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Abstract

Over the last few years, varieties of fungal infections have created a serious threat to human populations worldwide. Fungi are
prone to develop infections mainly in immune-compromised individuals, like patients suffering from HIV/AIDS, diabetes,
and hematological disorders. Alarmingly, this threat is continuously increasing with the use of the long-term therapeutic
and prophylactic use of antifungal agents that have promoted the emergence of multi-drug resistant fungi. Therefore, there
is a need to use alternative antifungal agents that will act even against multi-drug-resistant fungi. Among all nanoparticles
zinc oxide nanoparticles (ZnO NPs) received much more attention worldwide due to their unique properties like diverse
morphology, large surface area to volume ratio, biocompatibility, broad-spectrum antibacterial, antifungal activities, less
sensitivity for the development of resistance towards micro-organisms and stay non-hazardous in the environment. This
review aims to discuss the multiple drug resistance in fungi, the general properties of ZnO, their synthesis methods, their
antifungal applications, their antifungal mechanism, and the nanotoxicity of ZnO. This review will offer a door for the use
of ZnO NP-based materials as an alternative approach for treating multi-drug resistant fungal infections.
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Introduction

The emergence and spread of fungal infections posed a
great threat worldwide to immune-suppressed individuals
suffering from HIV, diabetes, COVID, diseases related to
hematological disorders, transplantation, and chemother-
apy [62]. Recently fungal infections, like mucormycotic,
aspergillosis, and candidiasis have created severe threats
that occurred in patients affected by COVID-19 or those
getting recovered from the disease. The incidence rate of
mucormycotic is in the range of 0.005-1.7 per million
populations globally. According to some reports, the esti-
mated prevalence rate in India is 140 per million popula-
tion [46].

Other human pathogenic fungi can develop different
skin, mucosal, and invasive infections. They can affect
human beings effectively due to their unique growth
parameters like tolerance to high temperature (37 °C),
speedy growth, invasion capacity, and escaping ability
from the host immune system [103]. Most of the common
genera responsible for the development of lethal infections
are Mucor, Candida, Cryptococcus, Aspergillus, Coc-
cidioides, and Rhizopus. Also, fungal infections are very
critical to handle as the interaction of fungal toxins cre-
ates severe situations [6, 46]. The ample use of antibiotics
to treat fungal infections is resulting in the development
of drug-resistant fungi. Also, lack of efficiency, selectiv-
ity, efficacy, toxicity, and resistance of antifungal agents
causes failure of antifungal treatment. So there is a need

Fig. 1 Different applications of
ZnO NPs in biomedical field
[66]
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for the use of alternative agents to treat fungal infections
[20].

In this regard, nanoparticles play an essential role in the
research areas of modern technologies around the world
[64, 84]. Due to their unique properties, such as high sur-
face area-to-volume ratio, which modify their chemical
and physical properties, magnetic properties, electrical
properties, optical properties, and mechanical properties,
nanoparticles perform specific and specific functions [77].
Among all nanoparticles ZnO nanoparticles (ZnO NPs)
are majorly reported for their antibacterial, antifungal, and
antibiofilm activities with less toxicity to human cells [55].
ZnO NPs possess better biocompatibility as compared with
other nanoparticles. Also, Zinc oxide NPs have been listed
as “Generally Recognized as Safe” by the FDA (Food and
Drug Administration) of the United States [23, 50, 83]. ZnO
NPs are grouped as II-VI semiconductors with wide band
gap energy of 3.3 eV and high excitation energy of 60 eV.
7ZnO NPs found in wurtzite, zinc blend, and rock-salt struc-
tures. ZnO NPs are reported for their intense anti-bacterial,
anti-diabetic, anti-fungal, anti-cancerous, and other diverse
biomedical applications [11, 73]. Out of these phases wurtz-
ite phase is comparatively more stable thermodynamically
at ambient conditions. According to some reports, the total
worldwide production of ZnO NPs is at third rank after silica
and titanium dioxides [64, 65]. Versatile applications of ZnO
NPs are shown in Fig. 1 [66].

Despite the widespread use of ZnO NPs, the develop-
ment of antifungal nanomaterials for the treatment of fungal
infections has been limited. This review aims to highlight the
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various characteristics of ZnO NPs that play an important
in the inhibition of fungi and their critical role in the anti-
fungal action [50]. It is hoped that this review will serve as
a resource for the researchers who are actively working on
the development of ZnO-based antifungals.

Multiple drug resistance in fungi

Fungi are eukaryotic ubiquitous microorganisms living in
various types of habitats. Some fungi are considered normal
flora in different parts of the body including skin, genitou-
rinary tract, mouth, and gastrointestinal tract, and play sig-
nificant roles in human health [44]. These normal floras play
an important role in human health, but when the immune
system is weakened, they can act as a pathogen that can
cause invasive fungal infection (IFI) that can affect multiple
organs. IFI is a type of fungal infection that is responsible for
an estimated 1.5-1.7 billion deaths each year, with superfi-
cial infections being the most costly [14, 17].

Multidrug resistance in pathogens increases the risk of
mortality and mortality-related morbidity which are often
termed superbugs. Antifungal-resistant organisms evolve
due to stable genetic alterations in the fungal species in
response to specific anti-fungal antibiotics that elevate the
therapeutic failure [29]. Standardized in vitro antifungal sus-
ceptibility testing (AFST) assays provide the specification
of drugs and microorganism, pharmacodynamics response
in animals, and clinical study. MDR can be divided into
primary and secondary resistance [69].

Primary resistance is when organisms have never been
exposed to the drug in a specific host. Secondary host
acquired resistance is resistance that develops after exposure
to the drug, which is further classified as intrinsic and exten-
sive resistance. Intrinsic resistance is the inability of micro-
organisms to be sensitized to certain first line drugs used
to treat infections based on clinical evidences of patients
[79]. For example, Candida spp. to fluconazole. On the other
hand, extrinsic resistance refers to the ability of XDRs to
sustain at least Y2 inhibitory effects on antimicrobial drugs.
This occurs when the patient is treated with first line drugs.
For example, XDR-TB resistance against fluroquinolone [9].
Clinical resistance is the situation where the pathogen is
only inhibited by antimicrobial concentration that is greater
than the safety dosages [117].

