surface, the self-assembly and growth
of crystals along the <0001> direction to form 1D nanorods, secondary nucleation on top of primary
nanarods to yield flower flakes, and the final formation of ZnO nanoflowers [239].
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Figure 17. The effect of growth time on morphological evolution of flower-like ZnO nanostructures
in preheated aqueous Zn(NOj3),-6H,O and HMTA solutions: (a) 2 h, (b) 4 h, (c) 6 h, and (d) 24 h.
Reproduced from [231] under the Creative Commons Attribution License.
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Figure 18. Schematic displaying the evolution of ZnO nanorods and ZnO nanoflowers from [Zn(OH),]>~
growth units. Reproduced from [239] under the Creative Commons Attribution License.

Agnihotri et al. employed ZnO seeded microscope glass substrates to grow ZnO nanorods,
followed by decorating ZnO nanorods with AgNPs [235]. In the process, ZnO seeded glass substrates
were first immersed in an aqueous solution of zinc nitrate and HMTA at 90°C for 1h to produce
ZnO nanorods. The as-grown ZnO nanorods were further hydrothermally treated in a mixed silver
nitrate-arginine solution containing ascorbic acid to form AgNPs/ZnO nanocomposite. Ascorbic acid
was used to reduce Ag* ions to AgNPs, while arginine amino acid was added to immobilize AgNPs on
ZnO nanorods (Figure 19). The morphology of AgNPs/ZnO nanorods and the dispersion of AgNPs on
a single ZnO nanorod are shown in Figure 20a,b, respectively. High-resolution TEM (HRTEM) images
of the AgNP-ZnO interface, lattice fringes of ZnO and AgNP are shown in Figure 20c,e, respectively.
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Figure 19. Schematic representation of the synthesis of AgNPs/ZnO nanocomposite using arginine as a
linker to immobilize AgNPs on ZnO nanorods. Reproduced from [235] under a Creative Commons
Attribution 3.0 Unported License.

(@)

Figure 20. TEM images of (a) a single ZnO nanorod with uniformly dispersed AgNPs. (b) Side view of
AgNPs/ZnO nanorod and immobilized AgNP at the tip of ZnO (inset). High-resolution TEM (HRTEM)
images showing (c) a clear interface between AgNP and ZnO, (d) lattice fringes with characteristic

d-spacing of ZnO, and (e) lattice fringes of AgNP. The corresponding electron diffraction patterns
of ZnO (above panel) and AgNP (below panel) are also presented. Reproduced from [235] under a
Creative Commons Attribution 3.0 Unported License.

The formation of GO/ZnO nanocomposites is now considered. GO prepared by a modified
Hummers process is thoroughly mixed with the solution of zinc salt and alkali hydroxide using
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either water or organic solvent [240]. The resulting solution is then treated hydrothermally [173,241],
or solvothermally [242-245]. The oxygenated groups of GO are largely removed from graphene
sheet during heating, leading to the formation of RGO [172,240,241,244]. In a certain case, ZnO NPs
synthesized from co-precipitation is added directly to the GO solution [246]. Wang et al. synthesized
GO/ZnO nanocomposites solvothermally by dissolving zinc acetate in alcohol followed by adding
LiOH and GO (Figure 21). The obtained precipitate was centrifuged, washed and dried at 60 °C for 12
h in a vacuum oven. The GO/ZnO nanocomposites with a respective mass ratio of 1:3 and 1:2 were
synthesized accordingly [242]. The interaction between the Zn?* and negatively charged oxygenated
groups of GO leads to the formation of finely dispersed ZnO NPs on the graphene sheet having a
lateral dimension of micrometer scale (Figure 21a). High-resolution transmission electron micrograph
(HRTEM) displays the lattice fringes of ZnO particle with a diameter of ~4 nm having a fringe distance
of 0.28 nm (Figure 21b). This corresponds to the (100) spacing of ZnO.

LiOH, Alcohol

+ Zinc Acetate ;
Heating
—C 0-0 o-H
Zn0/GO composite

(b)

Figure 21. Formation of GO-ZnO nanocomposites using solvothermal process. (a) Transmission

electron micrograph showing dispersion of ZnO nanoparticles on graphene sheet. (b) HRTEM image
showing the lattice fringes of ZnO nanoparticle. Reproduced from [242] with permission of the
American Chemical Society.

3.2.3. Hydrolysis and Condensation Process

The sol-gel process offers the advantage of simplicity for fabricating ZnO nanostructures of various
morphologies [26,247-252]. Sol is the colloidal solution in which solid particles suspend in a liquid
phase. The sol formation involves hydrolysis of metal alkoxide ((MOR)y) in an aqueous medium.
The subsequent condensation reaction results in the formation of an M-O-M network. Conventionally,
metal alkoxides are used as the precursors for sol-gel process. However, the high cost of zinc alkoxides
limits their use for preparing ZnO. So zinc salts such as zinc acetate dihydrate and zinc nitrate are used
alternatively because of their ease of hydrolysis.

The sol-gel process is versatile, so nano-ZnO can also be prepared using a modified strategy,
terming as ‘Pechini process’. This strategy relies on the formation of metallic complexes deriving from
the reaction of metal precursor with hydrocarboxylic acid, followed by a condensation reaction with
polyalcohol, e.g., ethylene glycol (EG). Hydroxycarboxylic acid such as citric, glycolic or lactic acts
as the chelating agent [248]. Polyol plays the role of the solvent and stabilizer by bridging molecules
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for metal salt precursor in forming a gel [19,253]. The advantages of this approach include the steric
entrapment of metal cation complexes and the prevention of segregation of nano-ZnO.

3.2.4. Microemulsion Process

Microemulsions are thermodynamically stable colloidal system consisting of transparent and
isotropic mixtures of water, oil and surfactant. Microemulsions are typically classified into water in
oil (W/O) and oil in water (O/W), which are stabilized by surfactant molecules. So small droplets
(micelles) of one phase are dispersed throughout the continuous phase. The droplets are considered as
nanoreactors to carry out chemical reactions for forming crystal nuclei. The steric stabilization due to
surfactant molecules on the micelles prevents the nanoparticles from the agglomeration. Water-in-oil
microemulsions are also known as reverse micelles. The synthesis of ZnO NPs using reverse micelles
involves the mixing of two types of microemulsions, i.e., one with zinc salt precursor and another
one with the precipitating agent. So the micelles undergo extensive collision and coalescence events,
causing the exchange of reactants and subsequent reaction to form nuclei in micelles.

Hingorani et al. first reported the synthesis of ZnO NPs (5-40 nm) from W/O microemulsions using
zinc nitrate, ammonium carbonate (precipitating agent), CTAB (surfactant), 1-butanol (co-surfactant),
and n-octane (oil phase). The first micelle solution comprised of zinc nitrate, n-octane and
CTAB/1-butanol. The second micelle solution comprised of ammonium carbonate, n-octane and
CTAB/1-butanol. After mixing the two micelle solutions, continuous collision and coalescence led to
the precipitation of zinc carbonate and its subsequent transformation to ZnO NPs upon heating [254].
Since then, the synthesis of ZnO NPs using W/O emulsions had been carried out by the researchers
using different organic compounds, surfactants and zinc salt precursors [255,256]. The drawbacks
of microemulsion-based synthesis include the employment of a large amount of organic compound
(oil phase) and the use of surfactant/cosurfactant for stabilizing the droplets.

3.3. Solid State Route

Mechanochemical Process

Mechanochemical process involves the milling of precursor powders in a ball mill for reducing
their sizes to the nanoscale. The raw materials break-down into smaller particles and react chemically
during milling or subsequent heat treatment to form a mixture phase of nanoparticles. A diluent is
usually added to the starting materials during the milling process to separate the nanoparticles and
prevent their subsequent growth. This is a solid state approach for fabricating ZnO NPs. Various
types of grinding balls, often termed as the milling media, are used for milling raw powders. These
include zirconia, stainless steel, and glass balls [257]. Generally, the size and shape of ground ZnO NPs
depend greatly on the milling time of starting materials, calcination temperature and time [258-260].
So a longer milling time favors the formation of fined ZnO NPs. The drawbacks of this approach are
time consuming, and the possible contamination of ground powders by milling medium.

Manzoor et al. employed mechanochemical method to fabricate ZnO NPs using anhydrous ZnCl,,
anhydrous Na,COj; and stainless steel balls in the presence of NaCl acting as a diluent [258]. The milled
powders were then calcined at 250400 °C for 30 min. Spherical ZnO NPs (19.4 nm) with a narrow size
distribution were achieved by heating the milled powders at 250 °C. However, calcination at higher
temperatures of 350 °C and 400°C led to the formation of larger ZnO NPs with mean sizes of 28.9 nm
and 30.7 nm, respectively. The reactions during ball milling and calcination were given as follows,

Milling ZnCl, + Nay,CO3 + 6NaCl — ZnCO3 + 8NaCl (11)

Calcination ZnCO3 — ZnO + CO, (12)

Very recently, Arsalani et al. ball-milled ZnCl,, KOH and MWCNTs to intiate the formation of
ZnO nuclei on the tubes followed by hydrothermal treatment at 150 °C for 15 h [260]. During the
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milling process, high-energy collision resulted in the dissociation of KOH and ZnCl. As such, Zn?*
ions reacted with hydroxyl ions from KOH through electrostatic interactions, and then deposited on
MWCNTs to yield ZnO nuclei. Further hydrothermal treatment facilitated the growth of ZnO nuclei
into ZnO NPs with an average diameter of about 50 nm on the nanotubes.