Fungi from Candida, Aspergillus, Cryptococcus,
and Preumocystis are the most common pathogens causing
infections. Antibiotics used to treat such infections are azoles
(fluconazole, itraconazole, voriconazole, posaconazole etc.),
echinocandis (caspofungin, micafungin, and anidulafungin)
and, polymers like amphotericin B (AMB) [14]. Failure of
azole therapy has been found in patients suffering from cryp-
tococcal meningitis during the time of azole therapy. This
failure can be due to host, drug, and fungal aspects. Some
hosts suffering from abdominal and liver abscesses can resist
absorption and distribution of antifungal agents at the site
of infection and exposure to antifungal agents develops sur-
vival even in the presence of antifungal drugs that promotes
resistance. Resistance to antifungal agents can be acquired in
which fungi show more resistance during antifungal therapy
or can be intrinsic like candida krusei which exhibits resist-
ance to azole. For example, Fluconazole [39]. Recently iden-
tified causative agent of candidiasis is multi-drug resistant
C. auris has been developed significant increase in different
countries like India and South Africa. High rates of flucona-
zole resistance in C. globrata (2.8-6.8%) C. parapsilosis
(0.6-4.6%) and C. tropicalis (1.1-9.2%) were reported along
with C. krusei and C. auris [9].

Antifungal resistance to triazole has been observed over
the past 20 years in clinical isolates and environmental
isolates around the world. Antifungal resistance has been
observed in A. spergillus, the causal agent of Aspergillosis,
with notable differences in resistance between geographic
regions and patient cohorts, with more frequent resistance
observed in high-risk patients [58]. Some of fungi and drugs
to which they are resistant are given in Table 1.

The identification of resistance depends upon suscepti-
bility testing of microorganisms, detecting MICs against
particular antimicrobials that when they are compared with
clinical reports give susceptibility or resistance. There are
various methods used for antifungal susceptibility testing
broth microdilution, disc diffusion, azole agar screening,
gradient diffusion, and employment of automated machines
[80].

Table 1 Common drug resistant

- ; Sr. no. Name of fungi Resistant drugs Disease
fungi and drugs to which they
are resistant [19] 1 Candida spp. Fluconazole and echinocandins Candidiasis
2 Cryptococcus neoformans Fluconazole Cryptococcosis
3 Aspergillus spp. Azole Aspergillosis
4 Scopulariopsis Amphotericin B, flucytosine and azole Onychomycosis
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Ideal Properties of ZnO NPs suitable
for treating fungal infections

Nano-based products are increasingly being used in vari-
ous fields that offer solutions such as fungal infections, and
treatments with the potential to cure diseases and improve
patient’s quality of life. NP-based products significantly
overcome the major drawbacks associated with conven-
tional therapies. Of all nanomaterials, ZnO nanomaterials
are at the forefront that is the most suitable nano thera-
peutic agent to control many fungal diseases. In order to
be used in the treatment of diseases, nanoparticles must
possess certain ideal properties that make their use con-
venient. The following features make ZnO nano-materials
more preferred [51, 102]. These features can be, (i) ZnO
NPs can be gained with desired morphology easily by
changing synthesis parameters in such a way that they can
get easily penetrated through multiple layers of skin to
treat deep tissue fungal infections [33]. The size and shape
of ZnO NPs are important factors in determining degree of
antifungal activities. The smaller the ZnO NPs, the easier
it is to penetrate the cell or the biofilm matrix of the fungal
cells. The shape of ZnO NPs also influences antifungal
activities during morphological interaction. ZnO NPs with
sharp edges, sharp spikes, sharp pillars or sharp projec-
tions on its surface can rapidly puncture and break fungal
cells due to high local pressure [42], (ii) Functionaliza-
tion of ZnO NPs with wide range of materials is possible
that can improve or control the action of ZnO NPs. Func-
tionalization can add quality properties like non-toxicity,
biocompatibility, and increased intensity of antifungal
infections [93] and, (iii) ZnO NPs are biocompatible and
minimizes the chances of immunological responses [46].

Various aspects of synthesis methods
for ZnO NPs synthesis and different
morphologies

Zinc oxide can be obtained in a wide range of structures
that are dependent on the synthesis method used. Vari-
ous synthesis methods for the production of ZnO NPs
are available including: vapour deposition, precipitation,
hydrothermal synthesis, the sol-gel process, precipitation
from microemulsions and mechano-chemical processes,
that produce final product with particles in different sizes,
shapes and spatial structure [57]. The synthesis methods
can be divided as shown in Fig. 3 [113]. The selection of
synthesis method mainly depends, as synthesis approach
determines the morphologies and sizes of nanoparticles.
ZnO NPs show highest range of properties and structures
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Fig. 2 Different types of multidrug resistance in fungi [104]

among other nano-metal oxides (Fig. 2). Examples of ZnO
NPs morphology are given in Fig. 4.

It occurs in a dimensional (1D) structure that includes
nanorods, helixes, ribbons [30], tubes [17], belts [40],
wires, springs [105] and needles [110]. Two dimensional
structures include nanoplates and nano pellets [44], while
three-dimensional structure consists of flower, snowflakes,
dandelion, coniferous urchin etc. [87]. Nanostructures
have been synthesized by using physical, chemical, and
biological methods; however, chemical method provides
better control of morphologies and size [140]. Co-precipi-
tation method is widely used method to produce ZnO NPs,
in which reduction of zinc salt solution with the help of
a reducing agent occurs that limits growth of particles to
a specific dimension. The process of co-precipitation can
be controlled by adjusting parameters like pH, temperature
and reaction time [54]. Purwaninsih et al., prepared ZnO
by co-precipitation method, using zinc acetate dihydrate,
ammonia, and hydrochloric acid and observed the effect of
heating time on size and morphology of particles, which
concluded that size of particles decreases with increase
in heating time with pseudo-spherical shape [90]. Katiyar
et al., reported synthesis of cauliflower like ZnO by co-
precipitation method by using LiOH [49]. Another sim-
ple synthesis method is the sol-gel method. Hasnidawani
et al., studied characteristics of ZnO nanoparticles pre-
pared by sol-gel method in which they used zinc acetate
dihydrate, ethanol, NaOH and distilled water as a reagent
and obtained rod shaped nano ZnO NPS within range of
81.28-84.98 nm [35].

Arrays of ZnO nanorods in another investigation were
synthesized on ZnO seed layer by using hydrothermal
method, which exhibited the best UV induced photocatalytic
degradation of Escherichia coli bacteria. Furthermore, they
also proved as strong photon-induced antibacterial mate-
rial [71]. Raghupathi et al., synthesized ZnO NPs by solvo-
thermal method and studied size-dependent bacteriostatic
bacterial growth inhibition and the mechanism of antibacte-
rial activity of zinc oxide nanoparticle against drug sensitive
and resistant Staphylococcus aureus. Use of organic solvents
or additional processing like grinding or calcinations are not
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Fig.3 Various synthesis methods used for ZnO NPs synthesis [113]
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Fig.4 Different structures of ZnO; (a) nanosprings, (b) nanorings, (¢) nanohelix, (d) nanocombs, (e) nanowires, and (f) nanorods, (g)
nanosheets, (h) nanopellets, and (i) nanoplates, (k) & (1) nanoflowers. (m) Nanomesosphere. (n) Nanourchins [78]
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restricted in these synthesis methods which make them easy
and convenient methods of synthesis [91].

Stankovic et al. reported the synthesis of ZnO NPs hydro-
thermally by additions of different stabilizing agents that led
to different nanostructures. Obtained nanoparticles exhibit
rod shaped morphology with hexagonal prismatic and pyra-
mid like structure, along with spherical and ellipsoid mor-
phology. These different particles showed different degree of
antibacterial activity against targeted bacteria [107].

Elkady et al., proposed synthesis of rod and tube shaped
ZnO nanoparticles via sol-gel and hydrothermal route of
synthesis. Morphology was controlled by optimizing param-
eters like reaction temperature, time, and use of stabilizing
agents. The obtained ZnO nanotubes displayed strong anti-
microbial activity against Gram negative bacteria as com-
pared with Gram positive bacteria [25] (Table 2).

The use of polyols in the synthesis process allows nano-
particles with high crystallinity by avoiding agglomeration
and controlled morphology as they possess unique prop-
erties like high boiling point, high dielectric constant, and
solubility of metal salt precursors. Pranjali et al. synthesized
ZnO NPs by using different approaches like regular synthe-
sis in polyols in diethylene glycol and tri-ethylene glycol, in
the presence of sodium acetate, and by increasing reaction
time. They observed size-dependent antibacterial and anti-
biofilm activity against Staphylococcus aureus and E. coli,
in which they concluded that as particle size decreases their
antimicrobial activity increases [63]. The mechano-chemical
synthesis method uses zinc salts such as ZnCl,, Zn (NO;),,
ZnSO, and carbonate salts such as Na,CO;, (NH,),CO; to
form zinc carbonate (ZnCO;) by exchange reaction [8, 114].

In the vacuum phase method, the metal zinc is processed
under high vacuum pressure and temperature in a vacuum
chamber. The vaporized form of zinc is converted into par-
ticles form when it is mixed with cold gas. The precursor is
evaporated, followed by sputtering and laser process [27].

Table 2 Advantage and disadvantages of different synthesis procedures

Ali et al. described a continuous process for the prepara-
tion of functionalized ZnO NPs using vapor phase method,
whereas the gas phase method of synthesis typically uses the
spray pyrolytic method. Inert gas condensation method is
further subdivided into physical vapor deposition and chemi-
cal vapor deposition [4].

Factors influencing antifungal action of ZnO
NPs

Different factors affect the intensity of antifungal activity of
ZnO NPs which can be elaborated as follows.

Morphology

The size and shape of antifungal agent play a significant role
in the determination of antifungal intensity. The morphol-
ogy of ZnO NPs can be controlled by selecting appropri-
ate synthesis methods. Padmavathy et al. proposed that the
antifungal efficacy of ZnO NPs get increases with decreasing
particle size and concentration. This is due to the small size
of the particles making it easier for them to penetrate into the
cell [82]. The shape of the ZnO NPs also plays a important
role in the intensity of antifungal activity during interac-
tions. Antifungal agent surfaces with sharp edges or spikes,
pillars, protrusions, etc. can easily penetrate and destroy
fungal cells due to local stress [111]. Hui et al. synthesized
cerium —doped ZnO NPs with flower shaped morphology
through microwave-mediated hydrothermal route. Because
of the flower-like morphology, ZnO nanoforms showed more
potent anti-foaming activity compared to pure znO crystals,
against pathogenic fungal species such as Candida alkalen-
sis and A. flavus. It has been also suggested that the antifun-
gal activity of ZnO NPs is due to surface defects and orienta-
tions [41]. Pariona et al. studied in-vitro antifungal activity

Sr. no. Synthesis method Advantage Disadvantage References
1 Mechano-chemical process Simple, can be used on large scale, low Large number of impurities [8]
production cost, small particle size, high
crystallinity
2 Co-precipitation method Simple, cheap, reaction can be controlled by =~ Agglomerated particles [53]
controlling reaction parameters
3 Sol-gel method Simple, cheap, reliable, repeatable Agglomerated particles, large scale produc- [53]
tion is difficult
4 Solvothermal and hydro- ~ High degree of crystallinity, high purity High pressure and high temperature is [75]
thermal method required

5 Microemulsion method

6 Biological method Cost effective, Ecofriendly

Easy, reversible, thermodynamically stable

Require surfactants for stability, limited solu-  [98]
bilizing capacity for substance having high
melting point

Lack of uniform size distribution [1]
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of ZnO NPs with three different shapes as nanoparticles,
lamellar platelets (pls) and hexagonal rods (Rds), against
three different fungal species namely C. gloesporioides, F.
solani, and F. oxysporum. Antifungal activity was in order
of ZnO pls>ZnO NPs >ZnO Rds [83].

High surface area to volume ratio

One of the most significant determinants of antimicrobial
activity is the surface area-to-volume ratio. The surface area
is the area of a particle's surface per unit volume. This ratio
is expressed as the number of times the particle's surface
area is divided by the number of times its volume. As previ-
ously discussed, nanoparticles have a smaller size and conse-
quently a higher surface area—volume ratio when compared
to their bulk counterparts [55]. Smaller zinc oxide nano-
particles (ZnO NPs) have higher mobility and significantly
higher uptake across the bio-molecular interface. There-
fore, the ratio is largely determined by the particle size and
shape. For instance, spherical ZnO NPs have a minimum
surface area—to-volume ratio (SAR). Antimicrobial activ-
ity is largely based on the physical-chemical properties of
nanoparticles (NPs) [52]. NPs have a dimension < 100 nm,
which is much less than that of conventional antibiotics. As
previously mentioned, alterations to fungal cell membranes
are complicated by genetic mutation, as the fungal cells are
highly conserved due to their highly conservational nature.
Consequently, greater inhibition is achieved with smaller
particle sizes and higher SAR [12, 56].