4. Antibacterial Performance

4.1. ZnO-Bacterial Interactions

ZnO NPs are well known to exhibit antibacterial activity against pathogens in the absence of
photocatalytic activity. The exact bactericidal mechanism of ZnO NPs are not clearly known and
still under debate. Several mechanisms have been proposed for bactericidal activities of ZnO NPs,
including the direct contact with cell membrane, release of metallic ions, generation of ROS, and
internalization of ZnO NPs (Figure 22a) [14,22,27,28,261,262]. For direct contact killing mechanism,
ZnO NPs tend to disrupt the cell membrane function, and interfere electron transport chain upon
attachment on the cell wall, leading to the the ROS production [263,264]. As recognized, pH at the
point of zero charge (pzc) of ZnO NPs is 9.4, so producing a net positive surface charge on those
nanoparticles in acidic, neutral and slightly alkaline solutions [265]. Accordingly, positively charged
ZnO NPs can attach readily on the cell membranes of Gram-positive and Gram-negative bacteria
due to the electrostatic interaction. This interaction disrupts the membrane structure and damages
the cell integrity, leading to the leakage of intracellular contents [264]. In particular, ZnO NPs with
very small sizes (ca < 10 nm) can easily penetrate into cytoplasm, inducing the DNA damage and
apoptosis. Generally, Gram-positive and Gram-negative bacteria have different sensitivity towards
ZnO NPs due to the difference in their cell wall structures. Gram-positive bacteria have thick layers of
peptidoglycan (20-80 nm), which are anchored to underlying cytoplasmic membrane via lipoteichoic
acid (LTA). Likewise, wall bound teichoic acid is covalently attached to peptidoglycan via murein
linkage units (Figure 22b) [266]. Peptidoglycan consists of repeated disaccharide units cross-linked
by short peptides. In addition, peptidoglycan is relatively porous, and does not form a permeability
barrier for small substrates. Together with teichoic acid and LTA containing phosphate groups, the
cell wall of Gram-positive bacteria is a highly charged anionic polymer, thus favoring electrostatic
attraction of positively charged nanoparticles [267]. In this respect, there is a greater affinity of ZnO
to Gram-positive bacteria than Gram-negatives. On the contrary, peptidoglycan of Gram-negatives
is thinner (<10 nm), and surrounded by an outer membrane containing lipopolysaccharides (LPS)
(Figure 22c¢). LPS is a complex macromolecule, being impermeable to hydrophobic antibiotics. So outer
membrane blocks the entry of numerous toxic compounds and prevents hydrophobic antibiotics from
entering the organisms [268,269]. Therefore, Gram-negative bacteria with a thinner peptidoglycan
layer and an outer membrane are more resistant to ZnO NPs than Gram-positives.

Joe etal. demonstrated that the antibacterial activity of ZnO NPs derives from an initial attachment
of ZnO NPs on the bacterial cell walls, followed by release of Zn?* ions and their subsequent penetration
into the cytoplasm [22]. Once inside cytoplasm, Zn?* ions interact with cellular organelles, thereby
inhibiting the function of enzymes, deactivating proteins and DNA, and inducing oxidative stress [55].
Enzyme inhibition by zinc ions leads to an eventual cell death since enzymes are needed for performing
essential metabolic pathways. Furthermore, Zn?* ions also interact strongly with the protein-binding
sites such as the sulfhydryl group of cysteine, thus inactivating the protein by forming Zn?*-cysteine
complex [270]. Zn ion complex can also be formed by Zn?* substitution into hydrogen bonds
of deoxyribonucleic acid (DNA) base pairs, leading to the DNA damage and cell apoptosis [271].
Meanwhile, very fine ZnO NPs (ca < 10 nm) can reach cytoplasm through the membrane disruption,
resulting in enzyme inhibition as revealed by a marked suppression of the activity of 3-galactosidase,
a fundamental enzyme in bacterial metabolism [272].
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Figure 22. (a) Three possible mechanisms responsible for bactericidal activity of ZnO NPs: (1) The
generation of reactive oxygen species (ROS), (2) release of Zn%* ions, and (3) direct attachment
on bacterial cell membrane. Reproduced from [261] under the terms of the Creative Commons
Attribution 4.0 International License. Schematics showing the cell wall structures of (b) Gram-positive
and (c) Gram-negative bacteria. Reproduced from [266] under the terms of the Creative Commons
Attribution License.

The third possible mechanism for bactericidal activity of ZnO NPs is the ROS generation.
Those reactive radicals interact with unsaturated fatty acids of phospholipid bilayer, leading to lipid
peroxidation (LPO) that causes the loss of cellular functions [273]. As such, ROS induce oxidative
stress and inactivate cellular surface proteins, resulting in a loss of membrane integrity and final cell
death [274-276]. Thus ZnO NPs can induce ROS for killing bacteria even in the dark condition [262,277].

Very recently, Singh et al. employed commercially available ZnO NPs for killing Deinococcus
radiodurans with extraordinary radiation resistance [276]. TEM was employed to observe the
internalization of ZnO NPs as shown in Figure 23. The antibacterial activity of ZnO NPs
in vitro was determined from different bioassays, including conventional colony count method,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and propidium iodide (PI)
uptake assay. Colony forming units (CFU) were quantified in terms of the percentage of viable cells. PI
staining protocol was employed for detection of bacterial cell death through the assessment of plasma
membrane integrity using PI dye. Viable cells with intact membranes excluded PI, while the cells with
a loss of membrane integrity facilitated uptake of PI. Colony count method indicated that ZnO NPs
greatly reduced the viability of bacterial cells under a dose-dependent manner. At a dose of 80 ug/mL
ZnO NPs, the viability reduced to ~25% (Figure 24a). A similar reduction trend in bacterial cell viability
with increasing ZnO NPs concentrations was observed in the MTT assay (Figure 24b). Meanwhile, PI
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uptake assay showed an increase of PI uptake with increasing ZnO concentrations (Figure 24c). Thus
ZnO NPs induced membrane damage by penetrating into cytoplasm, thereby facilitating the entry of
PI dye inside the cells. The interaction of ZnO NPs with bacterial cell facilitates the ROS production in
a concentration dependent manner (Figure 24d).

Figure 23. TEM images showing bare D. radiodurans cells (left panel), and internalization of ZnO
NPs into bacterial cells (right panel). Reproduced from [276] under a Creative Commons Attribution

4.0 License.
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Figure 24. Reduction in viability of D. radiodurans upon exposure to ZnO NPs for 3 h as determined
by: (a) Colony count method, (b) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, (c) propidium iodide (PI) uptake assay, and (d) ROS assay. The error bars are the standard
deviation (n = 3); * denotes p < 0.05. Reproduced from [276] under a Creative Commons Attribution 4.0

International License.

4.1.1. Particle Size- and Dose-Dependence

The antimicrobial activity of ZnO NPs depends greatly on their sizes and concentrations.
The smaller the nanoparticle size, the higher the activity is. Gram-positive S. aureus and Gram-negative
Escherichia coli (E. coli) are typically selected as model bacteria strains for assessing antibacterial activity
of ZnO NPs [261,271,275-279]. As previously mentioned, very fine ZnO NPs interact strongly with
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bacterial membrane, thus disrupting the cell wall function and producing high ROS level. In particular,
small ZnO NPs with a large surface area attach on the cell walls, so releasing more 7Zn2%* ions and
inducing higher ROS levels than large nanoparticles. Moreover, very fine nanoparticles can easily
penetrate cell membranes into cytoplasm than larger particles. Raghupathi et al. reported that the
antimicrobial activity of ZnO NPs (12-212 nm) against S. aureus is inversely proportional to their
size. ZnO NPs with a size of 12 nm exhibited the highest bactericidal activity than those with sizes of
142 nm and 212 nm. The improved bactericidal effect resulted from the accumulation of very fine ZnO
NPs on the outer cell membrane or in the cytoplasm, and the corresponding ROS generation [280].
Similarly, Mahamuni et al. also demonstrated that antibacterial and antibiofilm activities are inversely
proportional to the size of ZnO NPs (~15-23 nm). ZnO NPs with the smallest size of ~15 nm exhibited
excellent antibacterial and antibiofilm activities against Gram-positive S. aureus and Gram-negative
Proteus vulgaris [255].

Leung et al. examined antimicrobial activity of commercial ZnO NPs with a mean size of 20 nm
against E. coli using SEM imaging method [278]. Figure 25a shows that ZnO NPs interact with E. coli in
a dose-dependent manner. At a low particle dose of 0.01 mg/mL, few ZnO NPs attach on the surface of
E. coli as expected. By increasing nanoparticle dose to 1 mg/mL, many ZnO NPs adhere on E. coli due
to electrostatic interactions, leading to the cell membrane damage in the form of holes as indicated by
red arrows. The particle concentrations employed for SEM imaging are relatively high to facilitate
the observation of ZnO-bacteria interactions. Recently, Arakha et al. demonstrated that direct contact
of ZnO NPs with E. coli can result in the membrane blebbings, membrane damage, and membrane
clumping leading to final cell death (Figure 25b) [275]. Dwivedi et al. investigated the effect of ZnO
NPs (10 nm) concentrations on the ROS generation in P. aeruginosa (Figure 25c) [29]. Apparently, the
ROS level increases with increasing ZnO NPs doses as expected. The dose-dependent effect of ZnO
NPs on the ROS generation in D. radiodurans has been shown previously in Figure 24d.
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Figure 25. (a) SEM images of E. coli with concentrations of 10°, 107 and 108 CFU/mL upon exposure to
ZnO nanoparticles of different doses (0.01, 0.1 and 1.0 mg/mL). Reproduced from [278] under a Creative
Commons Attribution 4.0 International License. (b) SEM images of untreated E. coli cells (left panel)
and ZnO NPs treated E. coli cells (right panel). Direct contact of ZnO NPs on bacterial membranes due
to electrostatic interactions leads to membrane blebling, membrane damage, and membrane clumping
as indicated by white arrows. Reproduced from [275] under a Creative Commons Attribution 4.0
International License. (c) Fluorescent 2,7-dichlorofluorescein (DCF) data showing the ROS level in
Pseudomonas aeruginosa treated with ZnO NPs (5, 10, 25, 50 and 100 mg/mL) for 24 h. Reproduced
from [29] under a Creative Commons Attribution License.