Pranjali et al. synthesized ZnO NPs by using various
aspects like by using two solvents like diethylene glycol
(DEG) and triethylene glycol (TEG) and in presence and
in absence of sodium acetate refluxed at 2 h and 3 h. In this
work, they observed that use of these different parameters
altered morphology of NPs from oval shape to rod shape.
The rod-shaped NPs demonstrated better antimicrobial
activity than the spherical ones, which was attributed to their
small size and high surface area-to-volume ratio, which ena-
bled them to interact with bacterial cells more effectively
than the spherical NPs [64].

Kalika et al. reported green synthesis of three differ-
ent metal and metal oxide NPs like silver, ZnO and FeO
with the use of trichoderma harzianum hyphal or mycelia
extract. Synthesized NPs possessing different sizes (Ag NPs
with 5-50 nm), (ZnO NPs with 20-60 nm), and (FeO NPs
with 10-40 nm) which were confirmed by UV visible spec-
troscopy, SEM and TEM analysis. These three nanoscale
dimensions showed maximal antifungal actions against test
Fusarium culture. After 3 days incubation with Ag NPs, they
showed more inhibition (over 50%) of radio-labelled myce-
lial growth (Fusarium monilifarme) due to the difference in
size of the NPs [47].

Anjali et al. reported the ZnO NPs by using aqueous
extract of seaweeds ulva lactuca (Ul) and stoechospermum
marginatum (SM) for evaluation of antibacterial, antifun-
gal and anticancer activity. The NPs were of spherical and
round in shape with the sizes1 ranging from 12-17 nm for
Ul-ZnO NPs and 6-11 nm for SM-ZnO NPs. The SM-ZnO
NPs exhibited a maximum zone of inhibition against A. fla-
vus (9 mm) and Fusarium oxysporum (3—5 mm) as compared
with Ul-ZnO NPs. This difference is attributed to less size
and higher surface area to volume ratio, which increases
surface properties and subsequently antimicrobial action due
to particle size reduction [7]. Velmurugan et al. compared
antibacterial and antifungal activities of biosynthesized ZnO
NPs with bulk and commercial ZnO NPs. In this study, they
observed highest antimicrobial activity for biosynthesized
ZnO NPs against pathogens as compared with commercial
ZnO NPs and bulk material. The observed results exhibited
the importance of use of natural sources for ZnO NPs in
various biomedical applications. The features of nanostruc-
tures like high surface area to volume ratio and enhanced
particle surface reactivity, increased antibacterial activity
of biosynthesized ZnO NPs as compared with bulk mate-
rial [26].

UV lllumination effect

ZnO NPS show high photocatalytic efficiency than other
inorganic photocatalytic material and it is biocompatible in
nature. ZnO NPs have greater ability to absorb UV light,
which increases their photoconductive properties. ZnO NPs
in aqueous solution when exposed to UV radiations exhibit
release of reactive oxygen species (ROS) such as hydrogen
peroxide (H,0,) and superoxide ions (O, ). These ROS spe-
cies can get easily penetrated into the cells and kill microor-
ganisms. Therefore, antimicrobial activity of ZnO NPs can
be increased by exposing ZnO NPs to UV radiations [118].

Photo-excitation of the ZnO NPs surface can activate the
desorption of the oxygen molecules and release a series of
different types of reactive oxygen species (ROS). The photo-
induced oxidation process is responsible for the inactivation
of various microbes. The anti-microbial activity of photo-
activated zinc oxide nanoparticles (ZnO NPs) has been
reported by Kairyte et al., who observed that photo-activated
ZnO NPs destroy more populations of microorganisms as
compared to normal ZnO NPs. These photo-activated ZnO
NPs showed anti-fungal activity against the fungi Botrytis
cinearea by affecting cellular function which damages the
structure of the fungal hypha. This was confirmed by SEM
images which showed a distorted conical head as well as
damaged hyphal walls of the Botrytis cineaurea after treat-
ment with the ZnO NPs. The effect of illumination on anti-
fungal action is a major factor [99, 61].
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Effect of thermal annealing of nanoparticles

Functionalization of NPs leads to improved antimicrobial
activities. Annealing of ZnO NPs results in increased inhi-
bition. Results of EDX measurements indicate that, oxygen
annealing enhances the release of oxygen atoms on the ZnO
surface, thereby increasing antimicrobial activity due to the
generation of more ROS species which results in high oxida-
tive stress. Ann et al. examined zinc and oxygen atoms on
the surface of ZnO NPs using ESI method, which increased
remarkable increase of O:Zn ratio in annealed samples
Increasing the surface area of zinc nanoparticles increases
the release of Zn>* ions and stimulates the production of
ROS [19]. Mamat et al. annealed ZnO nano-dods by air and
oxygen annealing to increase the rate of nanohole formation
to increase surface area, resulting in high surface absorp-
tion and oxygen diffusion after UV light exposure, resulting
in increased surface reactive oxygen species (ROS) [68]. A
study by Sharma et al. examined the effects of the tempera-
ture of the annealing site on morphology, specific area of
the surface, and the total volume of the annealed ZnO NPs.
They found that the ZnO NPs that were annealed at 300 and
400 °C demonstrated the highest level of anti- fungal activity
against the C. albicans, as compared to the normal ZnO NPs.
This indicates that the temperature of an annealing site plays
an important role in antimicrobial activity [96].

Surface defects

Surface defects and surface charges play a significant role as
the ZnO NPs surfaces contain numerous edges and corners
that provide many reactive sites. Padmavathy and Vijayara-
ghavan et al. reported that antibacterial action of ZnO NPs
is because of membrane disruption by edges and corners
resulted from abrasive ZnO surface [81]. Pramod Kumar
et al. synthesized CuO NPs by doping in different concentra-
tions of Zn to check antifungal activity against Alternaria
alternate and Alternata alternate. The effect of localized
defects was tested and interpreted for the changes in illumi-
niscence spectral bands and oxidation states of CuO-Zn. It
was noted that Zn doped CuO samples calcinated at 450 °C
showed surface defects on CuO such as oxygen vacancies
that generate more ROS. These ROS interact with fungal cell
membrane and ruptured cell wall. From these observations
it was concluded that Zn>* and Cu** ions influence on fungi
cell membrane [56].

Biocompatibility
Now a days implantation of foreign bodies has become
very common. Biocompatibility of antifungal agent is an

important criterion for the implantation of foreign bod-
ies. Mahalaxmi et al. suggested that the biocompatibility

@ Springer

of green synthesized ZnO NPs was higher than that of
chemically synthesized ZnO NPs. They also observed that
the effect of ZnO NPs on the intensity of cell toxicity are
concentration and shape dependent [63]. Zanni et al. pre-
pared grapheme nanoplatelets decorated by ZnO nanorods
to inhibit pathogens S. aureus and P. aeruginosa. They
used this material as anti-bio-deteriorative approach. Bet-
ter biocompatibility was evaluated in animal models C.
elegans which were not shown by pure ZnO NPs [116].

pH

One of the most important factors affecting antifungal
activities of ZnO NPs is the pH. The pH value of the cul-
ture condition can influence physico-chemical and bio-
logical characteristics of NPs [16]. It was reported that
extreme reaction conditions like high acidic and alkaline
pH lowers the growth of fungal cells. Many researchers
highlighted the effect of the ZnO NPs solubility on the
inhibition of some microorganisms which is more complex
as compared with particle size [24]. pH plays an impor-
tant to increase stability, biocompatibility, functionality,
sensitivity, and selectivity for different species. Mostly
metal containing NPs are soluble in aqueous solution to
some extent. Generally antifungal activity is attributed to
source of zinc ions [28]. Solubility of zinc ions depends
greatly upon pH of the surrounding medium. Most impor-
tantly environmental factors influencing experiment was
hardness of water, composition of testing media and pH.
Interaction between nanoparticles and organic compo-
nents present in the medium like protein, amino acids and
other natural organic substances has been reported to show
altered dispersion of ZnO NPs. Solubility of ZnO NPs get
enhanced mostly at acidic pH [60].

Other factors

Functionalized ZnO NPs can be used for various applica-
tions. Functionalization improves the stability, sensitivity
and functionality of the surfaces. The functionalization can
be done directly or by grafting [63]. Concentration of ZnO
NPs is another important factor that affects antimicrobial
activity. Navale et al. reported concentration dependent anti-
microbial activity of ZnO NPs against S. aureus, S. typh-
imurium, Aspergillus flavus and A. fumigates. In antifungal
activity it was observed that at 20 pg/ml concentration of
ZnO NPs, there was inhibitory action after 7 days incuba-
tion of both fungi at different concentration. Fungal biomass
was remarkably decreased with increased concentration of
ZnO NPs up to 100 pg/ml. These results interpret that ZnO
NPs show concentration dependent antifungal activities [76].
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Use of ZnO NPs and ZnO nanocomposites
in antifungal nano-therapy

Nanotechnology offers a viable alternative to traditional
treatments for the treatment of systemic mycotic infec-
tions. Current treatments are limited in terms of bioavail-
ability, selectivity, efficacy, and adverse reactions. Nano-
based nanoparticles offer a more precise and controlled
delivery system for drug delivery, which can improve the
efficacy of mycotic treatment without compromising the
patient's quality of life. The most attractive nanoparticle
among all available options is ZnO NPs [2]. ZnO NPs pos-
sess great antimicrobial ability to enhance the inhibition of
microbial growth and metabolism. The antibacterial and
antifungal activity of ZnO NPs has been reported widely
against wide range of bacteria [3, 10]. Obviously, there
is different mechanism of antifungal action from that of
antibacterial action due to basic differences in the cell wall
compositions in bacteria and fungi. Therefore, it is the area
of research with more attention by the scientist. Varieties
of assays can be used for detection of antifungal activity
like agar or broth dilution, disc diffusion and micro-titer
plate methods. ZnO NPs are majorly used in sunscreens
lotions and cosmetics as it is photo-stable and low photoal-
lergic. It is widely reported that ZnO NPs can be easily
penetrated from the outer skin layer to the dermal layer.
The compatibility of ZnO NPs with human skin makes it
as a most preferred additive in textile fields as well as in
treating fungal skin infections. Also, ZnO NPs in nano-
emulsion form are less oily, with improved texture and
more deep penetration ability in skin and hairs. Accord-
ing to various studies, spherical shaped ZnO NPs were
non-toxic to human cells and can be used in sunscreen,
antifungal ointments and cosmetics. Grijalba et al., inves-
tigated the effect of ZnO NPs synthesized using different
parameters such as the initial concentration of precursor
on the antifungal activity of ZnO NPs [76]. Joshaghani
et al. examined suppression of Candida albicans at very
low dosages ranging from 1.013-296.0 g/mL. Morphology
of ZnO NPs influences the potential of antifungal activities
[15]. Melendz et al. observed that flower shaped ZnO NPs
inhibited the growth of Aspergillus flavus and formation of

aflatoxin [37]. Sonia et al. studied that colloidal ZnO NPs
can be effectively used in topical cold cream formulations.
In this study, ZnO NPs were synthesized using Adatoda
vasica leaf extract, with a particle size of about 10-12 nm
having a hexagonal morphology. The antifungal activity
of these ZnO NPs was calculated by measuring the inhibi-
tion zone from 9.0 to 19.00 mm [101]. Tiwari et al. tested
biosynthesized ZnO NPs (100 nm) against T. mentagro-
phytes and M. canis alone and also in combination with
ketoconazole. The results suggest that these ZnO NPs can
exhibit enhanced antifungal activity when combined with
ketoconazole compared with ZnO NPs alone [106].

In modern nanotechnologies, which improve materials
quality, combining nanostructures with appropriate bio-
technologically active agents is the most common practice.
The surface functionalization of nanomaterials, which is
very efficient in changing their properties on surfaces, may
increase the antifungal activity of ZnO NPs [119]. ZnO NP
functionalization may improve toxicity, blood compatibility,
biodegradability and minimization in turn increase antibac-
terial activity. The antifungal activity of ZnO NPs can be
increased by the surface functionalization of nanoparticles
which is a very effective way of altering the surface proper-
ties. Functionalization of ZnO NPs can improve minimiza-
tion in toxicity, blood-compatibility, and bio-degradability,
and in turn enhance the antibacterial, antifungal, and anti-
biofilm activity [86]. The significance of functionalization
of ZnO NPs can be well explained in following example
(Table 3).

Ikhechi et al. explained enhanced antifungal effect of
ZnO-TiO, NPs against Aspergillus flavus as compared
with only ZnO or TiO,. Minimum inhibitory concentration
(MIC), minimum fungicidal concentration and diameters
of zones of inhibition of these nanomaterials are given in
Table 3.