4.1.2. Minimal Inhibitory Concentration

The antimicrobial activities of ZnO nanostructures against various bacterial strains can be assessed
by means of broth dilution and Kirby-Bauer disk diffusion techniques. The results are expressed in
terms of minimum inhibitory concentration (MIC) and inhibition zone, respectively. More recently, da
Silva et al. employed the sol-gel process using ethanolic zinc acetate solution and LiOH to synthesize
ZnO NPs (5.3 nm); ZnO NPs were further heat treated at 600 °C to yield nanoparticles with sizes of
33.9 nm [26]. MIC values of the as-synthesized ZnO NPs and heat treated ZnO NPs against S. aureus
were 78.2 and 208.2 pg/mL, while MIC values of the same samples against E. coli were 312.5 and
1250 pg/mL, respectively. Apparently, the as-synthesized ZnO NPs with a smaller size exhibited better
bactericidal activity against both bacterial strains.

Generally, flavonoids and polyphenols extracted from natural plants are involved in the
antibacterial activity of green ZnO nanostructures against various bacterial strains. Chen and
coworkers synthesized ZnO NPs with a mean size of ~18 nm by reducing Zn(NO3),-6H,O with
Geranium wallichianum leaf extract. The bactericidal activity of spherical ZnO NPs against Gram
positive S. aureus, Bacillus subtilis, Gram negative E. coli, Pseudomonas aeruginosa, and Klebsiella
pneumoniae was investigated [31]. ZnO NPs were found to exhibit significant antimicrobial effect
against those bacterial strains, especially Gram-positive bacteria. B. subtilis was the most vulnerable
strain with an MIC value of 7.8 ug/mL, while K. pneumoniae was the least susceptible bacteria having
MIC value of 125 pg/mL. The increased antibacterial efficacy of ZnO NPs was ascribed to the bioactive
functional groups attached on the surface of nanoparticles.

Elumalai and Velmurugan biosynthesized ZnO NPs (mean size: ~16.66 nm) from A. Indica
leaf extract, and investigated their antimicrobial activity against Gram-positive S. aureus, B. subtilis,
Gram-negative E. coli, P. aeruginosa, and Proteus mirabilis [30]. Spherical ZnO NPs showed excellent
antibacterial activity against those bacterial strains. Gram-positive bacteria, especially S. aureus is
more sensitive to ZnO NPs. This can be ascribed to its cell wall structure containing porous and
multilayered peptidoglycan as mentioned previously. The average values of zone of inhibition against
S. aureus exposed to ZnO NPs with doses of 50 ug/mL and 200 ug/mL, are 14.4 + 0.76 mm and
23 + 0.50 mm, respectively. In contrast, the mean zones of inhibition against E. coli treated with ZnO
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NPs concentrations of 50 pg/mL and 200 pug/mL, are 12.6 + 0.76 mm and 19.0 + 0.50 mm, respectively.
Moreover, MIC value of ZnO NPs against S. aureus and B. subtilis is 6.25 ug/mlL, while a higher MIC
value of 25 ug/mL is needed for killing Gram-negative E. coli and P. aeruginosa. So the inactivation of
Gram-negative bacteria requires a higher concentration of ZnO NPs.

Abbasi et al. synthesized ZnO nanostructures from the callus extract of Silybum marianum (L.)
Gaern. The as-synthesized ZnO exhibited a flower-like feature with a size of 44 nm, having MIC values
of 33.33 and >100 pg/mL against S. aureus and P. aeruginosa, respectively [281]. Paduraru et al. prepared
spherical ZnO NPs and flower-like ZnO using polyol process and microwave-assisted hydrothermal
method. In polyol synthesis, zinc acetate was dissolved in ethylene glycol by refluxing at 160 °C to
form a 1 M solution. The mixture was refluxed for further 12h at 160 °C, followed by centrifuging
and drying in an oven to obtain spherical ZnO NPs with sizes of 14.63 + 0.47 nm. The latter method
involved microwave-assisted hydrothermal treatment of an aqueous solution of ZnSO4 and ammonia
water at 120 °C for 10 min [27]. ZnO-nanoflowers were formed by sefl-assembly of ZnO nanorods
(length: 103 nm). The MIC values of ZnO-nanoflower against E.coli and candida albicans (fungus
that causes human gut and skin diseases) were determined to be 1250 and 1250 pug/mL, respectively.
However, MIC values against E.coli and candida albicans were largely reduced to 625 and 312 ug/mL
respectively by treating with fined ZnO NPs (14.63 nm) prepared by polyol process. Their results were
tabulated in Table 1.

Very recently, Liu et al. employed microwave-assisted solvothermal method to synthesize ZnO
tapered rods with an average length of 1 um using zinc acetate and ethylene glycol in the presence of
CTAB. In addition, they also synthesized 7.7 mol% AgNPs/ZnO nanocomposite by dispersing ZnO
tapered rods in an aqueous solution of AgNOs3 and few drops of NaOH at 80 °C. The bactericidal
efficacy of ZnO rods and AgNPs/ZnO nanocomposite against several bacterial strains was assessed
accordingly [115]. In fact, AgNPs/ZnO nanocomposite exhibited a higher bactericidal activity than
ZnO rods due to the presence of released silver ions from AgNPs and ROS generated from ZnO. As a
result, AgNPs/ZnO nanocomposite had lower MIC values than ZnO rods as listed in Table 1.

Abinaya et al. prepared 5%Cu/ZnO prismatic nanoparticles (nanoplates) using zinc acetate,
copper acetate monohydrate and NaOH at 160 °C for 5h by means of hydrothermal synthesis. They
also hydrothermally synthesized 5%AgNPs/ZnO using zinc acetate, silver nitrate and NaOH at 160 °C
for 5h [28]. In their study, 5%AgNPs/ZnO and 5%Cu/ZnO hybrids exhibited much lower MIC values
than pure ZnO against S. aureus and E. coli (Table 1). The 5%AgNPs/ZnO and 5%Cu/ZnO hybrids
would release silver and copper ions respectively for bactericidal activity. In particular, Ag* ions from
5%AgNPs/ZnO hybrid were very effective for killing E. coli and S. aureus as evidenced by low MIC
values of 38 and 40 pg/mL, respectively.
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Table 1. Minimal inhibitory concentration (MIC) of ZnO nanostructures prepared by different processes.
Material Size (nm) Shape Synthesis Process Bacterial Strains MIC, pg/mL Reference
Escherichia coli 25
. Pseudomonas aeruginosa 25
~ Sph 1 3
Zn0 16.66 pherica Green Staphylococcus aureus 6.25 [30]
Bacillus subtilis 6.25
Escherichia coli 15.625
Pseudomonas aeruginosa 31.25
ZnO ~18 Spherical Green Klebsiella pneumonia 125 [31]
Staphylococcus aureus 15.625
Bacillus subtilis 7.8
Pseudomonas aeruginosa >100
Zn0 . Nanoflower Green Staphylococcus aureus 33.33 (2811
ZnO 14.63 Spherical Polyol Escherichia coli 625 [27]
~10? (length of Nanoflower formed by Microwave-assited .y .
200 nanorods) self-assembly of rods hydrothermal Escherichia coli 1250 271
Escherichia coli 50
. o Salmonella typhimurium 50
h 1 - tat
ZnO 170 Spherica Co-precipitation Bacillus sublilis 100 [240]
Enterococcus faecalis 200
. Escherichia coli 500
h 1 l-gel
Zn0 19 Spherica Sol-ge Klebsiella pneumoniae 500 (191
Escherichia coli 312.5
Zn0:5.3 ;
Spherical Staphylococcus aureus 78.2
- : . l-gel
Zn0 I;e;t treated ZnO: Spherical Sol-ge Escherichia coli 1250 [26]
' Staphylococcus aureus 208.2
100-250 (diameter); . . Escherichia coli 82
’ P t lat Hydroth 1
Zn0 50-80 (thickness) rismatic nanopates ydrotherma Staphylococcus aureus 78 (28]
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Zhong and Yun reported that GO/ZnO hybrid had very low MIC values toward several bacterial
strains including E. coli, Salmonella typhimurium, Enterococcus faecalis and B. subtilis. In particular,
GO/ZnO hybrid had the lowest MIC value of 6.25 pg/mL against both E. coli and S. typhimurium strains.
In contrast, GO sheet and ZnO NPs exhibited a higher MIC value of 12.5 and 50 pg/mL respectively
against E. coli and S. typhimurium. In other words, GO/ZnO hybrid caused more damage to E. coli
and S. typhimurium than GO and ZnO NPs alone [240]. Excellent antibacterial activity of GO/ZnO
hybrid was attributed to the synergistic effects of GO and ZnO NPs. Generally, graphene sheet showed
three modes of bactericidal activity, i.e., membrane lipid peroxidation, nano- knife and wrapping
effects. Graphene sheets were capable of oxidizing and extracting unsaturated lipids from bacterial
membranes, leading to LPO. The sharp edges of graphene sheets acted as a nano-knife to cut and
damage bacterial membranes. Furthermore, graphene sheets with a lateral dimension of several
micrometers served as a blanket to wrap bacteria completely, thus isolating bacterial strains from
external environment and limiting their access to nutrients [13]. In this respect, finely dispersed ZnO
NPs on GO inactivated those bacterial strains through the release of Zn?* ions and the production of
ROS [240]. As such, GO sheet caused LPO while ZnO NPs induced ROS, resulting in the GO/ZnO
hybrid with superior antibacterial activity (Table 1). Table 1 also summarized the MIC values of ZnO
nanostructures prepared by different processes against various bacterial strains.

4.1.3. Zone of Inhibition

As mentioned, Chen and coworkers treated Gram positive (S. aureus, B. subtilis), Gram negative
(E. coli, P. aeruginosa, and K. pneumoniae) strains with green ZnO NPs (~18 nm). B. subtilis was the most
susceptible bacteria with an MIC value of 7.8 ng/mL, while K. pneumoniae was the least susceptible
strain having an MIC value of 125 pug/mL [31]. Figure 26 showed the growth inhibition zones for those
bacterial strains were dependent on ZnO NPs concentrations. Gram-positive S. aureus and B. subtilis
exhibited larger values of growth inhibition zones than Gram-negative bacterial strains. At ZnO NPs
doses of 500 and 1000 pg/mL, the greatest values of the growth inhibition zones were observed in B.
subtilis, so ZnO NPs being the most efficient materials against this bacterial strain.
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Figure 26. Growth inhibition zones for various bacterial strains exposed to green ZnO NPs of different
concentrations. Oxytetracycline was used as a positive control. Reproduced from [31] under a Creative
Commons Attribution License.