Results clearly showed that the functionalization of
ZnO NPs with TiO, overcomes the limitations of pure ZnO
NPs with remarkable increase in antifungal activity. This
is becauseZnO-TiO2 nano-composite releases high num-
bers of reactive oxygen species as compared with only ZnO
NPs. The possible mechanism for this antifungal activity
can be related with release of higher amounts of ROS that

Table 3 Antifungal activities of ZnO NPs, TiO, NPs and ZnO- TiO, NPs [74]

Sr.no. Type of nanoparticles Target fungi Minimum inhibitory Minimum fungi- Morphology of nanoparticles Zone of
concentration (MIC) cidal concentra- inhibition
tion (mm)
ZnO NPs Aspergillus flavus 156 pg m1~! 312 pg ml~! Hexagonal pyramidal 37.5
TiO, 78 pg ml™! 156 pug ml™! Spherical 75
3 ZnO-TiO, 39 pg ml~! 78 pg ml~! Mixture of pyramidal and spherical 150
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can rupture the cell membrane, damage of enzymes, finally
resulting into cell death [74].

Alshahrani et al. prepared ZnO-AMB-PEG NPs and
tested it against Candida albicans and Candida neoformans
for in-vivo and in-vitro studies. This conjugated material
showed reduced amphotericin induced nephrotoxicity. This
functionalization improved both solubility and therapeutic
index of AMB, supported by remarkable lowering in MIC
and MFC in ZnO-AMB-PEG NPs. They reported that ZnO-
AMB-PEGylated nanoparticles with less nephrotoxicity can
be safe for clinical use [5]. Ghosh et al. synthesized Cu-Ag-
ZnO nanocomposites by mechanical alloying of Cu, ZnO
and Ag by conjugating with antifungal drug fluconazole.
It was observed that fluconazole conjugated Cu-Ag-ZnO
nanocomposite showed 20 times enhanced antifungal activ-
ity as compared with pure fluconazole. This conjugation
minimized side effects and lowered both dose and dose fre-
quency of fluconazole because large surface area of Cu-Ag-
ZnO nanocomposite showed higher affinity for fluconazole
that loads larger amount of fluconazole on the surface of
Cu-Ag-ZnO nanocomposites. The conjugation of Cu and
ZnO NPs enhanced the generation of reactive oxygen spe-
cies and doping with Ag increased antifungal activity due to
synergism with fluconazole [31]. Dhananjaya et al. investi-
gated anti-fungal activity and cytotoxicity of ZnO-chitosan
nanocomposites against C. albicans and Hep2 (human epi-
thelial type-2). Chitosan being natural polysaccharide bio-
polymeris widely used in drug delivery, bone healing, tissue
engineering, food packaging, and antimicrobial agents due
to less toxicity, biocompatibility, biodegradability, sufficient
strength and water permeability. This organic—inorganic
hybrid material showed synergistic effects as a potential
antimicrobial agent and thus had ability to use as an alter-
native for existing treatments used to treat infections caused
by C. albicans [21]. Hassan et al. proposed that antifungal
activity can be enhanced by conjugating metallic nanopar-
ticles with natural oils. The ZnO-Ag nanocomposite with
essential oils suppressed the growth of both bacterial and
fungal diseases. For this purpose, they conjugated ZnO-Ag
nanocomposite with olive and cinnamon oil that inhibited
growth of Aspergillus flavus and Escherichia coli and pre-
vented related toxin production [31].

Filamentous fungal infections cause immune suppres-
sion and carcinogenic effects in the human body through
secondary metabolites (mycotoxins) in pathogenic fungi.
Various studies have shown that the production of aflatoxin,
ochratoxin A and fumonisin B can be inhibited in patho-
genic fungi by the addition of ZnO NPs [43, 108]. Lipovsky
et al., suggested the marked antifungal activity of ZnO NPs
against C. albicans is concentration-dependent and size
dependent [95]. In addition, it was also suggested that ZnO
NPs in aqueous solutions can form reactive oxygen spe-
cies like hydroxyl radicals, singlet oxygen, and superoxide
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anion radicals. Also, the addition of histidine which acts as
a scavenger of hydroxyl radical and singlet oxygen vanishes
the effect of ZnO NPs on the viability of C. albicancs [52,
20]. Pragathiswaran et al. investigated nanocomposites of
TiO,-ZnO modified by decorating gold NPs, with the use
of hydrothermal method. It was tested for antimicrobial
activities against E. coli, S. aureus and C. albicans. Also,
their anti-inflammatory activity and cell viability assay were
performed. In this nanocomposite decoration of TiO,-ZnO
by gold enhanced physico-chemical and biological activi-
ties. Combination of TiO,-ZnO being inorganic hetero-
catalyst provides variety of applications in pharmaceuti-
cals and biotechnology as an antimicrobial and anticancer
agent [88]. Nanocomposites possess lot of applications in
various fields as they exhibit unique properties than their
original form. Phiwdang et al. reported higher antifungal
activity of Cu—ZnO nanocomposite (7:3) against Aspergillus
trichoderma as compared with pure CuO/ZnO NPs. In this
study, it was suggested that the presence of ZnO NPs in CuO
matrix promoted antifungal properties due to charge transfer
between CuO and ZnO NPs that mediate fungal inhibition
more effectively [85]. Different ZnO NPs and ZnO nano-
composites are given in Table 4.

Process of functionalization of ZnO NPs

ZnO NPs can be modified to enhance specific properties
like size, shape, structure, morphology, appearance, color,
consistency, and strength of material. This modification may
improve compatibility of ZnO NPs with organic, inorganic
and polymers that incorporate valuable properties to mate-
rials like less time, improved optical, electrical properties
and minimizes drawbacks of materials. Several techniques
are used for the functionalization of ZnO NPs are given in
Fig. 5.

Several reports are available showing silica and tri-
methoxysilane (TMS) are flexible for the functionalization
of ZnO NPs. For the production of pure ZnO NPs, precur-
sors Zn carbonate hydroxide (ZCH) were allowed to be
calcinated. Ammonium solution (NH,OH), ammonium
bicarbonate (NH,HCO,), and zinc sulfate heptahydrate
(ZnS0O,.7H,0) substrates were used in the production of
ZCH with precipitation technique. ZnO NP modification can
also overcome the agglomeration process [32, 92].