Zare et al. biosynthesized AgNPs/ZnO nanohybrid hydrothermally using Thymus vulgaris leaf
extract, zinc nitrate, silver nitrate and sodium hydroxide reagents. The hydroxyl groups in flavonoids
and phenols of leaf extract were effective to reduce zinc ions into ZnO NPs [282]. The antimicrobial
activity of AgNPs/ZnO hybrid against E. coli and S. aureus was dose dependent (Figure 27a,b).
The bacterial viability decreased with increasing nanohybrid doses, especially for S. aureus. At a dose
of 50 pg/mL, the viability of S. aureus was considerably lower than that of E. coli. The features of
bacterial colonies on agar plates, and the zone of inhibition determined from the disk diffusion assay
were shown in Figure 27¢,d, respectively. For a given bacterial strain, the diameter of zone of inhibition
(Z2OI) of AgNPs/ZnO nanohybrid was larger than that of pure ZnO NPs. In this respect, doped



Int. J. Mol. Sci. 2020, 21, 8836 34 0f 70

ZnO hybrid showed a higher antimicrobial activity than undoped ZnO. Furthermore, AgNPs/ZnO
hybrid exhibited a stronger bactericidal effect against S. aureus compared to E. coli. The ZOI values of
AgNPs/ZnO hybrid against S. aureus and E. coli were 18 + 0.24 and 15 + 0.21 mm, respectively. From
the literature, susceptible organisms displayed relatively larger ZOI, while resistant bacterial strains
had smaller or no ZOI upon exposure to nanomaterials [23]. Apparently, released Ag* ions from
AgNPs and Zn?* ions from ZnO of AgNPs/ZnO hybrid in the culture medium were responsible for
bactericidal activity. Gram-negative E. coli was less susceptible to AgNPs/ZnO than S. aureus owing
to impermeable outer membrane consisting of LPS. Very recently, Chauhan et al. prepared green
AgNPs/ZnO nanoparticles (38 nm) using Cannabis sativa leaf extract and zinc acetate. The composite
nanoparticles also exhibited excellent bactericidal activity against MRSA and S. aureus. From the agar
diffusion test results, the diameters of zone of inhibition for MRSA (16 + 0.404 mm) and S. aureus
(16 + 0.818 mm) were larger than those of E. coli (14 + 0.568 mm), P. aeruginosa (13 + 0.458 mm) and K.
pneumoniae (14 + 0.36 mm). In another study, this same group also demonstrated that Gram-negative
E. coli, P. aeruginosa and K. pneumoniae were more resistant to green ZnO nanoflowers (54.1 nm) than
Gram-positive MRSA and S. aureus [283]. In the case of transition metal doped ZnO NPs, the Cr dopant
also improved antibacterial activity of ZnO NPs against K. prneumoniae and P. aeruginosa on the basis of
ZOI results [104].
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Figure 27. Effect of AgNPs/ZnO concentrations on the viability of (a) E. coli, (b) S. aureus, and (c) bacterial
colony features cultured on agar plates. (d) Inhibition zone of AgNPs/ZnO nanocomposite (NC), ZnO
NPs and Gentamicin. Gentamicin is an antibiotic specifically used for treating bacterial infections.
OD in (a) denotes optical density. Reproduced from [282] under a Creative Commons Attribution 4.0

International License.
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4.1.4. Bactericidal Efficacy

One-dimensional ZnO nanorods/nanowires show potential applications as a bioimaging material,
theranostic agent, antibacterial agent and biosensor in biomedical sector [284-287]. Jeong et al.
hydrothermally synthesized ZnO nanorod arrays of different lengths ranging from 0.5 to 4 um using
ZnO seeded silicon wafers [288]. They reported that the array with long nanorods (4 um) exhibit
excellent inactivation efficiency against E. coli up to 94.2% in the dark for 30 min (Figure 28a). In contrast,
short nanorods (0.5 pm) exhibit lower inactivation efficiency of 63.5%. The bactericidal potency of
ZnO nanorods is attributed mainly to their mechanical piercing effect. ZnO nanorods attached to
bacterial cell wall can pierce through the membrane completely, leading to the membrane rupture, and
releasing intracellular contents; the direct contact killing is revealed by the SEM images. Meanwhile,
ZnO nanorods also release zinc ions upon attachment on bacterial cell wall, and generate ROS for
antibacterial activity. As mentioned, oxygen vacancies form easily in ZnO nanorods [20,21,289-291].
Those vacancies act as electron donors for the conduction band of ZnO, thus facilitating the ROS
generation [277]. The ROS level can be further increased by irradiating with UV light. As such, ZnO
nanorods absorb UV radiation to create reactive radicals as a result of electron-hole pair generation.
The bactericidal efficiency of short nanorods (0.5 pm) reaches 73.1%, while that of long nanorods (4 pm)
approaches 96.2% under UV irradiation (Figure 28a). When the nanorod arrays are coated with Al,O3
layer of different thicknesses, the inactivation efficiency is markedly decreased, especially for those
with a thicker alumina layer. Thus alumina layer can suppress both the ROS generation and Zn?* ion
release effectively (Figure 28b). From these results, antibacterial efficacy of ZnO nanorod arrays in the
dark condition derives mainly from the membrane rupture effect, followed by the ROS generation
and released Zn?* ions from nanorods. In other words, antibacterial activity of ZnO nanorod array is
mainly due to the attachment of ZnO array to bacterial cell wall, leading to the membrane piercing
effect and the release of Zn?" ions as shown in Figure 28c.

Bhuyan et al. studied antibacterial activity of pristine ZnO and Cu-doped ZnO nanorods (CZN)
prepared by mechanochemical process against E. coli by means of shake flask method [103]. In the
process, those samples were dispersed in bacterial suspensions and placed in an incubator shaker
at 37 °C for different time periods. The results are depicted in Figure 29. Apparently, Cu-doped
ZnO nanorods exhibit higher antimicrobial activity than pristine ZnO nanorods against S. aureus,
Streptococcus pyogenes and E. coli. The improved bactericidal effect derives from the release of Cu?*
ions from Cu-doped ZnO. The killing effect of Cu-doped ZnO is more effective against S. aureus than
E. coli. In addition, Gram-positive S. pyogenes appears to be more resistant to the attack of doped
ZnO. S. pyogenes is a pathogen responsible for pharyngitis, impetigo, rheumatic fever, and acute
glomerulonephritis [292].The cell wall structure of S. pyogenes consists of complex polysaccharides and
proteins, i.e., peptidoglycan layer is overlaid with M protein and an outer hyaluronic acid capsule.
The capsule is more resistant to the attack of ROS than peptidoglycan [293].
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Figure 28. (a) Inactivation efficiency of E. coli treated with ZnO nanorod arrays of various lengths
(0.5-4 um) for 30 min under different conditions (dark, visible light, and UV irradiation). (b) Inactivation
efficiency of E. coli treated with ZnO nanorod arrays of various lengths with different Al,O3 layer
thicknesses for 30 min in the dark. The values are the average of triplicate measurements, and error
bars denote the standard deviation. (c) Bactericidal mechanisms of ZnO nanorod arrays in the dark:
membrane rupture due to the nanorod piercing (inset: SEM images) > ROS generation > released Zn%*
ions. Reproduced from [288] with permission of Elsevier.

Figure 29. Antibacterial efficacy of pristine ZnO and Cu-doped ZnO nanorods using shake flask

method. Reproduced from [103] with permission of Springer.
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Agnihotri et al. studied bactericidal efficacy of AgNPs/ZnO nanorods against E. coli of different
populations [235]. The time needed for full inactivation of E. coli at concentrations of 10* and 10°
CFU/mL was determined (Figure 30a). The time for complete bacterial inactivation was relatively
shorter (i.e., 30 min) by treating E. coli (103 CFU/mL) with AgNPs/ZnO nanorods. Furthermore,
AgNPs/ZnO nanorods also exhibited better bactericidal performance when compared to pure ZnO
nanorods, colloidal AgNPs, and AgNPs/silica samples (Figure 30b). In addition, antibacterial activity
and released Ag* ions from the AgNPs/ZnO nanorods reused for several runs were also evaluated.
The full bacterial inactivation time increased with increasing reused test runs due to a decline in silver
ions released from the AgNPs/ZnO nanorods (Figure 31a,b). The AgNPs were found to translocate
across the cell membrane under TEM examination (Figure 31c). Internalization of AgNPs facilitated
the generation of ROS, dysfunction of cell respiration, and disruption of DNA replication of E. coli.
Opverall, they attributed good antimicrobial efficacy of AgNPs/ZnO nanorods to the contact killing and
released Ag™ ions since Zn?* ions were not detected in treated bacterial cells.
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Figure 30. (a) The growth of bacterial populations as expressed by the logarithm of the number of cells
(N) versus time. The unit of N is given as the colony forming unit (CFU) per mL. Bactericidal activity of
AgNPs/ZnO nanorods against E. coli tested at an initial bacterial concentration of 10° CFU/mL (triangle)
and 10° CFU/mL (square) in both deionized water (continuous line) and phosphate buffer medium
(dashed line), respectively. (b) Bactericidal activity of AgNPs/ZnO nanorods, pure ZnO nanorods,
colloidal AgNPs and AgNPs/silica against E. coli tested at an initial bacterial concentration of 103
CFU/mL. Four independent tests were performed against E. coli, and the average values reported.
Reproduced from [235] under a Creative Commons Attribution 3.0 Unported License.
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Figure 31. (a) Disinfection performance of AgNPs/ZnO nanorods after reusing for 11 runs against E.
coli (10> CFU/mL). (b) The corresponding released silver ions vs time profiles after every usage. (c) TEM
image showing internalization of AgNP by E. coli. Reproduced from [235] under a Creative Commons
Attribution 3.0 Unported License.
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As mentioned, graphene oxide sheet with a lateral dimension of several micrometers serves as a
template for anchoring ZnO NPs on its surface to form GO/ZnO nanohybrid (Figure 23). Thus ZnO
NPs of nanohybrid inactivate pathogens through direct contact killing effect by releasing zinc ions and
generating ROS [240]. GO also contributes to bactericidal activity by inducing lipid peroxidation [13].
Moreover, GO sheet with a large lateral size can wrap bacteria completely, thereby cutting off the
supply of nutrients from the growth environment [13,294]. Accordingly, GO/ZnO hybrid exhibits low
MIC values against several bacterial strains, i.e., E. coli, S. typhimurium and B. subtilis as listed in Table 1.

In a recent study of Prema et al., ZnO NPs prepared by co-precipitation process are added to GO
solution to form GO/ZnO nanohybrid [246]. Figure 32a shows the ROS level in E. coli, P. aeruginosa, S.
tryphi, and Shigella flexneri treated with pristine GO and GO/ZnO nanohybrid. Pristine GO induces a
moderate ROS level in those Gram-negative bacteria. Meanwhile, ZnO NPs of nanohybrid release Zn?*
ions when they come in contact with all bacterial strains. Therefore, GO/ZnO hybrid exhibits a higher
ROS level than pure GO as expected. The induction of ROS in Gram-negatives leads to the membrane
disruption, resulting in the leakage of cytoplasmic enzymes as revealed by lactate dehydrogenase
(LDH) assay (Figure 32b). LDH is a biomarker of damaged cell membrane integrity showing the
percentage level of enzyme leakage from the cytoplasm.
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Figure 32. (a) ROS and (b) lactate dehydrogenase (LDH) levels of different Gram-negative bacteria
strains treated with pure GO and GO/ZnO nanohybrid. Reproduced from [246] with permission of
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Recently, Wang et al. synthesized GO/ZnO nanohybrids solvothermally with different GO/ZnO
mass ratios of 1:3 (denoting as GO-1/Zn0O) and 1:2 (denoting as GO-2/Zn0O). In nanohybrids, ZnO NPs
with a size of about 4 nm were homogeneously anchored onto GO sheets [242]. Figure 33a,b show the
growth curves over time of E. coli treated with both nanohybrids of different concentrations. The curves
are obtained by monitoring the changes in optical density (OD) at 600 nm. Typical sigmoidal curves
with three different stages (phases), i.e., a lag phase, an exponential (logarithmic) phase, and a plateau
phase, can be readily seen for the growth of bacterial populations. At a low dose of 2.5 pg/mL, the lag
phase is relatively short (4 h), after which E. coli populations grow rapidly with time in the exponential
phase by treating with GO-1/ZnO and GO-2/ZnO hybrids. Both hybrids can suppress microbial growth
more effectively by increasing the doses, especially at a high concentration of 10.0 pg/mL. The lag
phase time is delayed by 16 h and 12 h, respectively at a dose of 10.0 pg/mL, which is followed by the
exponential stage and final plateau phase with low bacterial popupations. Meanwhile, the close contact
of homogeneously dispersed ZnO NPs with E. coli favors the release of zinc ions from nanohybrids
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(Figure 33c). The bactericidal efficacy derives from the synergistic effect of released zinc ions from the
ZnO/GO nanohybrids, and the wrapping of graphene sheet around E. coli (Figure 33d).

1.6 1.6 |—=— Control

=Y [—=— Control

1.44{25ugmL 1.4 25pg/mL
—4— 5.0 pg/mL —4— 5.0 pg/mL

1.24 . 7.5 ug/mL
1.04 7 10.0 ugimL

=0.8- = 0.8

(—3 =3

2 0.6- 2 0.6

2 a

O 0.4+ C 0.41
0.2 0.2-
0-0‘ o o_

124 . 7.5 ng/mL
1.04 10.0 pg/mL

Time (h)

N
o
I

Released Zn (%)

104 —o—10.0 pg/mL ZnO/GO-1
——10.0 pg/mL ZnO/GO-2

C —=— 5.0 pg/mL ZnO/GO-1

0 —+— 5.0 pg/mL ZnO/GO-2

0 4 8 12 16 20 24
Time (h)

¥* "

Figure 33. Growth curves of E. coli treated with (a) GO-1/ZnO and (b) GO-2/ZnO hybrids of different
doses; (c) Zinc released from GO/ZnO composites; (d) Wrapping of graphene sheet around E. coli
and released Zn?* ions led to bacterial cell membrane damage. The experiments were performed in
triplicates, and the results were given as mean + standard deviation. Reproduced from [242] with
permission of the American Chemical Society.

4.2. Bactericidal Activity under Visible Light

4.2.1. Metal Doping

The bactericidal performance of ZnO nanostructures can be further enhanced by irradiating with
electromagnetic waves. In general, photocatalytic ROS generation is mainly responsible for bactericidal
activity of ZnO nanostructures with a wide bandgap under UV irradiation [295]. The bandgap of
ZnO nanostructures can be greatly reduced by doping with transition metals. As such, ZnO can
absorb photons of longer wavelength, thereby shifting its optical absorption edge from UV to visible
region. Therefore, bactericidal activity of nano-ZnO under visible light can be improved by doping
with metals [296-299]. More recently, Qi et al. synthesized pure ZnO NPs, and Cu-doped ZnO
nanorods using co-precipitation process (Figure 34a) [298]. The antibacterial activity of nano-ZnO
under simulated solar light was investigated. The bandgap of ZnO NPs was 3.20 eV, and reduced to
2.81 eV by doping with Cu. The Cu/ZnO nanorods exhibited better antibacterial activity than ZnO
NPs under simulated sunlight illumination (Figure 34b). This was attributed to the generation of ROS
on Cu/ZnO nanorods under sunlight. Copper dopant improved photocatalytic activity of ZnO by
introducing midgap states below the CB of ZnO (Figure 34c). In this respect, photogenerated electrons
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were readily excited from the VB of ZnO to localized Cu midgap states, leading to the formation of
superoxide anion and hydroxyl radicals for bactericidal activity. From Figure 34b, pure ZnO NPs
displayed a sharp increase in bactericidal activity under solar light illumination for 4h. This was
presumably caused by the presence of oxygen vacancies in ZnO NPs, thereby reducing the band-gap
and enhancing solar light photocatalytic effect.
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Figure 34. (a) SEM image showing morphology of Cu-doped ZnO nanorods; (b) Photocatalytic
efficiency of ZnO NPs and Cu/ZnO nanorods against E. coli under simulated solar light irradiation;
(c) Photocatalytic mechanism of Cu/ZnO nanorods under solar light. Reproduced from [298] with
permission from Elsevier.

Gupta and Bahadur synthesized Cu-doped ZnO nanocomposites through hydrolysis and
condensation of zinc acetate and copper acetate in a polyol medium, i.e., diethylene glycol (DEG)
at 170-180 °C for 1h. Based on the nominal concentration of Cu, the resulting nanocomposites
were designated as Cus/ZnO (5% Cu) and Cuy¢/ZnO, respectively [102]. Figure 35a,c summarize the
live/dead staining, ROS and malonaldehyde (MDA) results of E. coli treated with different Cus/ZnO
concentrations. A marked decline in green fluorescence at Cus/ZnO concentrations >100 ug/mL
demonstrates the excellent efficacy against E. coli. As recognized, a mixture of SYTO9 and propidium
iodide (PI) fluorescent dyes is used in the live/dead assay to distinguish viable bacterial cells with
intact plasma membranes from dead cells with damaged membranes. SYTO9 dye can penetrate cell
membranes of both viable and dead cells, giving rise to green fluorescence. However, PI only penetrates
cell membranes of dead cells, producing red fluorescence. Moreover, Cus/ZnO also induces ROS
and membrane lipid peroxidation in E. coli, resulting in the loss of membrane integrity (Figure 35b,c).
Both ROS and MDA levels increase markedly as the Cus/ZnO content increases. MDA is a biomarker
for revealing lipid membrane peroxidation. Figure 36a,b show the effect of solar light irradiation
on bactericidal potency of Cus/ZnO (200 ug/mL) against E. coli as determined by OD600 and colony
counting methods. A large amount of E. coli is inactivated due to the creation of ROS under solar
light irradiation. From Figure 36b, inactivation of E. coli by Cus/ZnO to a small extent in the dark
can be readily seen. As mentioned, nano-ZnO possesses intrinsic oxygen vacancies that facilitate the
formation of superoxide anion, hydroxyl radicals, singlet oxygen and HyO, in the dark [20,21,300-302].
The amount of oxygen vacancies in ZnO NPs can be somewhat increased by doping with Cu [303].
Thus oxygen vacancies, released Cu, and Zn ions from Cus/ZnO in the culture medium [22], are
contributed to bactericidal activity to a certain degree in the dark. In another study, Gupta et al. also
reported that Ags/ZnO nanospheres exhibit superior bactericidal effect against E. coli under solar
light [304]. The photocatalytic bactericidal effect derives from the creation of superoxide anion and
hydroxyl radicals due to the surface plasmon effect of AgNPs under solar light as shown in Figure 5A.
Both reactive species can damage bacterial cell membrane leading to cell death after 30 min of solar
light illumination.
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Figure 35. (a) Change in fluorescence intensity of green/red ratio of live/dead assay, (b) ROS and
(c) MDA levels of E.coli treated with different Cus/ZnO concentrations. The data were expressed as the
mean + SD (standard deviation) for three independent experiments (1 = 3). p < 0.05 (*), 0.001 (**) and
0.0001 (***) were measured significant as compared to control. Reproduced from [102] with permission
of the American Chemical Society.
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Figure 36. Photoinactivation of E. coli treated with Cu5/ZnO (200 pg/mL) under solar light (SL).
The plots of (a) OD600 and (b) CFU/mL as a function of time. The experiments were performed in
triplicates and data were expressed as the mean + SD. Reproduced from [102] with permission of the
American Chemical Society.