Inorganic compounds like silica showed lowered pho-
tocatalytic activity when present on ZnO surface. In con-
trast, when organic molecule is present on ZnO surface they
increase compatibility of ZnO NPs with organic matrix. To
get required results, modified ZnO surface was exposed as
a transparent material that provided protection against UV
radiations and further their antifungal and antialgal action
were evaluated effectively. Dhanalakshmi et al. synthesized
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Modification of ZnO-NPs

Sio;, LiCOOz,
Metal Ions, Al,03

Carboxylic acid
and silanes

Poly ethylene glycol, Polystyrene,
Poly methyl methacrylate,
poly methacrylic acid, chitin

Fig.5 Diagram of different modification methods of ZnO NPs [120]

Zn0O-TiO, nanocomposite materials (ZnO-TiO,) NCM by
using simple chemical method, and further added into vari-
ous amine functionalized silicate sol gel matrices (FSG).
There decomposition ability towards 4-nitrophenol by
obtaining photocatalytic performance was obtained. Com-
bined antimicrobial action of TiO, and ZnO NPs released
higher amount of metal ions, and ROS that acts as a strong
oxidant. Release was maximum due to photocatalytic activ-
ity of TiO, and increased release of H,O, by ZnO NPs [22].
Vazquez et al. synthesized polymeric fibers from recy-
cled polyethylene terephthalate (r-PET) of post-consumer
water bottles and modified it with ZnO NPs of different

concentration (0%, 1.5%, 3% and 6%). These nanocompos-
ites were further tested for antibacterial and antifungal activ-
ity. In this work, ZnO NPs were synthesized by using solvo-
thermal method with diameter of 38.15 nm and fibers were
synthesized by electrospinning technique with diameter of
200-5000 nm. Functionalization of ZnO NPs was performed
by simply adding ZnO NPs in the solution of r-PET into
TFA solvent by constant magnetic stirring for 1-2 h [109].

Antifungal mechanism of ZnO NPs

Antifungal mechanisms of ZnO NPs have been described in
many literatures (Fig. 6). But due to insufficient data avail-
ability about inhibitory modes, synthetic approaches and
experimental conditions there is less clarity of antifungal
mechanism of ZnO NPs. Still, the exact mechanism of fun-
gal cell responses towards nanoparticles is unresolved. On
the basis of literature available on antifungal mechanism of
ZnO NPs two ways can be considered: first one is photon
induced release of ROS due to its potential photo-catalytic
activity and toxic effect due to Zn>* ions [13].

According to Mahamuni-Badiger et al., antimicrobial
activity of ZnO NPs is mainly due to the presence of oxy-
gen radicals or hydrogen peroxide on ZnO NPs surface. The
release of ROS (reactive oxygen species) creates oxidative
stress that causes cell death. According to some reports,
hyphal cells tried to escape the interaction with ROS by
promoting the oxidative stress reactions such as superoxide
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Fig.6 Different mechanisms of antifungal activity of ZnO NPs. (a) Structure of fungal cell wall; (b) Mechanism of action; (A) Disruption of
fungal cell wall; (B) DNA damage; (C) Inhibition of protein synthesis; (D) Mitochondria damage [12]
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dismutase and peroxidase activities [67]. But, higher con-
centration of ZnO NPs can cause the rupturing of hyphal
cells and oxidation of protein. The release of ROS due to
ZnO NPs can cause other physiological changes along with
cellular damages. Lipovsky et al. reported the concentra-
tion-dependent antifungal activity against Candida albicans
which is pathogenic yeast. They confirmed that the cytotoxic
effect of ZnO was due to reactive oxygen species by addi-
tion of scavenger of hydroxyl radical and singlet oxygen,
histidine [61].

It has been suggested in many reports that ZnO NP activ-
ity is caused by toxicity of released ZnO ions. Most of the
time, ZnO NP solubility depends on various factors such as
water quality, media components and pH. Some of the stud-
ies have shown that in the absence of light, there is oxidative
stress in the ZnO NP due to oxygen vacancies. This can be
explained by the fact that ZnO solubility causes ZnO ions to
be released which in turn cause fungitoxic effects. In these
cases, water solubility and intact particle, metal ion or metal
complexes have become important criteria for the develop-
ment of anti-fungal effects [2]. According to some studies,
the mechanism of the fungicidal action is the disruption of
cell structure, such as cell wall or cell organelles, which
prevents inhibition of cell metabolism. In the filamentous
fungi the dominant principle of the anti-fungal activity may
be oxidative stress due to the presence of reactive oxygen
species (ROS). Treatment with ZnO NP may also reduce
glutathione levels by inhibiting the GSH synthesis enzymes,
thereby reducing the antioxidant capacity of the cells [59].
Interaction of ZnO NPs with fungal cell wall alters the
cytoskeleton of the cell by surface shrinkage, cell aggrega-
tion, pore formation and destruction. Microscopic analysis
depicts inner membrane destruction, organelle dysfunction,
and reduced cytoplasmic content. Alvarez et al. reported
cell leakage of candida albicans increased intracellular and
extracellular amount of glucose and trehalose that can act
as protectant during stress conditions and can act as carbon
source [84].

It was noted that after inhibition of fungal growth car-
bohydrate and nucleic acid level decreased. In addition,
interaction with ZnO NPs didn’t alter protein and lipid level
showing that cell wall may not be affected and particles
may internalize acting intracellularly rather than extracel-
lularly [45]. Smaller sized ZnO NPs can cause fluid phase
endocytosis escaping cell wall damage. This includes mito-
chondrial fragmentation, ribosomal deactivation and chitin
destruction. ZnO NPs can also have effect on fungal hyphae
and spores, that showed hyphae deformation, distortion and
shrinkage, changed growth patterns, agglomeration and thin-
ning of hyphal fibers. ZnO NPs formed bulges on B. cinerea
hyphae surface, affecting growth [36]. Wani et al. reported
ZnO treatment on Penicillium expansum and external
mycelia colonies exhibited destroyed conidia and hampered
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germination ability. Interaction with ZnO NPs can also affect
gene expression. ZnO NPs lowered HWP1 gene expression
in C. albicans [112]. ZnO exposure down regulated expres-
sion of ALS 1 and ALS 3 in fluconazole resistant C. albicans
strain more as compared with fluconazole treatment [73].

Changes in the redox state and release of ROS in hyphal
cell maintained the transcript levels of SASOD2 and Shgst1
that encodes superoxide dismutase and glutathione S-trans-
ferese. Even exposure to ZnO NPs can alter the gene expres-
sion levels which are related to oxidative stress, zinc ion
binding function, and oxidative phosphorylation function.
Detection of intermolecular interaction will be helpful to
understand the antifungal mechanism of nanoparticles [70].