For AuNPs/ZnO nanocomposites, hot electrons are injected from noble AuNPs into the CB of
ZnO for reacting with adsorbed oxygen molecules to create ROS under visible light irradiation due to
plasmonic oscillation. He et al. deposited 2-20% AuNPs (1-3 nm) onto ZnO NPs (30—40 nm), and
reported a dramatic increase in the production of hydroxyl, superoxide and singlet oxygen radicals on
the nanocomposites under simulated sunlight irradiation (Figure 37a,b) [305]. As a result, AuNPs/ZnO
nanocomposite with a dose of 0.05 mg/mL exhibited good antibacterial activity against S. aureus under
simulated sunlight exposure for 10 min. At a dose of 0.1 mg/mL AuNPs/ZnO, the percentage of
survival of S. aureus decreased significantly due to the ROS generation (Figure 37c).
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Figure 37. (a) TEM image and (b) schematic illustration of the production of hydroxyl, superoxide
anion and singlet oxygen radicals on 4% AuNPs/ZnO exposed to simulated sunlight. Fine grey circles
in (a) are AuNPs; scale bar is 20 nm. (c) A bar graph showing staphylococcus aureus survival upon
exposure to ZnO NPs and 4% AuNPs/AgNPs at doses of 0.05 and 0.1 mg/mL without (black column)
and with simulated sunlight illumination for 10 min. Control 1 is bacteria exposed to neither NPs nor
light. Control 2 denotes bacteria exposed to simulated sunlight for 10 min in the absence of NPs. All
tests are conducted in triplicates and repeated at least twice to obtain reproducibility. Reproduced
from [305] with permission of the American Chemical Society.
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Das et al. investigated solar-photocatalytic disinfection (PCD) of spherical Fe-doped ZnO NPs
against MDR E. coli isolated from wastewater of a rural healthcare center [306]. Fe-doped ZnO NPs
with sizes of 80-100 nm were synthesized by chemical precipitation process. MDR E. coli was the
main bacteria causing urinary tract infections and water borne diseases. Figure 38a shows the time
dependent disinfection of MDR E. coli as a function of Fe/ZnO NPs doses under solar light. Apparently,
bactericidal efficiency increases with increasing Fe/ZnO NPs dose up to 750 ug/mL; (Note that mg/L
= pg/mL). At an optimal dose of 500 ng/mL, the time for complete disinfection for Fe/ZnO NPs was
relatively shorter (i.e., 80 min) when compared to undoped ZnO (120 min) and TiO, (180 min) as
shown in Figure 38b (inset). By doping with Fe, Fe>* ions replaced Zn?* ions at tetrahedral sites of
ZnO [307]. Under solar light irradiation, Fe®* ions acted as the hole and electron traps, thus promoting
the ROS generation. The photocatalytic reactions were given by [308],

Fe’* + e — Fe?" (electron trap) (13)
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Figure 38. (a) Effect of Fe/ZnO NPs concentrations on solar-photocatalytic disinfection (PCD) kinetics

of multidrug-resistant (MDR) E. coli. Control-1: bacteria exposed to Fe/ZnO NPs in the dark; Control-2:

bacteria without Fe/ZnO NPs under solar irradiation. (b) Effect of different catalysts on the solar-PCD
kinetics of MDR E. coli at a catalyst concentration of 500 mg/L. Initial MDR E. coli concentration =
1.2 X 107 CFU/mL, temperature = 35 + 2 °C, pH = 6.5. Error bars indicate standard deviation of replicates
(n = 3). Reproduced from [306] under a Creative Commons Attribution 4.0 International License.
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The decline in bacterial populations due to Fe/ZnO NPs was attributed to the generation of
superoxide and hydroxyl radicals, leading to membrane lipid peroxidation as revealed by the MDA
results (Figure 39a), and the leakage of of K* ion from MDR E. coli (Figure 39b). Figure 40 is a schematic
showing solar-photocatalytic disinfection of Fe/ZnO NPs against MDR E. coli (left panel), leading to the
membrane damage due to lipid peroxidation and the leakage of K* ions from cytoplasm (right panel).
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Figure 39. Plots of (a) malondialdehyde (MDA) content vs time and (b) leakage of K* ion vs time for
MDR E. coli treated with Fe/ZnO NPs. Initial MDR E. coli concentration = 1.2 X 107 CFU/mL, Temperature
=35+2°C, pH = 6.5, [Fe/ZnO NPs] = 500 mg/L. Error bars indicate standard deviation of replicates
(n = 3). Reproduced from [306] under a Creative Commons Attribution 4.0 International License.
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Figure 40. Schematic view of visible-light photocatalytic bactericidal activity of Fe/ZnO NPs against
MDR E. coli. Reproduced from [306] under a Creative Commons Attribution 4.0 International License.

4.2.2. Non-Metal Doping

Non-metal dopants can effectively extend the absorption band edge of ZnO to visible light region
by introducing an intermediate energy level just above the VB of ZnO. The dopants narrow the bandgap
and facilitate the separation of eletron-hole pairs [309]. Podporska-Carroll et al. studied antimicrobial
behavior of F-doped ZnO nanopowders against E. coli and S. aureus under visible light illumination.
F-doped ZnO NPs with two different molar ratios of ZnO: trifluoroacetic acid (TFA), i.e., ZnO:TFA 1:1
and ZnO:TFA 1:2, were prepared by the sol-gel process [310]. Figure 41A displays the bactericidal
activity of undoped ZnO (ZnO SG), ZnO:TFA 1:1 and ZnO:TFA 1:2 nanopowders against E. coli in the
dark. A few log reduction in bacterial density can be readily seen in these samples after testing for 3h
and 6h. This is ascribed to the direct contact killing of undoped ZnO and F-doped ZnO through the
release of Zn?* ions and ROS generation. Under visible light irradiation for 6h, ZnO:TFA 1:1 produces
a 2.88 log reduction (99.87%) in E. coli population, while it yields a 4.62 log reduction (over 99.99%) in
S. aureus population (Figure 41B,C). The visible-light photocatalytic bactericidal activity derives from
the generation of additional ROS as expected [310].
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Figure 41. Log reduction of E. coli treated with undoped ZnO SG, ZnO:TFA 1:1 and ZnO:TFA 1:2 under
(A) the dark and (B) visible light conditions. (C) Bactericidal activity of those samples against S. aureus
under visible light. All tests were conducted in triplicates. Reproduced from [310] with permission
of Elsevier.

4.2.3. Coupled Metal Oxide Semiconductors

Coupling nano-ZnO with CuO of a relatively narrow bandgap (~1.35-2.00 eV) can yield CuO/ZnO
nanocomposite heterostructures with enhanced photocatalytic activity [311,312]. Liu et al. carried
out antimicrobial study of pristine ZnO and CuO/ZnO nanocomposite membranes against E. coli.
The composite membrane was prepared by mixing hydrothermally grown ZnO nanorods with an
aqueous solution of copper sulfate and NaCl. The resulting ZnO nanorods were decorated with CuO
NPs (~100 nm), showing a corn-like feature (Figure 42a) [313].Under dark condition, ZnO nanorod
exhibited limited bactericidal activity associated with direct contact killing effect and the generation
of a certain amount of ROS. The presence of intrinsic oxygen vacancies in ZnO nanorod favored the
formation of superoxide anion, hydroxyl radicals, singlet oxygen and H,O,in the dark [20,21,302].
As such, ZnO nanorod inactivated E. coli around 15% in the dark after 30 min. In the case of CuO/ZnO
under dark condition, the nanocomposite would kill around 40% E. coli after 30 min due to released
Zn?* ions, Cu%* ions and the ROS generation. However, CuO/ZnO membrane inactivated E. coli
completely after 25 min irradiation of visible light (Figure 42b). This was ascribed to the high generation
of superoxide and hydroxyl radicals for killing E. coli. As mentioned previously, electrons were excited
from the VB to CB of CuO under visible light illumination due to its small bandgap. Photoexcited
electrons from the CB of CuO were then transferred to the CB of ZnO for producing superoxide anions,
while the holes from the VB of ZnO were moved to the VB of CuO for creating hydroxyl radicals
(Figure 10b).
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Figure 42. (a) SEM image showing ZnO nanorods decorated with CuO. (b) Survival rate vs visible light
irradiation time curves of E. coli treated with CuO/ZnO membrane and ZnO membrane. Reproduced
from [313] under the Creative Commons Attribution License.

4.2.4. GO/ZnO Nanocomposites

As mentioned, photocorrosion of ZnO nanostructures can be prevented by modifying with
carbonaceous nanomaterials such as graphene sheet and CNTs [89,160-162,314]. Furthermore, the
optical absorption edge of nano-ZnO is red-shifted to the visible region by modifying with carbonaceous
nanomaterials due to a significant decrease in their bandgap energy [172,314]. The main drawbacks of
CNTs for fabricating CNTs/ZnO nanocomposites include the lack of solubility in aqueous media, and
the absence of oxygenated functional groups for reacting with ZnO. By contrast, negatively charged
oxygenated groups of GO react readily with released Zn?* ions from the zinc salt precursor to produce
GO/ZnO nanocomposites. This leads to the formation of finely dispersed ZnO NPs on graphene [242].

Wu et al. hydrothermally synthesized GO/ZnO hybrid using an aqueous solution of GO and ZnO,
and reported its visible-light photocatalytic bactericidal activity [173]. Under visible light illumination,
total inactivation of E. coli requires 60 min, with a 7-log reduction in bacterial cell density (Figure 43a).
As such, electrons are injected from the graphene sheet into the CB of ZnO, generating superoxide
anion on the GO/ZnO nanocomposite (Figure 8). Meanwhile, HyO; is formed by the reduction of
superoxide anion. Figure 43b shows the creation of H;O, from GO/ZnO during the photocatalytic
inactivation process under visible light illumination. The hydrogen peroxide content can reach as
high as 80 uM within 60 min, leading to remarkable photocatalytic bactericidal activity accordingly.
In general, negatively charged superoxides and hydroxyl radicals cannot pass through bacterial cell
membrane with a negative surface charge. Therefore, these radicals reside mainly on the surface of
bacterial cell wall for bacterial killing. However, neutral H,O, molecule permeates the cell wall readily,
which is followed by the subsequent oxidation of intracellular components.
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Figure 43. (a) Visible-light photocatalytic inactivation efficiency of E. coli (1 x 107 CFU/ mL) treated
with GO/ZnO composite, GO and ZnO; (b) H,O, generation from GO/ZnO during the photocatalytic
inactivation process under visible light. All the experiments and controls were conducted in triplicates.
Reproduced from [173] with permisiion of Elsevier.

5. Hemolysis

Malaria is caused by protozoa of the genus Plasmodium through the bites of female Anopheles
mosquitoes. Protozoa are single celled organisms having membrane-bound nuclei. In particular,
Plasmodium falciparum is the deadliest parasite causing human fatality globally. Those parasites invade
mammalian erythrocytes (red blood cells), causing rupture of infected cells. So much efforts have been
spent by the researchers to tackle this issue. Graphene and its derivatives GO/rGO have been reported
to inhibit malaria invasion through physical barrier obstruction of P. falciparum parasites and nutrition
depletion effects [315,316]. Recently, Paul et al. have employed CNT/ZnO hybrid for the detection
of malaria biomarker, histidine rich protein II (HRP2) [317]. HRP2 is a 30 kDa water-soluble protein
found on the surface of infected red blood cells (RBCs) [318]. So CNT/ZnO hybrid facilitates not only
the formation of ROS for killing bacteria, but also acts as an effective biosensor for detecting malaria.

5.1. Red Blood Cells

In a previous article, we have reviewed the cytotoxic effects of ZnO nanostructures on mammalian
cells [67]. As mentioned, ZnO NPs are widely used in cosmetics, suncreams, UV-absorbing packaging
films and fabrics for food and medical textile applications, as well as therapeutic agents for cancer
treatment [42—46,67]. In addition, ZnO NPs have also been added to animal (e.g., chicken) feed to
promote the growth performance of the animals [319]. So ZnO NPs could enter the human body by
different routes including the circulatory system. Once ZnO NPs enter the circulatory system, they
come in direct contact with RBCs, neutrophils and immune cells. As it is known, mature erythrocytes
do not have nucleus and rough endoplasmic reticulum in order to accommodate a large amount of
hemoglobin in the cells. In this respect, erythrocytes are incapable of replacing damaged proteins and
undergoing mitosis. However, camels, birds, and fish have nucleated red blood cells. By contacting
RBCs, ZnO nanoparticles would anchor on their surfaces and penetrate through the cell membranes,
resulting in the generation of ROS. In this respect, RBCs are vulnerable to oxidative stress damage.
This leads to the disruption of erythrocyte membranes, which causes the leak of hemoglobin into
surrounding medium. This is generally referred to as hemolysis (Figure 44) [320].
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Figure 44. Hemolysis is caused by the binding or encapsulation of nanoparticles (NPs) in red blood
cells (RBCs) leading to the generation of ROS, oxidative stress, and disturbed homeostasis as a
result of osmotic shock and surface integrity problems. Reproduced from [320] with permission of
Springer Nature.

The biocompatibility of nanomaterials contacting blood in medical applications can be assessed
using the ASTM standards. The hemoglobin released from damaged red blood cells due to
nanomaterials is determined accordingly. From the ASTM E2524-08 standard, nanoparticulate
materials cause damage to RBCs when hemolysis exceeds 5% [321]. ASTM F756 standard further
describes hemolytic criteria of blood-contacting nanoparticulate materials, i.e., <2% as non-hemolytic,
2-5% as slightly hemolytic, and >5% as hemolytic [322].

Preedia Babu et al. studied the cytotoxic effect of commercial ZnO NPs on erythrocytes. ZnO
NPs of different sizes, i.e., <50 nm, 50-100 nm and >100 nm of were separated by means of density
gradient centrifugation. The hemolytic effect of ZnO NPs (<50 nm) in the presence of albumin and
ferulic acid (FA) was examined [323]. FA is a natural phytochemical from the plants, showing good
anti-inflammatory response and antioxidant activity [324]. Figure 45A shows the hymolysis rate of
chicken RBCs treated with ZnO NPs (<50 nm) of 200 and 400 pug/mL concentrations. A significant
hemolytic activity of around 24% and 38% can be readily observed. This is due to the internalization
of small ZnO NPs by RBCs as observed by TEM, leading to the ROS generation. However, no
hemolysis is observed in the presence of albumin. Furthermore, hemolytic activity is also assessed at
different fetal bovine serum (FBS) concentrations ranging from 3.125% to 25% (Figure 45B). Apparently,
hemolysis decreases with increasing percentage of serum. Thus antioxidant FA also reduces ZnO NPs
induced hemolysis.

Khan et al. synthesized ZnO nanorods by means of combustion of zinc acetate and citric acid gel.
The percentage hemolysis due to the nanorods at doses of 50, 100 and 250 pug/mL was determined to be
20, 39.5 and 62.5%, respectively [325]. Mahanta et al. prepared ZnO NPs (100-250 nm; average size of
200 nm) using co-precipitation process, and then functionalized nanoparticles with a small protein
bovine x-lactalbumin (BLA) to yield FZnONSg; 5. BLA was used to enhance cytocompatibility of ZnO
NPs (ZnONS) [326]. Hemocompatibility assay was employed to assess hemolytic behavior of human
RBCs treated with ZnONS and FZnONSg; 4 of different concentrations. Minimal hemolysis (<5%)
was found at ZnONS doses below 300 pg/mL. Hemolysis rate rose to 7.7% and 75.3% by increasing
ZnONS doses to 300 pg/mL and 600 pug/mL, respectively (Figure 46a). FZnONSg o showed negligible
hemolysis (<3%) up to a concentration of 600 pg/mL), implying hemocompatible of FZnONSg; 5 with
doses from 5 to 600 pg/mL (Figure 46b).
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Figure 45. (A) Hemolytic effect of ZnO NPs (<50 nm) of two different doses with and without albumin
(4.5 ug dI7!) on erythrocytes for 24 h. # denotes significant difference at p < 0.05 of the samples
compared to control. (B) The effect of ZnO NPs (<50 nm; 200 pg/mL) and ZnO NPs with ferulic acid
(FA) exposure on hemolysis in the presence of fetal bovine serum of different concentrations (3.125%,
6.25%, 12.5% and 25%) for 24 h. # denotes significant difference at p < 0.05 of the samples compared to
control. Reproduced from [323] under Creative Commons Attribution License.
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Reproduced from [326] with permission of Elsevier.

Inhibition of Hemolysis

As discussed in Figure 26, biosynthesized AgNPs/ZnO hybrid exhibits excellent antibacterial
activity than pure ZnO NPs against S. aureus and E. coli, especially for former bacterial strain. This
is evidenced by bacterial viability and the zone of inhibition results [282]. The excellent bactericidal
activity of green AgNPs/ZnO NPs hybrid derives from the release of silver ions from AgNPs and
Zn?* ions from ZnO to the culture medium. However, released Ag™ ions from AgNPs of the hybrid
are also toxic to various mammalian cell lines [14]. Figure 47a shows the percentage hemolysis of
RBCs upon exposure to bulk ZnO, green ZnO NPs and AgNPs/ZnO nanocomposite for 2h. It is
apparent that AgNPs/ZnO hybrid possesses higher hemolytic activity than ZnO NPs and bulk
Zn0O. The hemolytic activity increases markedly with increasing AgNPs/ZnO doses, demonstrating
dose-dependent hemolysis. Thus, AgNPs cause the lysis of RBCs rather than green ZnO from the
hybrid. From the literature, AgNPs cause a dose-dependent hemolysis in RBCs due to the generation
of ROS and oxidative stress [327]. In general, standalone ZnO NPs biosynthesized from the plant
extracts are more effective to prevent hemolysis of RBCs than chemically prepared ZnO NPs. Very
recently, Mahalakshmi et al. biosynthesized ZnO NPs using zinc acetate and Sesbania grandiflora leaf
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extract. In addition, ZnO NPs were also synthesized via co-precipitation method. They then treated
human RBCs with green ZnO NPs and chemically prepared ZnO NPs [328]. The hemolytic activity of
human RBCs exposed to both types of ZnO NPs was depicted in Figure 47b.
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Figure 47. (a) The hemolytic activity of bulk ZnO, biosynthesized ZnO NPs and AgNPs/ZnO
nanocomposite. Reproduced from [282] under the terms of Creative Commons License. (b) Percentage
hemolysis of ZnO nanoparticles prepared by biosynthesis (green column) and co-precipitation (orange
column). 0.1% Triton X-100 was employed as a positive control (PC). Reproduced from [328] with
permission of Springer.

Jan et al. treated human erythrocytes with green ZnO NPs (19.58 nm); ZnO NPs were
biosynthesized from zinc acetate dihydrate and leaf extract of Aquilegia pubiflora acting as an effective
reducing and capping agent. The leaf extract contained several medicinal phytochemicals including
flavonoids (orientin, isoorientin, isovitexin and vitexin), and hydroxycinnamic acid derivatives (ferulic
acid, coumaric acid, and sinapic acid) [329]. The hemolytic activity of green ZnO NPs at doses of 50,
100, 200 and 400 pg/mL was reported to be 0.48 + 0.23%, 0.73 + 0.1%, 1.05 £ 0.12% and 1.24 + 0.14%,
respectively. Those phytochemicals rendered green ZnO NPs with insignificant hemolytic activity, i.e.,
biocompatible with erythrocytes. From a recent study of Rajapriya et al., spherical ZnO NPs (65.9 nm)
synthesized from Cynara scolymus leaf extract at a dose of 100 pg/mL also had a low hemolytic activity
of 0.5% for human RBCs [330]. Similarly, green ZnO NPs (26.55 nm) biosynthesized from aqueous zin
acetate and Costus igneus leaf extract were biocompatible with goat RBCs as evidenced by low hemolytic
activity. From hemolytic assay, the percentage hemolysis due to the nanoparticles at doses of 50, 100,
150 and 200 pug/mL was reported to be 0.536 + 0.005, 0.583 + 0.005, 0.595 + 0.003, and 0.633 + 0.005,
respectively [331]. Overall, these results clearly demonstrate that ZnO NPs biosynthesized from the
leaf extracts have no adverse effect towards RBCs. They can be classified as non-hemolytic on the
basis of ASTM F756 standard, i.e., the percentage hemolysis is <2% [322]. Table 2 summarizes the
percentage hemolysis of RBCs upon exposure to nano-ZnO prepared from different processes.
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Table 2. The percentage hemolysis of erythrocytes treated with ZnO nanostructures.