ZnO NPs are promising antimicrobial agent due to their
excellent antimicrobial property. However, the exact mecha-
nism of ZnO is not fully resolved. There is need to focus
on theoretical experiments and toxicity assessment experi-
ments, like assays available for oxidative stress, and quanti-
fication of metal ion release and ROS release [83].

Nanotoxicity of ZnO NPS

Despite the various applications of ZnO NPs as an antibacte-
rial agent, their toxicity is one of the important factors that
can restrict their wide use. Mechanism of ZnO nanotoxic-
ity is attributed mainly to the generation of reactive oxy-
gen species that can produce oxidative stress in the tissues.
Generally, in mitochondria, ATP gets synthesized through
reduction of oxygen into water by electron transfer reac-
tion. However, minute amount of oxygen is not reduced
completely which produce superoxide anion radicals and
O, containing radicals, termed as a reactive oxygen species
(ROS). ROS includes superoxide anion radicals, hydroxyl
radicals, singlet O, and hydrogen peroxide (H,O,). It is
widely reported that nano-ZnO enhances cytotoxicity which
is attributed to release of ROS that resulted into oxidative
injury, production of inflammatory mediators, causing cell
death in phagocytic RAW-2647 cells and human bronchial
epithelial BEAS-2B cells. Toxicity of ZnO NPs get altered
with various mechanisms. Solubility of ZnO NPs and
amount of unreacted Zn*? inside the cell has major role in
nanotoxicity of ZnO NPs. Yang et al. evaluated changes in
the cytotoxicity of ZnO NPs by observing all proliferation in
the uniformity of cell membrane and morphological altera-
tions of nucleus and cell death after treating with ZnO NPs
[115]. For toxicological assay of ZnO NPs information of
routes of ZnO intake is important. Intake routes considered
are gastrointestinal tract, and oral. As ZnO is present in large
number of cosmetic products, dermal exposure is obvious.
It was reported that ZnO NPs were unable to observe in
healthy or intact human skin. However, ZnO absorbed in
hair follicles are removed by sebum flow. But skin damage
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can harm this protective layer and causes toxicological influ-
ence of NPs.

Genotoxic effect occurs at the basal layer of epidermis
that limits ZnO applications for injured skin. The inges-
tion of ZnO NPs and contact with mucosa can be observed
equally. Exposure through air is common in workers of
chemical or cosmetic industries. These NPs easily reach
to peripheral tissues like bronchiolar and alveolar regions.
If they remain as it is, can affect alveolar cells and cause
toxic and hazardous genetic effects. Inhalation of ZnO NPs
of 10-100 nm size can get deposited in alveolar and tra-
cheobronchial region. If they escape from phagocytosis
mechanism their deposition may result into inflammation
and fibrosis [94]. ZnO NPs dissolution release Zn*? ions
which may induce necrosis. Maximum amount of Zn*? was
observed in BAL cells and white blood cells in rats after
inhalation of 38 nm ZnO nanoparticles [48]. Sharma et al.
studied that ZnO NPs one of the commonly used materials
in dermatological preparation and cosmetics, cause DNA
damage in human epidermal cell line A431 [97]. Prasanth
et al. reported that ZnO NPs showed time and dose depend-
ent activity in nasopharyngeal cancer cells and cell respi-
ration rate decreases with time [89]. Heng et al. studied
cellular association, cytotoxic and inflammatory potential
of spherical and sheet shaped ZnO nanoparticles on mouse
and human cell lines (RAW-264.7 and BEAS- 2B) cells, in
which it was observed that there is no significant effect of
shape on cytotoxicity potential of ZnO nanoparticles [18].
Confluent C2C12 cells are more resistant to ZnO nanoparti-
cles. Cytotoxicity is observed at time interval of 24, 48 and
72 h [24]. Use of ZnO in toothpaste is common which causes
their accumulation in digestive tract. RKO human colon
carcinoma cells showed particle cell interaction dependent
cytotoxicity [72]. ZnO NPs can cause cytotoxicity in Ana-1
murine macrophages [100].

For the validation of risk assessment of ZnO NPs it is
crucial to understand molecular mechanics of genotoxic-
ity. Autophagy is the degradation process that is depend-
ent upon lysosomal degradation which get triggered under
stress situation. Auffan et al. studied that chemically stable
NPs don’t have remarkable cellular toxicity while NPs which
can get oxidized reduced or dissolved are toxic for cells of
organisms. ROS generation was observed as a major trigger
to induce autophagy. According to previous reports p53 is
responsible for enhancement of cytotoxicity by ZnO NPs.
The interaction of ZnO NPs at lower concentration can pro-
mote the regulation of p53 that express antioxidant gene
that further promotes the expression of antioxidant genes
like ALDH4A, GPX1, SOD2, SEN1 and SESN2. In contrast
higher concentration of ZnO NPs cause causes release of
ROS with triggering p53 mediated apoptosis. Cancer cell
without p53 like DLD-1ani SW480 cells showed more sen-
sitivity for ZnO mediated toxicity [34].

Conclusion and future perspectives

Because of their complexity and antibiotic resistance, fun-
gal infections are essential to treat. For fungal inhibition,
nanoparticles are an effective way to treat severe infec-
tions, especially in drug-resistant fungi. Of all nanoparti-
cles, ZnO NPs are considered to be promising candidates
for various biomedical applications. ZnO NPs have broad
spectrum antimicrobial activity potential by increasing
the release of reactive oxygen species (ROS), release of
zinc ions (Zn*?), deposition of hydrogen ions (H,0,), and
easy intracellular penetration. This review concentrates
on the primary role of zinc oxide nanoparticles in anti-
fungal action.

The discussion focuses on multiple drug resistance in
fungi, ideal properties of ZnO NPs as an antifungal agent;
synthesis approaches, factors influencing antifungal activi-
ties of ZnO NPs, applications of ZnO NPs and their nano-
composites in antifungal nano-therapy along with signifi-
cance of functionalization, and antifungal mechanism of
ZnO NPs. The different factors influence intensity of anti-
fungal activity. The release of ROS species, Zn*? ions, H,0,
ions is responsible fungal cell damage. ZnO NPs can act as
an effective agent against multiple drug resistant microor-
ganisms and as an alternative for conventional antibiotics.
There is a need of further non-clinical and clinical studies
in terms of biocompatibility, safety and tolerance to design
potential commercial applications.
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