. . Synthetic Dose, Percentage
Material Size, nm Shape Process ug/mL Hemolysis Ref.
710 <50 Particles Commercial 200 24 [323]
n <50 Particles Commercial 400 38 [323]
ZnO + albumin <50 Particles Commercial 200 <2 [323]
ZnO + albumin <50 Particles Commercial 400 <2 [323]
47.8-52.5 .
(width) Rod Gel combustion 50 20 [325]
47.8-52.5 .
ZnO
n (width) Rod Gel combustion 100 39.5 [325]
47.8-52.5 :
(width) Rod Gel combustion 250 65.2 [325]
200 Particles Co-precipitation 5to 160 <5 [326]
ZnO 200 Particles Co-precipitation 300 7.7 [326]
200 Particles Co-precipitation 600 75.3 [326]
FZnONSg; A 450 Particles Co-precipitation 5 to 600 <3 [326]
19.58 Particles Green 50 0.48 +0.23 [329]
710 19.58 Particles Green 100 0.73 +0.1 [329]
n 19.58 Particles Green 200 1.05 +0.12 [329]
19.58 Particles Green 400 1.24 +0.14 [329]
ZnO 65.9 Particles Green 100 0.5 [330]
26.55 Particles Green 50 0.536 + 0.005 [331]
710 26.55 Particles Green 100 0.583 + 0.005 [331]
n 26.55 Particles Green 150 0.595 + 0.003 [331]
26.55 Particles Green 200 0.633 + 0.005 [331]
5 (AgNPs) Particles Bio-hydrothermal 10 ~6.0 [282]
Ag}l:l I]’Dsr/fan 5 (AgNPs) Particles Bio-hydrothermal 20 ~9.1 [282]
y 5 (AgNPs) Particles  Bio-hydrothermal 40 ~205 [282]

Finally, phytochemicals capped on ZnO NPs are also beneficial for reducing hemolysis of S. aureus
infected RBCs. Very recently, Ahmar Rauf et al. biosynthesized ZnO NPs (10-50 nm) using zinc
acetate and Bougainvillea flower extract. They then exposed RBCs to either green ZnO NPs, S. aureus,
or combined S. aureus with ZnO NPs [332]. The virulence factor of S. aureus produces «-hemolysin,
leading to the pore formation in the plasma membranes of RBCs (Figure 48a). As such, S. aureus
infected RBCs undergo a high hemolysis rate of 61%. The hemolysis of RBCs reduces markedly to
about 21% by co-culturing green ZnO NPs at a dose of 100 pg/mL with S. aureus. A further reduction in
hemolysis of S. aureus infected RBCs can be achieved by treating with ZnO NPs at a dose of 300 pg/mL
(Figure 48b).
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Figure 48. (a) SEM images showing lysis of RBCs by S. aureus and their inhibition by green ZnO NPs.
Images from left to right: untreated RBCs, ZnO NPs treated RBCs, S. aureus infected RBCs, and RBCs
co-cultured with S. aureus and ZnO NPs. (b) Inhibition of hemolysis in S. aureus infected RBCs by
ZnO NPs. All data are expressed as the mean + standard deviation. *** for p < 0.001; ** for p < 0.01.
Reproduced from [332] under a Creative Commons License.

6. Immune Cells

When ZnO NPs enter human body, they also come in direct contact with immune cells like
macrophages, neutrophils, B-cells, T-cells, etc. The macrophages play an important role in innate and
adaptive immunity for defending the host immune against foreign antigens through the recognition,
processing and elimination. Macrophages remove foreign antigens from the tissues by means of
phagocytosis [333]. In this respect, ZnO NPs with nanoscale dimension are phagocyted readily by
macrophages and dissolved in lysosomes, releasing zinc ions accordingly. ZnO NPs can interact
with white blood cells to activate innate immune system by triggering inflammatory responses and
releasing pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-«), interleukin-6
(IL-6), and interleukin-1p (IL-1f3). The IL-1p activates macrophages at the inflammation site. This
is followed by the subsequent secretion of other cytokines including TNF-« and IL-6. For instance,
Chang et al. reported that ZnO NPs can induce lung inflammation by releasingTNF-o and IL-6 via
toll-like receptor (TLR) signaling pathways. Instillation of ZnO NPs into the tracheas of mice causes
increased neutrophils and macrophages in bronchoalveolar lavage fluid (BALF), bronchioles and
peribronchiolar areas [334]. In a recent study, Alghsham et al. also reported that ZnO NWs induce
the production of TNF-« and IL-6 in cultured mouse macrophage cell line (RAW 264.7) and bone
marrow macrophages obtained from the mice hind legs. From in vivo mouse model results, ZnO NWs
facilitated the recruitment of macrophages and eosinophils into the lung and air-pouch [335].

The mechanisms responsible for cytotoxicity of ZnO nanomaterials on immune cells include
the generation of ROS, the release of zinc ions, and the membrane lipid peroxidation [336-339].
The extent of nanotoxicity depends on the size, shape and concentration of ZnO nanomaterials.
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In particular, spherical ZnO NPs (10-30 nm) are more toxic than ZnO nanorods as expected [337].
Johnson et al. indicated that release of Zn?* ions from ZnO NPs triggers the generation of excessive
intracellular ROS, resulting in autophagic death of immune cells [338]. Roy et al. treated mouse
primary peritoneal macrophages with ZnO NPs (~50 nm), resulting in the induction of ROS and
membrane lipid peroxidation. These activated autophagy and apoptosis as evidenced by the cleavage
of apoptotic caspases-3, -8, and -9. Furthermore, the apoptotic and autophagic cell death were inhibited
considerably by treating with N-acetylcysteine (NAC) for blocking the generation of ROS [339]. NAC
was reported to be an effective antioxidant for inhibiting ROS generation, thus acting as ROS scavenger
for macrophages [340]. The cytotoxicity of ZnO NPs in human acute monocytic leukemia cell line
(THP-1) was also reduced through surface modification with polyethylene glycols (PEGs). PEGylation
of ZnO NPs led to a decreased uptake of modified nanoparticles in THP-1 monocytes and macrophages
by inhibiting the binding of NPs to blood proteins and macrophages [341].

Apart from NAC and PEGylation, green ZnO NPs synthesized from the plant extracts exhibit
excellent anti-inflammatory properties by reducing the secretion of proinflammatory cytokines
dramatically [342-344]. The anti-inflammatory activity of ZnO NPs is comparatively higher than
that of AgNPs with 79% and 69.1% respectively [343]. Meanwhile, green ZnO NPs synthesized from
Vernonia amygdalina leaves show good anti-inflammatory properties in the mice model due to the
presence of flavonoids and tannins in the plant extracts. As a result, the inflammatory activity and
pro-inflammatory cytokine level in the mice are reduced substantially [344]. In this respect, green
ZnO NPs with good antimicrobial and anti-inflammatory properties are promising nanomaterials
for the treatment of bacterial infections. Considering ZnO as an additive to improve the flavor, color,
nutritional value and shelf-life of food, and a source of zinc in supplements, the risks of using ZnO
NPs can be minimized by using nanoparticles biosynthesized from natural plant derivatives.

7. Conclusions

This review presents a comprehensive summary of literature studies on the fabrication, antibacterial
activity, and photocatalytic bacterial inactivation of ZnO heterostructures under visible light. ZnO
nanostructures of different dimensions and shapes with hexagonal wurtzite lattice can be prepared by
means of vapor-, liquid-, and solid-phase processing techniques. Among these, wet chemical processing
techniques including co-precipitation, hydrothermal/solvothermal treatment, hydrolysis-condensation,
and microemulsion are a facile route to synthesize ZnO nanomaterials on a large scale at lower
temperatures and costs compared to vapor-phase method.

ZnO nanostructures with positive surface charge are able to adhere and attach on negatively
charged membrane via electrostatic interaction when they come in contact with bacteria. This effect
disrupts bacterial cell membrane function, interferes electron transport chain, and deactivates bacterial
enzyme, leading to final cell death. Apart from contact killing effect, other mechanisms such as the
ROS production and released zinc ions have also been reported to be responsible for bactericidal
activity of ZnO nanomaterials. The antibacterial activity of ZnO nanorod arrays against E. coli
derives from the combined effect of these three mechanisms in which direct contact killing effect
predominates [288]. The antimicrobial activity of ZnO nanostructures is size-, shape-, and concentration-
dependent. In particular, green ZnO nanoparticles have the lowest MIC values against Gram-positive
and Gram-negative bacterial strains compared with ZnO NPs prepared by hydrothermal/solvothermal,
sol-gel and polyol techniques (Table 1). This can be attributed to green ZnO NPs exhibiting high
purity and possessing bioactive phytocompounds, such as flavonoids and polyphenols for bactericidal
activity [216,217,229]. Furthermore, phytochemicals of the plant extracts are very effective to reduce
hemolysis of S. aureus infected RBCs and inflammatory response of white blood cells.

The modifications in nano-ZnO can be employed to enhance photocatalytic activity for the ROS
generation. ZnO heterostructures modified with metal/non-metal dopants, carbon nanomaterials
and other semiconductors show excellent photocatalytic bacterial inactivation under visible light.
In particular, coupling nano-ZnO with CuO can yield CuO/ZnO nanocomposite with enhanced
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photocatalytic activity under visible light. As such, photoexcited electrons are injected from CuO
to the conduction band of ZnO NPs for generating reactive radical species. Consequently, 100% E.
coli inactivation under visible light takes only 25 min [313]. Moreover, GO/ZnO nanocomposite also
exhibits excellent photocatalytic bactericidal activity, showing a complete inactivation of E. coli in 60
min, with a 7-log reduction in bacterial cell density under visible light illumination [173].
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